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Abstract

The objective of this project is to develop an analytical model that predicts the lifetime of
multilayer tubular structures. These structures are made with long glass fibers and an epoxy
matrix. These tubes contain six layers with an orientation angle of 55°. The developed model
simulates the mechanical response of a cylindrical composite structure under different types
of loading, such as pure internal pressure, internal pressure with background effects, tension,
and cyclic fatigue. Tensile and cyclic traction tests were performed on composite tubes.
Tensile tests allow us to estimate ultimate stress to failure. Cyclic reaction tests allow us to
estimate the remaining potential. The developed model allows us to estimate the number of
cycles to failure of the composite tube. Cyclic tensile tests allow us to determine the
remaining potential of composite tubes. The results show that when composite tubes are
exposed to cyclic loading, the number of cycles induces a significant change in the shape of
the tensile stress-strain curve and a decrease in the elastic modulus. Additionally, cyclic
loading tests are conducted at multiple stress amplitudes (40%, 60%, and 80% of the ultimate
tensile strength) to evaluate the material's fatigue life and damage progression at different
load levels. These tests quantify the relationship between stress amplitude and the number of

cycles to failure.

Keywords: Tubular structure, Multilayer composite, Viscoelastic, Damage, Pressure loading ,
Lifetime.
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Introduction

The hydrogen sector includes different key stages: production, distribution, storage and
exploitation [01]. Where the three last stages constitute the same field of research and present
the obstacles. Pipelines, ships, trucks and railways or planes are transportation and
distribution solutions [02]. It can be transmitted in the form of liquid, gas, and metal hydrides
through the ocean, road, and pipelines [03].

The current transportation and distribution system for delivering conventional fuels to
consumers cannot be easily transformed for use with hydrogen. The present options for
transporting hydrogen include compressed gas (200 bars) in steel tube cylinders, liquid
hydrogen tanks and a few examples of local networks of hydrogen pipelines [04].

The rapid growth of composite materials expands their feather almost to all the engineering
applications. This is due to their unique advantage of lower weight to higher specific strength
[5,6].

In recent years, composite pipes have emerged as a strong alternative to conventional steel
pipes in the oil and gas sector. These pipes provide a lightweight, flexible, corrosion-resistant,
and easily transportable option for moving liquids and gases. Globally, thousands of
kilometers of composite piping systems have already been deployed, primarily for
hydrocarbon and water transportation. To expand their use into hydrogen applications—
particularly for storage and distribution—research initiatives started approximately a decade
ago are focusing on making composite pipes a viable competitor to steel in terms of both cost
efficiency and dependability

In hydrogen transport and storage applications, research has prioritized evaluating the unique
characteristics of composite materials, such as superior shock absorption, high mechanical
performance, and long-term durability. More recently, fatigue resistance has emerged as a
critical design factor to meet the demands of hydrogen infrastructure.

Today, composite materials are increasingly employed in high-stress applications, particularly
within the hydrogen sector. To select the most appropriate material and enhance both quasi-
static and fatigue performance, it is essential to analyze three key aspects: first, the response
of composites to internal pressure and tensile loads; second, the mechanisms behind fatigue-
induced degradation; and finally, their behavior under combined loading conditions.

This thesis focuses on an analysis of research into the assessment and prediction of fatigue life

of damaged tubular composite structures under internal and axial pressure.



High-pressure hydrogen transport—whether through pipelines or composite tanks—offers a
promising solution to meet the growing demand for clean and sustainable energy [07].
However, this technology faces significant challenges related to the durability and reliability
of the materials used. The extreme operating conditions—characterized by high pressures and
repeated loading/unloading cycles—subject the structures to complex mechanical stresses that
can become critical over time [08]. Structural components in hydrogen systems must maintain
integrity under diverse operational loads, which may include combined bending moments,
internal/external pressure differentials, elevated temperature conditions, as well as complex

axial and torsional stress states - with specific loading profiles being application-dependent.

[9].

Among these stress factors, axial loading plays a predominant role in material degradation.
Three primary failure mechanisms can be identified: (1) pure tension, caused by internal
pressure and residual stresses from manufacturing processes [10]; (2) axial fatigue, resulting
from repeated pressure cycles during hydrogen transport, which may induce crack initiation
and propagation [11] ; and to accurately assess the structural performance of hydrogen
transport infrastructure, it is essential to evaluate the combined effects of tension and fatigue
loading (3), as these conditions reflect real-world operational stresses. However,
characterizing material behavior under such multiaxial loading scenarios presents a significant
research challenge, primarily because existing studies often examine these loads in isolation

rather than their interactive effects [12].

A systematic investigation of these mechanisms—whether acting independently or
concurrently—is critical, as they can lead to progressive degradation of pipelines and storage
tanks. This degradation not only compromises structural integrity but also raises safety
concerns and efficiency limitations in hydrogen transport systems. A comprehensive
experimental and computational approach is needed to better understand these interactions
and develop robust design criteria to estimate the burst pressure in static and fatigue loading.

In this context, Prabhakar et al. [05] developed burst pressure studies of composite pipes,
where a £55° winding angle in E-glass/epoxy materials demonstrates optimal performance by
minimizing failure modes (matrix cracking, whitening, leakage, and fracture). The underlying
failure mechanism appears fundamentally governed by the ratio between the longitudinal o,,

and circumferential oyg Stresses [13]. This stress-state ratio variation, provide a critical



guidance for failure-prediction modeling and design optimization of composite pressure pipes
and vessels.
The investigation of fatigue behavior in composite pipes under internal pressure loading
constitutes an essential research focus, particularly for hydrogen transport applications [14].
Experimental work by Tarakcioglu et al. [15] and Meijer et al. [16] has systematically
characterized this phenomenon through pressure cycling tests across multiple load levels (30-
70% of ultimate strength). Their findings demonstrate the complex interplay of material
factors governing fatigue resistance, as later analyzed by Feki et al. [17], who identified four
key determinants: (i) fiber and matrix material properties, (ii) laminate stacking sequence, (iii)
fiber-matrix interfacial integrity, and (iv) manufacturing-induced residual stresses.
These fatigue studies correlate with burst pressure research showing optimal performance at
+55° winding angles in glass/epoxy systems (as evidenced in 90% of reviewed studies),
suggesting similar parametric dependencies may govern both static and cyclic failure modes.
However, as noted in recent analyses (15,16,17), critical knowledge gaps remain regarding
damage progression under combined static-fatigue loading conditions characteristic of
hydrogen service environments. This underscores the need for integrated experimental-
computational approaches to develop comprehensive life prediction models for industrial
applications.
To characterize the synergistic degradation effects in marine environments, Deniz et al. [18]
performed a systematic experimental investigation on glass-epoxy composite pipes subjected
to combined environmental and mechanical loading conditions. Their study specifically
examined:

1. Seawater aging effects on material properties through controlled immersion testing

2. Low-velocity impact damage characterization using standardized impact protocols

3. Cyclic pressure fatigue performance (post-impact and seawater exposure) through

accelerated life testing

The paper developed by Nghiep et al. [19] focuses on developing a predictive modeling
tool for hydrogen (H2) storage composite pressure vessels, integrating micromechanics of
matrix cracking with continuum damage mechanics (CDM) and 3D finite element (FE)

modeling to analyze damage evolution and structural response.



Despite these advances, critical knowledge gaps remain regarding degradation mechanisms in
composite materials under complex axial-tensile and fatigue loading conditions highly
relevant to hydrogen transport systems.

This study aims to address these gaps by systematically investigating the mechanical
behaviour of materials under axial loads representative of real-world hydrogen transport
conditions. Using an experimental approach, we aim to quantify the effects of pure tension,
axial fatigue and combined loading on the strength and durability of multilayer composite
tubes. The results will enable the establishment of more robust design criteria and the
development of strategies to improve the reliability of high pressure hydrogen transport
systems.

By advancing the understanding of degradation mechanisms under axial loading, this research
will contribute to efforts to support the safe and efficient deployment of hydrogen as a key
energy carrier in the global energy transition.

This thesis aims to investigate the influence of static and fatigue loading on multilayered
tubular composite structures, with a focus on characterizing the initiation and progression of
damage mechanisms leading to failure. To achieve this, an experimental study was conducted
on composite tubular specimens subjected to three loading regimes: (1) monotonic tensile
loading to failure, (2) cyclic fatigue loading to failure, and (3) a sequential combination of
cyclic fatigue followed by tensile loading to failure. The experimental data serves as the
foundation for developing an analytical lifespan prediction model, implemented in MATLAB,
which integrates constitutive laws capturing the visco-elasto-plastic response and progressive

damage behavior of the composite material.

Within this framework and to achieve these objectives, the present thesis is structured into

four complementary chapters, organized as follows:

This literature review chapter provides the critical foundation for the thesis "Development of
a Lifetime Model of Composite Structures in Static and Fatigue" by examining the dual
challenge of hydrogen transport effects and pressure-induced axial loading in composite
tubes. The analysis first contextualises hydrogen service conditions where internal pressure
produces dominant axial stresses that interact synergistically with hydrogen embrittlement
mechanisms. Through a systematic assessment of stress state anisotropy in pressurised
hydrogen containment systems, the review demonstrates how existing studies fail to
adequately characterise the triaxial damage progression (matrix plastication — hydrogen-

assisted interfacial cracking — fibre overload) unique to these service conditions. The critique



then identifies fundamental limitations of current modelling approaches, in particular their
inability to couple hydrogen diffusion kinetics with mechanical damage accumulation under
transport relevant loading spectra. By quantifying these knowledge gaps, particularly in the
prediction of lifetime under cyclic pressure cycling in hydrogen environments, the analysis
convincingly justifies the novel multi-physics damage model developed in this thesis. The
chapter concludes by highlighting how this advancement addresses critical needs in hydrogen
infrastructure design codes, where conventional approaches dangerously overestimate safe

service life.

Building on Chapter 1’s critical review of hydrogen transport pipe failure models, the second
chapter provides the experimental validation required to develop the proposed lifetime
prediction framework. This chapter systematically characterizes the mechanical behavior of
filament-wound Glass/Epoxy pipes under three critical loading regimes: (1) static tensile
loading to establish baseline strength (o<sub>UTS</sub>) and stiffness, (2) cyclic fatigue
loading (40-60% and 80%) to quantify S-N relationships and damage progression rates, and

(3) combined cyclic-static loading to assess residual strength degradation.

The third chapter develops an analytical model to predict the mechanical behavior of
composite pipes under static and fatigue loading, building directly on Chapter 2's
experimental results. The three-stage model first simulates static loading using elastic-plastic
theory calibrated to the measured ultimate stress, then calculates progressive damage
accumulation during cyclic loading based on the obtained S-N curves (40-80% UTS), and
finally evaluates residual strength after combined loading sequences. Implemented in
MATLAB, the model successfully reproduces the experimental failure progression (matrix
cracking — delamination — fiber rupture) and predicts lifetimes of the multilayered

composite pipe.

The last and the forth chapter is dedicated to present the main results of the model developed

and compared to some experimental results obtained and present through chapter 2.

Finally we close this thesis by main conclusion and perspectives for the forthcoming studies.
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CHAPTERI:

A REVIEW ANALYSIS




I-1.Introduction

Hydrogen has become an important element in the deep decarbonisation of the global energy
system as a replacement for fossil fuels in all sectors, including industry, power generation,
transport and heating. The development of the hydrogen chain has become increasingly
necessary by establishing optimal production, efficient and adapted hydrogen storage,

transport and distribution infrastructure.

The process of storing and transporting hydrogen is associated with risks [1]. These risks are
due to its low volumetric energy density. Another limitation is the small size of the molecules,
which can cause traditional steel structures to become brittle. Brittleness can lead to
degradation and cause cracks or leaks. To minimise these disadvantages of hydrogen, the

research of composites pipes is more than necessary [2].

Over the past decade, composite pipe has challenged traditional steel pipe in the oil and gas
industry. It offers a lightweight, ductile, coilable and corrosion-free solution for transporting
liquids and gases. Thousands of kilometres of composite pipe have been installed around the
world. This is mainly for the transport of hydrocarbons and water. In order to extend the
application of composite tubes to the hydrogen chain, mainly for transport and storage,
research projects launched about ten years ago are working on competing with traditional

steel solutions on two main aspects: cost and reliability.

Particularly in the field of hydrogen transport and storage, research has focused on
determining the specific properties of composite materials (optimal shock absorption, high
mechanical properties, good long-term strength, etc.). Recently, however, a design criterion
that has become essential for the requirements of the hydrogen industry are the static and the
fatigue design of transport and storage structures.

Composite materials are now used in highly stressed structures, mainly in the hydrogen field.
In order to use the most suitable material for the intended application, while improving fatigue
resistance, it is necessary to understand first the quasi-static behavior and the fatigue

degradation mechanisms.

In composite pipelines used for hydrogen transport, axial tensile loading—generated by
internal pressure, thermal expansion, or external mechanical forces—plays a critical role in
influencing hydrogen diffusion and material integrity. Unlike isotropic metals, fiber-
reinforced composites exhibit anisotropic behavior, meaning hydrogen transport and

mechanical responses vary with direction (e.g., along fibers vs. through the matrix).



Axial tension in composite pipelines promotes hydrogen transport by creating microcracks
and interfacial defects that act as diffusion pathways. Stress gradients drive hydrogen toward
high-stress zones (e.g., crack tips), accelerating embrittlement. The anisotropic structure
causes directional diffusion—slower along fibers but faster through damaged matrix regions.

These interactions critically reduce pipeline integrity under hydrogen exposure.

Axial fatigue loading in composite pipelines arises primarily from operational pressure
fluctuations, thermal cycling, and mechanical vibrations inherent to hydrogen transport
systems. During service, pipelines experience repeated internal pressure variations as
hydrogen is injected, withdrawn, or regulated, generating cyclic hoop and axial stresses.
Temperature swings—from cryogenic hydrogen storage or environmental changes—induce
thermal expansion/contraction stresses, particularly at constrained sections like joints or
supports. Additionally, external dynamic loads, such as ground movement, pump-induced
vibrations, or vortex-induced vibrations (VIV) in offshore pipelines, contribute to fatigue-
inducing axial stress cycles. Unlike static loads, these time-varying stresses progressively
damage the composite microstructure, creating a synergistic effect with hydrogen exposure
that accelerates material degradation. The combination of mechanical fatigue and hydrogen
diffusion is especially critical in Type IV composite tanks (polymer-lined carbon fiber
vessels), where cyclic stresses can exacerbate microcracking in the matrix and liner,
facilitating hydrogen permeation and embrittlement. Understanding these loading sources is
essential for designing fatigue-resistant pipelines and predicting their lifespan in hydrogen

service.

Axial tensile loading and axial fatigue loading are interconnected phenomena critical to the
structural integrity of hydrogen transport pipelines, especially in demanding environments
like offshore applications. Static axial tensile loads (e.g., from internal pressure or thermal
expansion) create stress concentrations that initiate microcracks and accelerate hydrogen
diffusion. However, cyclic axial fatigue loading (from pressure fluctuations, waves, or
vibrations) progressively worsens this damage by extending cracks with each cycle,
enhancing hydrogen trapping at crack tips, promoting embrittlement and finally accelerating

failure at stresses below the material’s static strength (hydrogen-assisted fatigue).

The mechanical behavior of composite tubes under combined tensile and fatigue loading
presents critical challenges due to coupled damage mechanisms, defect-sensitive failure

initiation, and inadequate load-sequence modeling. While tensile overloading is known to

10



accelerate subsequent fatigue damage, current approaches treat these loading regimes
independently, and manufacturing flaws further complicate predictions by inducing premature
failure. This review will systematically address these gaps by (1) synthesizing damage
theories and principal models for composite pipe structures, (2) evaluating key fatigue
parameters governing damage kinetics, and (3) assessing lifetime prediction models for
realistic loading conditions. By quantifying tensile damage's role in fatigue life reduction and
developing validated models, this work will enable more reliable life prediction and safer

composite tube applications in pressure systems and structural components.

This chapter review focuses on an analysis of research into the assessment and prediction of
fatigue life of damaged tubular composite structures.

I.2. Composite damage mechanism

Damage prediction is a key factor in the design of composite tubular structures. As shown in
Figure 1, porosities, delaminations, cracks, fractures, and fibre/matrix separation are some of
the most common types of damage that can occur during the life of a composite as a result of
load levels or manufacturing. The accumulation of damage in composites is a consequence of
the development of micro-defects, initially in the matrix, leading to fibre damage and eventual
failure of the material due to delamination between the layers on one side and the resin fibres
on the other (see Fig. 1.1). These phenomena are modeled by Continuum Damage Mechanics
(CDM) model, which has been successfully applied to model failure in composite structures.

I1-Matrix Cracking 3 -Delamination

Fiber Breaking Fiber Breaking 5-Frachire
o e : H ‘ I =
w 0° 0°
O
a
= °
- cDS
/ 2-Crack Coupling , Interfacial 4- Delamination Growth, Fiber
i Debonding, Fiber Breaking Breaking (Localized)
|
1
0 PERCENT OF LIFE 100

Fig. 1.1.Damage accumulation during a composite material’s lifetime [3].
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1.2.1. Damage mechanisms

Damage mechanisms in long fiber laminate composites are now clearly identified. Different
factors can influence the appearance and development of these degradations: the stacking
sequence, the nature of the matrix, the manufacturing process, subjected to external stresses,
the composite materials are the site of degradations at the level of the fibers (fiber breaks), the
matrix (micro-voids, intra-laminar cracks) or at the level of the fiber / matrix interfaces (fiber
/ matrix de-cohesion) or inter-fold interfaces (delamination). Fig. 1.2 shows schematically the
different mechanisms of damage. In what follows we propose to detail the characteristics of

the different mechanisms.

fiber breaking

fiber/matrix—
debonding

Lo

delamination

matrix cracking

Fig. 1.2.The different mechanisms of damage [4].
1.2.2. Matrix fiber decohesion and micro voids

At the microscopic level, decohesions appear at the interfaces between the different
constituents (fibers and matrix). This is the first type of damage that occurs in composite
materials. The zones of decohesion are privileged places for the initiation of the intra-laminar
cracking (Fig. 1.3). These degradations are initiated by micro-defects within each fold.
Moreover, because of the manufacturing processes, the distribution of the fibers in the matrix

is often random.

The work of Violleau, [5] shows that the distribution of fibers can be at the origin of stress
concentration zones where decohesions can be initiated (Fig 1.4) also the manufacturing
process may lead to the appearance of heat-induced stresses also responsible for
decohesions. Adhesion problems between the fibers and the matrix as well as micro-voids that
can coalesce to form a crack at the mesoscopic scale. The influence of decohesion fiber

matrix yet difficult to evaluated.
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180 59.5 101. 143.

Fig. 1.4.stress concentration in a composite fiber / matrix [6].

1.2.3. Intralaminar cracking

It appears first in the most disoriented folds with respect to the direction of loading (Fig. 1.5)

(it is recalled that one is placed in the case of a plate in uni-axial traction).

Fig. 1.5.Network of transverse cracks [7].

1.2.4. Delamination

In the case of a laminated composite, an interlayer detachment mechanism called
delamination. The different orientations of the folds forming the laminate lead to anisotropy

differences relative to the reference frame which are causing interlaminar stresses. These
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constraints drived the appearance and the propagation of delamination. A flat plate structure
has free edges which may be at the origin of singularities at the interlaminar stresses close to
the free edges.

This phenomenon, more commonly known as “edge effect”, can accelerate the development
of delamination. First studied analytically [8], [9], the singularities of free-edge constraints
have long been the subject of numerous numerical investigations based on different
techniques. Among the main ones we find. The finite difference method [10], the finite
element method [11], multiparticulate models [12] or cohesive zone models [13].

1.2.5. Fiber breakage

In a stratified composite loading in tension, the fibers are solicited differently depending on
the orientation of the fold in which they are located. Fiber breakage occurs abruptly in the
folds, this phenomenon occurs mostly in the folds oriented in the direction of the solicitation.
Camanho, P et all [14] find that the presence of cracks is at the origin of stress concentration

zones favoring fiber breaks.

As show in the Fig.6, the occurrence of fiber breaks generally leads to completed failure of
the laminate.The power of computers today allows to study this phenomenon within real

structures (tank type) by the finite element method using a process multi-scale [15].

(a) 0% or (b) 62% or

(c) 74% oR (d) 86% OR

Fig. 1.6. lllustration of breakage damage of fibers in composite laminate [16].

14



1.3. Damage modelling approaches types

The first studies consisted of applying decades of knowledge on metals to composites .These
empirical methods (Wohler curve) use a fracture criterion to understand the behaviour of any
stack, but are disconnected from the physics of degradation. In particular, they do not reflect
their progressive aspect.

J. DEGRIECK et al [17] have classified the main models proposed in recent decades into

three broad categories:

- Lifetime models’ do not really take into account the degradation mechanism (such as
transverse cracks in the matrix, fibre breakage, etc.), but use the S-N failure curve (or
Goodman diagram) and introduce certain fatigue failure criteria, these approaches require

considerable experimental work.

- Phenomenological’ models relate to residual stiffness and strength. These models propose

an evolutionary law for the degradation of properties on the macroscopic scale of laminates.

-Finally, ‘progressive damage models’ introduce one or more damage variables to describe
the degradation of composite laminates damage variables to describe the degradation of
composite laminate

1-The mechanical approach to fracture.

2-Thermodynamic formalisms with internal variables associated with cracks: (vector

variables, scalar variables, etc).

H. NOURI et al [19] proposed another classification, where five types of approach have

been adopted:

a) Empirical approaches: These models are based on experimental results obtained for
specific stresses and models. Empirical theories can be used to obtain (S-N) curves. However,
these theories should be used with caution in certain test configurations where the stress field
is complex .

b) - Approaches based on residual resistance: These fall into two categories:

Probabilistic models and Phenomenological models. These models have been developed for
the uniaxial case and do not take into account the behaviour of composites under complex

loading.
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c)- Approaches based on fatigue failure criteria: These are derived from a quadratic
criterion usually used for static loading. criterion usually used for static loading. The fitting
parameters of these models are highly dependent on the stress level applied.

d)- Micromechanical approaches: These approaches are based on observations of damage
mechanisms and local measurements at the microstructure scale. The overall behaviour of the
damaged material is obtained by homogenisation techniques on the VER. The major
disadvantage of these approaches is that they are too local. It is difficult to obtain a
macroscopic variable and an evolution law that can be easily used in calculation codes on the

scale of a structure.

e)- Macroscopic approaches: These approaches are based on the thermodynamics of
irreversible processes. They use internal state variables defined on a VER, which constitutes
the modelling scale. The behaviour of the damaged material is obtained by energy
equivalence with an equivalent homogeneous material. Furthermore, these approaches remain

global and do not distinguish between the different damage processes and their interaction.

I.4. Principal models of composite damage

Research into the modelling of damage in initially anisotropic materials is fairly well
developed. The main difficulty lies in modelling the interaction and coupling effects between
primary anisotropy and damage-induced anisotropy. In the context of anisotropic materials,
existing damage models are built within a macroscopic framework. They are essentially based
on the choice of internal variables characterising the damage, and use the classic formalism of
the thermodynamics of irreversible processes. Numerous phenomenological models have
been introduced in recent years to study fatigue in composite materials. Kachanov [18] was
the first to introduce the notion of an internal damage variable to translate the loss of stiffness
in isotropic materials. This idea was then extended to anisotropic materials by Cordebois and
Sidoroff [19]. The state of damage is defined by a finite number of internal d« (d= da ,
a=1,...n). According to Marigo [20], once the state of damage has been defined, the
macroscopic elastic behaviour of the damaged material can be calculated as a function of its
stiffness  Cjjx; = Cijru(dg).In the following paragraph, we present some macroscopic

modelling of damage in composites.
1.4.1. Miner's linear law [21]

The Palmgren-Miner law, the first and most widely used, relates damage to the cumulative

life fractions at each stress level. The assumptions of this law are as follows:
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- The loading is sinusoidal.
- The work absorbed by the material leads to fatigue failure.
- The propagation of a macroscopic crack is the indicator of the total damage to the material.

- The experimental behaviour of the material is represented by the endurance diagram and the

modified Goodman line.

d=3(2) (1)

Ngi
with :

d: cumulative damage

Ni : Number of cycles at stress level i

Nt : number of cycles to failure (service life) at stress level o
Failure occurs when d = 1 (critical damage)

The main shortcomings of the model are: the linearity of the accumulation, and its
independence from the loading history. Nevertheless, this model is still the most widely used
because of its simplicity.

1.4.2. Chang's model [22]

The model proposed by Chang is a one-dimensional model of a unidirectional composite

loaded in cyclic tension. It uses a thermodynamic approach coupled

to damage kinetics, using a scalar variable d:

E

d=1- E (1.2)
With E and E, the Young's modulus of the damaged material and that of the virgin
material. The free energy is taken as the thermodynamic potential, which in the case of a

damaged material is written:
Wi=>(1-dEe*+e (d) (1.3)
Where

d : is a cumulative variable.
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In the case of a periodic tensile test and d varies very little during each cycle, the evolution

law is written as follows:

od AeP
N T (1-a)-1

(1.4)

Where A and b are material parameters. They are influenced by the ratio R, the frequency f

and the level of loading imposed. Equation (I,4) shows that at constant strain damage evolves

linearly.
1.4.3. Chaboche’s continuous non-linear law [23]

The law modelling fatigue damage, known as the NLCD (Non-Linear Continuous fatigue
Damage model) makes it possible to determine the damage accumulated during each cycle

according to the expression:

= = fi(ow,5,d,T) (15)
Where oy, is the maximum stress seen during the cycle @ is the average stress ,T is the
temperature and d is the damage variable, fr is a function of the variable d , a property that
allows in conjunction with the introduction of a loading-dependent exponent a to obtain a
non-linear evolution of the damage under cyclic loading. The specific form chosen for the law
(14) is as follows:

B
o°a _ ya(oy,0) |TM~9
SN = dmo [M(a)] (1.6)

The integration of this equation for the maximum stress isay,

A constant average stress &, between d = 0 and dc = 1 gives the number of cycles to Nrr

fatigue failure:

1

N \1i-a

d= (N—RF) (1.7)
O'M [

T 1« M(a) (1.8)

The function M is chosen to describe the linear relationship between the mean stress and the

fatigue limit. We can write:

M(o) = My(1 — bo) (1.9)
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Or b and Mo, just as o and 3 are material-dependent parameters.

Model identification is easier if the a function is written as follows:

a=1-q<%@ (1.20)
oyu—0M
O—l(ﬁ) =0+ 0'10(1 - b&) ( |21)

is the maximum fatigue Where gy, is the fatigue limit when & = 0 (alternating fatigue) o,
limit at non-zero mean stress (& # 0).The positive part in the expression of o causes it to take
the value 1 when the maximum stress is less than the fatigue limit o;(5).We can then calculate

the number of cycles to failure in pure Nrr fatigue :

Ngp =

Tuom ("M_E)_ﬁ (1.22)

a<opy—01(@)> \ M(0)
The ultimate tensile stress a,, plays no role in fatigue at a high number of cycles, but is used
as a normalisation parameter, capable of representing the asymptotic shape of fatigue life

curves during regimes with a very low number of cycles.

Relation (21) also translates the limiting cases, when Nrr =0 for o, = o, and when Nrr=c0
for o, = 0;(5).It correctly describes the fatigue life curves for numbers of cycles ranging
from 10 to 107. The cumulative effects can only be described by specifying the ultimate
tensile stress and the fatigue limit. This formulation allows test results for a wide range of

materials to be described quantitatively.

However, evaluating d through the remaining service life is not sufficient to fix its value
completely at each moment. A second type of evaluation is therefore used, based on the
concept of effective stress, the measured evolution of which is extremely non-linear. To
combine this evaluation with that corresponding to the remaining service life, we change the

variable by replacing d by 1 — (1 — d)#*') . The differential law can then be written as

follows:
&d alom@) [ oy-o 1P
84 _ 14 _ 1 _ \B+1 M
2 =[1-(1-ad)f+] e (1.23)
The number of cycles to failure becomes :
Nep = ! ("M“_’)_ﬁ (1.24)
RE ™ -p)l1-alom)] \ M(0) '
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1.4.4. Lin Ye model [24]
This model is based on the variation of the fatigue crack propagation with respect to the
number of cycles da /ON. This variation is written according to the Paris formula:

2 = C(AK)" = Gy (SEa)™ (1.25)

Where C1, C, m and n as well as S, are material constants. By analogy, the author proposes a

fatigue law for composites: if the applied cyclic stress is :

% _ ¢ (@)n (1.26)

aN d
Urznax

Where C and n are material constants, - is the rate of damage development and a,,,,IS the

maximum stress. Integrating equation ( 1.26), with initial conditions d =0 when N =0, gives

the following expression :

2n

d=((n+1)C.N.o™ (1.27)

max

The number of cycles corresponding to critical damage:

dzl."'l

N, =—% (1.28)

T (n+1)CoZ 4y

Where dc: critical damage.

The damage degradation model is written as follows:

dE 7271(1?6
—=—Ep.C <‘1’_£> (1.29)
Eg
E EEC
5 1—[N.C(n+ D]rn.olt (1.30)

This model can be used to predict the fatigue life of composite materials in the uniaxial case,
and has been formulated in terms of stress.

1.4.5. Ladevéze and Dantec model [25]

The model is based on damage mechanics and uses internal variables to describe the
progressive reduction in layer stiffness.The evolution of these damage variables depends on
monotonic and cyclic static loading. For unidirectional layers, damage is defined at the
mesoscopic scale by two scalars representing the degradation of the transverse modulus of

elasticity E> and the planar shear modulus Gi».
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On compression transverse to the fibres, the cracks close and the modulus of rigidity returns
to its initial value. This model also does not consider damage in the direction of the fibres.
The author therefore defines two scalar damage variables, d and d', to express the loss of layer

stiffness:

E, = EY(1—d") withed' €[0,1]for o, =0
Gi, = GY, withe d € [0,1] (1.31)
E, =E) foro, <0

These two variable damage scalars are assumed to be constant throughout the thickness of the
ply. They are associated with cracks parallel to the fibre direction. The plane strain energy is

written as :

_ 1 0']2_ 2'!712 <0'2>_%_ <O'2>E 0'12_2 ]

E. =21|% _
b =210 EY " El(1-a) E9 269(1-a)

(1.32)

Where
<a>,=aifa>0et <a>,=0ifa<0

<a>_=aif a<0et <a>,=0ifa>0

The thermodynamic forces associated with the damage variables can be deduced from the
potential by partial derivation from the damage variables and are expressed as a function of

the stresses in the fold as follows:

2

_1 12
a=3% (1-a")?
12
) (1.33)
_ 1 <07>%
Ydl ) N2
2 E{,(1-d")

The evolution of damage is modelled by using two experimental laws linking the variables d

and d‘ and the corresponding associated thermodynamic forces Yq and Yq. These laws take

account of the loading history. It is therefore necessary to introduce the maximum values in
time:

Yy (t) = supre(Ya(1))

{mt) = supece(Ya () (159

These reflect the fact that the damage is dependent on a state of maximum stress during the

entire history of the load. It will only evolve if this level is exceeded.

The author defines an equivalent thermodynamic force Y:
Y=Y,+b.Y, (1.35)

21



The coefficient b expresses the combination of shear and transversal tension. Finally, the laws

of static damage evolution:

d = WY (O—Yo>+
JVYc—/Yo
d =b'd sid <letYy,sinond =1

sid>1,sinond =1 (1.36)

The constants Y¢, Yo, and b’ depend on the material.
1.4.6. Model (CDM) for composite materials [26]

A new formulation of the damaged elastic behaviour of composite materials is expressed
within the framework of Damage Mechanics. The originality of this modelling lies in the
combination of variables of different natures describing the state of damage of the material.
Depending on the compromise between the reinforcement and the matrix, the defects can be
oriented either by the microstructure, translated by a family of scalar variables, or by the
loading, which leads to the use of tensorial variables. This model can be used to describe all
the essential phenomena observed in composites: initial anisotropy, induced anisotropy (i.e.
the effects of damage on elastic behaviour), defect evolution laws, closure effects in relation

to residual deformations, etc. This model is specific to ceramic matrix composites.
1.4.7. Van Paepegem and Degrick model [27]

This model shows the degradation of the normalised Young's modulus as a function of the
normalised number of cycles. It shows 3 stages in the evolution of (E/Eo). The proposed

model is based on the sum of two functions. The damage rate is written as:

ad

o = filo,d, ) + fp(0,d, ..) (1.37)

fi describes the first stage of damage in composites, while the second and third stages of
damage are taken into account through the fi the authors propose :
fi(o,d,..) = C;(c*)™. e 24 (1.38)

Where damage d is a scalar value between 0 and 1, C1 and C2 are material constants, o™ is

the measured stress, m is a parameter. The second function fp is written as:
fp(o,d,..) = C3(a)" (1.39)

Where Cz is a material constant and n is a parameter.
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1.4.8. Sedrakian model [28]

variable and is written as follows:

11 p11 [2%¥) ﬁZZ [24%) ,812 13 ﬁ13 az3 £23
S S Sy ey ey (1.40)

1.4.9. Nouri model [19]

(p_

The author has proposed an extension of Sedrakian's model [20] in order to incorporate the
characteristic damage kinetics of reinforced thermoplastics, which makes it possible to take
into account the rapid fall in the elastic characteristics of the material during the first cyclic
loadings. The modifications are based on the idea of enriching the functional translating the
dissipation potential ¢. This has been rewritten by adding five exponential terms. The number

of parameters in the damage law was thus doubled:

aij Bij 2
o =—LY" ]+yU . e~ hijN (1.41)

1+Bi} 9

1.4.10. Thollon model [31]

The model, based on cumulative damage, is used to describe the evolution of damage under
static and fatigue loading. The evolution of static damage depends on the maximum loading
and takes into account the coupling between tension and shear. The evolution of fatigue
damage depends on the maximum loading but also on the amplitude of the loading. The range
of validity of this model is limited to the failure of the first ply and does not describe
delamination. The author has presented a unified behaviour model that can be used to describe
the failure of laminated composites made up of unbalanced woven plies under static and
fatigue loading. A law for the evolution of fatigue damage as a function of the number of
cycles can be defined:

aal
aN

= C < (A)® ()P — (Yor) ™" >, fori=12and 12 (1.42)

With AY = Ymax- Ymin Over the cycle and Yor the endurance limit.

During cyclic loading, the evolution of fatigue damage implies a growth in cumulative
damage and can therefore, via the equivalent force Y, provoke an evolution in static damage.
If monotonic loading is imposed after this cyclic loading, the continuity of the damage is

ensured. The models mentioned above are summarised in Table (1).
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Tab.l.1. Synthesis of the principal models of composite damage.

Authors - year Damage variable formulation Materials Experimental test
Miner-1945 d= Z < n; ) Material in Linearity of accumulation
Nyi general Independence from loading history
Chang-1980 d=1-— E Unidirectional Uniaxial loading Linearity of
Eo composite accumulation at imposed deformation
od Asb
= =4 1 -1
oN 1-d)1
Chaboche- éd _ Material in Accumulation dependent on ou only,
szp(O'M,O',d,T) . . . .
1988 general Damage evolution insufficient.
Lin Ye-1989 da 2 ax n Composite Uniaxial loading Stress formulation
—=C
oN d ) materials
Ladeveze- <JYom =Y, > Unidirectional Constraint formulation Two-stage
4o SAYO VW >, | .
1992 JYe =Y composite evolution
d =b'd
Maire-1997 d= ﬁ Composite with Tensor damage (order 4)
Eo brittle matrix, Combination of energy and deformation
d= \/E_o -VE ceramic, equivalence
\/E—o concrete,
organic
Van od Composite Stress formulation Uniaxial loadin
I Cl(O'*)m.e_Czd + C3(O'*)m p g
Paepegem- ON materials Delamination neglect
2002
Sedrakian- d=1— E Thermosetting Damage evolution in two stages
2002 Eo matrix
ij By ;
= composite,
?=1+B, v :
orthotropic
configuration
Nouri-2009 i B i Reinforced Neglect of viscosity effect, loading speed
0= Pij Vij = e—/lij.N -
1+B;; Y thermoplastic and frequency
E .
d=1-L composite
Ey
Thollon-2010 s atB Thermoset Limited to the first fold break
- =C< (A (V)P = (Yor) " >4
N f .
matrix
composites
from

unidirectional
to balanced

wovens
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1.5.Fatigue parameters influencing the kinetics of damage

Many variables are commonly used to define fatigue loading this variables related to
mechanical stress and that reflect environmental conditions. The most commonly used
parameters for characterizing fatigue load (mechanical) are shown in Figure 1-12 in the case

of imposed sinusoidal stress .Some of these variables are more influential than others.

Omax ¢ Maximum stres
Omin : Minimum stres

Ao: Stress range = Omax — Omin

o
] — .
& Omax — Omin
= O -mean Stress = —mM
w 2

. Omin

R : Stress ratio =
Omax

T : Amplitude

-

Time t

Fig.1.12. Presentation of the parameters of a fatigue mechanical loading

1.5.1.Maximum stress

Linhone 1996 [31] and Reifsnider ,1998 [32] present curves of loss of modulus of textile
composites stressed in fatigue at different maximum load levels.They show that the maximum
stress has an important influence on the evolution of the damage. whene the maximum stress

is greater the,the damage development is mor faster (Figure 1-13,).

Modulus decay ratio

"0 02 04 08 08 10
Cycle ratio

Fig.1.13. Evolution of the fatigue modulus according to different loading levels [32]
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1.5.2.Load report

This load report allows three types of fatigue tests to be described (uniaxial): traction-traction
fatigue tests (TT) with 0 <R <1, alternating traction-compression (TC) fatigue tests with -oo

<Ro <0 and compression-compression fatigue tests (CC) with 1 <Rc <+ oo,

The work of [33,34,35] on glass / epoxy woven fabrics in TT show that the Ro ratio has little
influence on the service life for tests in the axes, but a lot of influence during off-axis tests,
where the effects of damage on the mechanical behavior are more important.

1.5.3-Frequency and Temperature

Pandita et al [36 ] (for 2D woven fabrics) and Kelkar and Whitcomb [37] (for braided fabrics)
give the same observation for the frequency, tested in ranges going from 0.5Hz to 5Hz ,they
concluded, that whene the frequency is higher the off-axis influence tends to decrease the life
of the material. Perreux and Thiébaud [38] study the influence of frequency (from 0.02Hz to
5Hz) on the number of cycles at break of a UD [+ 55] glass / epoxy ply laminate (Figure I-
14).

f=1Hz

0 : 55 MPa, 55 1
0 : 45 Mpa, osy | M =5tz &
A ;35 P s '
=02z g
E o 45
4
" g / ’—\
=0.0211x A 3 35
A 0 Main phenomenor Main phenomenon:
8 o 3 o] Creep-fatigue coupling Temperature effect
< > s
o 0 0 25
9 L
r T T ! 2 ! ' A
B e ) s : e Log| ﬂ-| Frequency

Frequency of transition

Fig.1.14. Effect of frequency on the number of failure cycles [38]

They show that the effect of frequency is linked to two phenomena with contradictory actions
on the service life (defined in number of cycles): temperature and fatigue-creep coupling.
When the frequency is higher, the energy dissipation linked to the viscous phenomena of the
matrix causes an increase in the temperature of the specimen during the fatigue tests (a

phenomenon which is greatly amplified in the presence of damage).
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1.5.4. Effect of Humidity

Perreux and Thiébaud [39] show that humidity plays an important role in the lifestime of
glass / epoxy laminates by testing specimens which have been immersed for different periods
in water (between 15 days and 18 months ). Humidity can have two actions that decrease

lifetime: swelling, adding internal stresses, and degradation by aging.
1.6. Fatigue damage of composites and it’s effect

The cyclic loading creates damage in to composites. When the number of cycles performed
(n) is less than the life of the structure (Ny), it is important to quantify this damage in order to
estimate the residual life of the structure. This is because the residual strength of the material

decreases as the fatigue test continues.

The most studied indicators to characterize the damage progress of the material during the
fatigue test are the evolution of deformation and modulus ,residual strength and crack density.
As an indication, work having focused on the evolution of these indicators in the life of

structures, are listed in Tab.1.2

Table 1.2. Classification of previous work by topic resarch.

Topic Research References

Module / rigidity [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53]
[54].

Hysteresis energy, [47] [50] [55] [56] [59] [60] [61] [62]
amortization

Deformations [44] [45] [46] [52] [63] [64] [65] [66] [67].
characteristics

Residual resistance [68] [70] [71] [72] [73] [74] [75]

Crack density [40] [76] [77] [78] [79] [80] [81] [81] [83] [84] [85] [86].
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1.7. Models to predict lifetime

The first studies on the modeling of fatigue phenomena in composite materials consisted in
transposing the knowledge acquired in metallic materials to composite materials. These were
then empirical methods, based on failure criteria, which made it possible to address any
mechanical behavior of stacking, while hiding the physics of the damage.

1.7.1. Macroscopic approaches (global)

The macroscopic approaches does not take into consideration the damage mechanisms but
make it possible to predict the number of cycles Nt from which failure occurs under a fixed
and given fatigue loading. These data are based on the use of WOHLER curves, also called S-
N curves or endurance curves. The WOHLER curves, initially developed for metallic
materials, are used to determine the service life Nf (number of cycles to failure) according to
the amplitude of the uniaxial cyclic stress, for a load ratio R=MAX-MIN and a fixed
frequency f (FIG. 2.28). These curves are obtained by uni-axial fatigue tests under cyclic

amplitude loads constant.

s

10
Cross-ply TS00H/2500 J=10 Hz
R=0.1
4 !
10 [0/-(90-0)]_
g 1w} _
P>
" : n
E 10 :
© ! Experimental (RT)
A e=0
IO] v."'.‘ q-
] 15°
@ 45"
10" PP - ol
0° 1w 1w 10 1w 1w 100 0

Fig.1.28. WOHLER curves of a cross-ply laminate composite for different orientations
[87]
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-Use of a failure criterion

One of the first fatigue criteria for composite materials was proposed by HASHIN and
ROTEM [88]. They describe the fiber failure (Equ. 1.43) and matrix cracking.
o4 = o} (1.43)

2 2
or T _

(0}4‘) + (Tu) =1 (1.44)

Where g and orare respectively the stresses in the axis of the fibers and perpendicular to the

fibers, T is the shear stress, o , g4 and t* are respectively the ultimate stresses in axial

traction , traction in the transverse direction and shear .The ultimate stresses are identified for

fixed triplet (¢ ,R, N) .The criterion is identified use the curves (S-N) obtained for cyclic uni-

axial tests tensile on a uni-axial laminate in out of there axis direction.

This criterion dose not take into account the gradual nature of the damage and dose not give

physical meaning to the damage.

Moreover this criterion is only valid for unidirectional composites with the condition of being
able to differentiate the two types of damage et time of failure . The main criticism that can be
do it with the different approaches that we have just presented lies in the fact that they require
a large number of experimental data for each material, stack or type of loading. Moreover,
these approaches are difficult to extend to the multi-axial case. Finally, they do not give any
physical meaning to the damage and obscure the progressive nature of the latter. On the other
hand, these approaches have the advantage of being very simple to implement and require

very little information on the damage mechanisms

1.7. 2-Phenomenological approaches

-Residual Rigidity

These models based on the use of residual Rigidity aim to describe the degradation of the

elastic properties of a material subjected to fatigue loading.

SIDOROFF and SUBAGIO [89] propose a uni-axial model developed in the context of
unidirectional composite materials loaded in the direction of the fibers. The model is written
in deformations, they introduce a damage variable D and separate the fields of tension and

compression

011 = E(D)eyy (1.45)
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E(D) = Ey(1 — d) (1.46)

a(Asll)C .
a _ | oy traction (1.47)
dN .
0 compression
D=1-= (1.48)

Ep

With E| is the longitudinal Young modulus of undamaged material, a, b and c three constant
characteristics of the material are identified. & And ¢ the uni-axial stress and strain

respectively, Ae amplitude of the strain. the model is identified by a 3-point bending test.

The parameter a plays the role of a scaling factor. It is identified by smoothing the curve

representing the evolution of rigidity EE according to Ei where Ey, corresponds to the value
0 90

of E for a falling in stiffness equal 10% .The parameter b controls the degradation process and
c is identified by smoothing the curve g,,,, = f(Noo) . The modeling propose does not give
information on the state of damage of the material, moreover it does not allow to consider the
influence of the load ratio R and the frequency f.

PHILIPPIDIS and VASSILOPOUDOS [90], for glass / epoxy laminates, propose a standard

law of stiffness drop that they compare to approaches based on the use of S-N curves.

1.7. 3. Progressive damage models

In this part we are interested in progressive damage models based on a static model. There are
models of this type for UD laminates [91-103] have also extended their model to the case of 2D woven

ply laminates.

UD Laminates - The fatigue model developed at LMA-Marseille [92] for laminates is an extension of
the "damage meso-model for laminates”.Diffuse damage (fiber / matrix decohesion and incipient

delamination) is described in the mesmodel through two damage variables:

d' for the degradation of the transverse Young's modulus and d for the degradation of the shear
modulus. The driving forces (Y et Y;) associated with these damage variables are written as a
function of the components of the stress. Under cyclic loading, there is a superposition of two
contributions, static and fatigue, the contribution of fatigue being dependent on the maximum loading

and the damages d and d ’saturating at 1:

{d — kY (1.49)

d=d}+d
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4 = o) (1.50)

- \/Y(;—\/(YO
With
Y(t) = sup(Y;(z) + bY 4 (7)) (1.51)
d. =b'd, (1.52)
2L = g T = Tophs (1.53)
With
Y (t) = sup(Ya(r) + bY gr(2)) (1.54)
d} = b'd; (1.55)

With Y the equivalent driving force taking into account the coupling between transverse traction /
shear, Yo is the threshold of static damage, Yor the threshold of damage by fatigue, Y. is the critical
driving force related to the static kinematic slope , Y corresponds to the driving forces in fatigue , b is
the parameter of transverse tension / shear coupling , b’ is the ratio between the shear damage and the

transverse damage and g is a material parameter.

2D Woven - The fatigue models presented in [93] and [97] are the respective extensions of the static
models for balanced 2D woven [91] and for 2D woven in general [99] . [97], the damage level d!*®is
introduced:

ad *N O * *N\q *

— = {ap. (Ydd”") . (AYaFP) P + by (YdY') . (AYAR ) T~ Y, (1.56)

[maX‘L’ECyCl (t)(o'iUD )—minzecyci (t)(GiUD )]

UD* _
Avd;” = 2EPP (1-aPP)2

(1.57)

The parameter Yof corresponds to the material damage threshold and the coefficients

(a, ,b,,0 ,p,q,r)are material parameters.

The shear damage is assumed to be equal to the transverse damage. The law which governs the

inelastic strains stays unchanged under cyclic loading.
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1.8. Conclusion

Based on the critical review of damage models, fatigue parameters and life prediction
methods presented in this first chapter, the experimental study (Chapter Il) systematically
examines the behaviour of composite tubes under three loading regimes: tension only, fatigue
only and combined tension-fatigue loading.

The key formulae presented in Chapter | feed into the predictive framework of Chapter lI,
where they are integrated into a unified fatigue life model capable of handling all three
loading scenarios. The model will explicitly account for flaw-induced failure transitions,

enabling adaptive life predictions for composite pipes under real service conditions.
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CHAPTER I1I:

MATERIALS AND
EXPERIMENTAL PROCEDURE




I1.1. Introduction

The aim of this chapter is to draw definitive conclusions on the variables influencing the
mechanical behavior of composite tubular structures, with a focus on key mechanical
properties such as stiffness, strength, and fatigue life. The experimental design involves
testing cylindrical Glass/Epoxy composite specimens under three distinct loading
conditions: static loading, cyclic loading, and combined loading. Initial tensile tests,
conducted at 100% of the ultimate tensile strength, provide a foundational understanding of
the material's behaviour under static conditions, establishing baseline properties such as
ultimate tensile strength and deformation characteristics. Building on these insights, this study
extends the investigation to cyclic and combined loading scenarios, which are more
representative of real-world applications where composite structures are subjected to
repetitive and complex stresses.

The cyclic loading tests are conducted at multiple stress amplitudes (40%, 60%, and 80% of
the ultimate tensile strength) to evaluate the material's fatigue life and damage progression
under varying load levels. These tests aim to quantify the relationship between stress
amplitude, number of cycles to failure, and the initiation of damage mechanisms.
Additionally, combined loading tests, which involve cyclic fatigue followed by tensile loading
to failure, are designed to assess the material's residual strength and damage tolerance after
exposure to repetitive stresses. These tests provide critical insights into the progressive
degradation of mechanical properties and the interaction between different damage
mechanisms, such as matrix cracking, delamination, and fiber fracture.

By estimating critical parameters such as stress at failure, number of cycles to failure,
and residual strength after cyclic damage, this study aims to enhance our understanding of the
material's performance under both static and dynamic loading. The findings will contribute to
a quantitative framework for assessing the durability and reliability of composite structures,
particularly in applications involving repetitive or cyclic loading. Ultimately, this work seeks
to provide valuable insights for optimizing the design and use of composite materials,

ensuring their safe and efficient performance in demanding engineering applications.
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11.2. Experimental protocol

11.2.1. Composite tubes fabrication

The prototypes of this experimental part were manufactured by MAHYTEC (Dole, France)
and financed by the UHBC Laboratory of Control, Measurement and Mechanical Simulation.

The tubes were manufactured by filament winding (Figure I1.1). The tubes are characterised
by six composite layers with the same thickness for each layer. Table 1 shows the mechanical
properties of the Glass/Epoxy composite used in the manufacture of the specimens. Table 2

shows the dimensions and stacking sequence of the composite tubes.

Figure 11.1. Filament winding process (DMA)

Tab I1.1. Mechanical Properties of Glass / Epoxy.

E,[GPa]

E,[GPa]

E [GPa]

ny

Vyz

VXZ

G,,[GPa]

G,,[GPa]

G_[GPa]

G/E

55

21

21

0.268

0.495

0.268

8.2677

Tab 11.2. Composite tube properties

Length 300 mm
Internal diameter 60 mm
Layer thickness 0.25 mm
Layers number 6

Stacking sequence +55°
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11.2.2. Specimen preparation
Preparing the specimens for tensile and fatigue tests should be done by gluing the gauges to
the outer wall of the different specimens of the composite tube (see Figure 11.2). The purpose

of this step is to measure the axial and hoop strains induced by static and cyclic axial tensile

load.

Fig 11.2. Location of the strain gauges

The different types of gauges used in this series of experiments are shown in Figure Il. 3. The
1D gauges allow obtaining only axial strains. The 2D gauges allow obtaining only axial and
hooping strains. The 3D allows obtaining axial and hooping strain depending on its position
on the outer wall of the tube specimen.

e ;ﬂ" ™

Gauge 2D : Gauge 3D

Fig.11.3. Strain gauges
11.2.3.Measuring strains (Use of gauges)
Gauges are mainly used in tests where pressure is the dominant stress. In this case, the mode
of rupture is brutal and generates a blast effect capable of throwing the extensometer and

therefore damaging or destroying it. To measure the strain, we use strain gauge .
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The bonding protocol used consists of 3 stages, which can be divided into elementary
operations:

Identification of the bonding zones
1 .Selection of measuring points

2 .Marking the tube directions (tube axis and circumferential axis)

Preparation of the surface
3 .Polishing and smoothing the bond area with fine sandpaper .
4 .Clean by degreasing
5 .Chemical etching (phosphoric acid)
6 .The etching is neutralised (ammonia water) .
Fixing the gauges
7 .A catalyst is applied to the gauge to improve the quality of the bond .

8. The gauge is bonded, the adhesive used is M Bond 200 based on cyanoacrylate ester
(C5H5NO?2).

11.2.4. Description of the testing machine (Multiaxial testing machine)

In order to determine the mechanical properties of the specimens in static and fatigue
behavior, a hydraulic tensile testing machine INSTRON -8501 is used, which is presented by
Fig 11.4. This machine allows measuring tensile strength, compressive strength, shear
strength, flexural strength, ductility, hardness, impact strength, fracture toughness, creep and

fatigue. The description of this machine is given in Tab 11.3.
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Fig 11.4. Tensile machine INSTRON -8501 (DMARC)
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Type 8501

Constructor INSTRON

Power unit Hydraulic system

Cyclic load waveforms

Sine, triangle, square

Characteristics Load control, displacement, elongation.

(extensometer) Electronic control.

Dynamic force 100 kN
Effective cylinder stroke £ 70 mm

Capacities

Formes exemples Cylindrical, cross section rectangular

Pilotage "TEMA test" software on Windows: Traction - Compression

Fatigue (cycles)

Tab 11.3. Testing machine presentation
11.2.5. Mounting of test pieces

The assembly of the specimen is the most important step in the experimental protocol, as it
ensures the safety and the good leak-tightness of the loaded tubes (simple or cyclic test),
which guarantees good experimental measurements. Fig 11.5 shows the six steps for mounting

the composite tube specimen on the machine.
11.2.6. Stress tensile caracterisation

The static or fatigue test consists in the application of a tensile or cyclic uniaxial load to a
specimen made of composite material. In order to define the ultimate stress in the static test or
the number of cyclic fractures in the fatigue test, the expression of the stress induced by the
type of loading is significant. Force is applied to the specimen to measure the response of the
composite specimen in terms of stress. The TEMA controller is used to monitor the load as a

function of the recorded deformations (see fig 11.6).
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Fig 11.5. The six steps of composites specimens mounting
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1271 cycle(s) |

Fig 11.6.The Piloting software TEMA controller
11.2.7. Fatigue test caracterisation

The main objective of the fatigue testing performed as part of this thesis is to determine the
expected service life of the cyclically loaded specimens in terms of the number of cycles

based on the ultimate stress obtained during simple tensile loading.

The fatigue test depends on main parameters as max, omin, 6mean, R and f. The test consists in
applying to a specimen a cyclic uniaxial loading around a mean stress omean. The type of
loading is characterized by the load ratio R of the stress emax and emin per cycle, as shown in

Figure 11.7. In the literature, the R values generally studied are between a range of 0O|<R<1

[1].
[ Ogmplitude = Omax — Omin

Omoyen = (Umax - Umin)/z
< R = Omin
Omax

1
\ =7

Establishing the fatigue response curve of a material requires performing tests at several stress

levels, generally in the wide range of stress-cycle data between 10% and 100% stress level of

the ultimate stress o [2].

Due to the limited number of composite specimens, the samples were tested at stress levels of
80%, 60%, and 40% of the ultimate tensile strength until failure.
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Fig 11.7. Load parameters of a fatigue test

11.3 Experimental protocol

This experimental protocol aims to characterize the mechanical behavior of 08 cylindrical
composite specimens subjected to three types of loading: monotonic tension until rupture,
cyclic fatigue in tension until rupture, and a combined fatigue-tension sequence (fatigue
damage followed by tensile testing until rupture). Tensile tests will determine intrinsic
mechanical properties (elastic modulus, tensile strength, strain at rupture), while cyclic fatigue
tests will provide data on fatigue performance (S-N curve) and failure mechanisms (crack
propagation, delamination). The fatigue-tension combination will quantify the degradation of
mechanical properties after cyclic damage, assessing the remaining potential of the material,
i.e., its ability to withstand loads post-fatigue. This approach will predict residual lifespan and

optimize the use of composites in critical applications.

50



Experimental test types

Tensile test to

Cyclic tensile test to failure

Cyclic Tensile Test At 80%

Cyclic Tensile Test At 60%

of Ultimate Tensile failure

failure of Ultimate Tensile failure

+ Tensile test to failure +Tensile test to failure
Experimental At 80% of | At60% of | At40% of | 1/2 of the Nf | 1/3 of the Nf | 1/2 of the Nf | 1/3 of the Nf
parameters the failure | the failure | the failure cycle cycle cycle cycle

limit limit limit
Searched properties | Failure limite Number of | Number of | Number of | Remaining Remaining Remaining Remaining
cycles to cycles to cycles to potential potential potential potential
failure failure failure

Number of samples 01 01 01 01 01 01 01 01
tested
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11.3 Experimental results and analysis
11.3.1-Pure Tensile test analysis

The main objective of this tensile failure test is to determine the tensile strength limit. This
experimental data will make it possible to carry out a series of cyclic tests at force levels of
40%, 60% and 80% of this defined tensile limit.

The figure shows the distribution of axial stress as a function of axial and hoop strain for a
pipe caused by a stacking sequence. The result is a good reflection of the mode of loading of
the composite tube with an axial elongation and a circumferential contraction. The alignment
of the two curves is characterised by an elastic phase until the elastic limit is reached,
followed by a plastic phase until the total failure of the tube. This second phase reflects visco-
elastic behaviour, followed by viscoplasticity, accompanied by progressive damage initiation.

Final damage occurred at a tensile load of 25 KN.

The loss of rigidity, which characterises the strain trends, reflects primarily the degradation of
the material properties of the composite and a displacement of the tube ends under the effect
of the applied tensile load. If the test is not interrupted, the cylindrical shape of the specimen
is transformed into a hyperboloid geometric configuration as shown in Fig.9. Where it can be

seen that two damage zones are located away from the ends of the composite tube.

~
(]

/‘

D
(=]

..-—-"““"'"\

M
£
3

e
o
)

Axial stress [MPa]
B
\

w
[es]
\

N
[e]
I
\

=

[en]

-1,5 -1 -0,5 0 0,5 1 1,5 2 2,5 3
Strain [%]

Fig 11.8. Axial Stress - Strain of a Glass /Epoxy pipe [£55]s.
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Fig 11.9. Epoxy /glass composite tube before and after a tensile test.

Compared to the previous work of Farines [3] presented in the table belwo, the stress failure

obtained for same specimen with 08 layers and six for us, the difference beteween our stress
failure 65,34 [MPa] ( 25,4 [KN]) and 72.4 MPa for Farines is justified by difference of the

number of layer.

Tab.l1.5. Summary of tensile tests for tubes with 8 layers [+55] [3].

Tube n° Stress at failure (MPa)
1 69,8
2 71,4
3 76,4
Average 72,4

11.3.2 - Cyclic tensile test to failure

Based on the tensile test results, the tensile strength limit is approximately 25 KN. The cyclic
test series are performed at 40%, 60% and 80% of this limit, as shown in the table I1.5.

Tab 11.6.Ultimate load.

Ultimate load

80%

60%

40%

25,5 KN

20 KN

15KN

10 KN
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11.3.2.1 — Cyclic test at 80% of ultimate load

The force applied for cyclic loading is 20 KN for a frequency equal to 5 Hz, as shown in the
Fig.11.10. The cyclic loading parameters, ratio R, maximum and minimum forces are defined

as follows:

22

17

Laod [KN]
~

~N

0 0,2 0,4 0,6 0,8 1

Time [s]

Fig 11.10.Tensile force curve for 80% of UTL.

The Fig. 11.11shows the state of the composite tubular structure before and after cyclic tensile
loading, with areas of damage occurring away from the fastener ends. Fracture is
characterised by the appearance of a macro crack along the coiling direction of the structure,
accompanied by localised delamination. If the test is not interrupted, the shape of the

specimen becomes that of a single layer hyperboloid.

Fig 11.11. Epoxy /glass composite tube before and after a tensile test
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The fatigue test, showed by Fig.12 revealed a stable axial stress plateau at 52.31
MPa sustained for 525 cycles (105 s at 5 Hz), followed by specimen rupture at 615 cycles—
a14.6% deviation from the expected cycle count. This discrepancy exceeds typical
experimental  variability and suggests potential influences from load-frequency

instability or instrumental limitations in cycle detection.
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Fig 11.12. Axial strain - axial stress of a Glass /Epoxy pipe [£55]3
In the same context, the following figures show the evolution of the axial and hoop strains as
a function of time loading. The axial strain together with the circumferential shrinkage
characterise both figures with more deformation in the loading direction at a rate 10 times
greater than in the circumferential direction. This finding can be explained by the choice of
filament winding angle, which has a negative effect on the stiffness of the structure in this

loading mode.
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Fig 11.13.Axial strain - Time of a Glass /Epoxy pipe [+55]3
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Fig 11.14. Hoop strain - Time of a Glass /Epoxy pipe [£55]s

For a given number of cycles, the figure below shows the evolution of the axial stress as a
function of the axial and circumferential strains during each load cycle. This limitation of the
graph for the total number of cycles recorded, which is 615, makes it easier to understand and
evaluate the results obtained. The compression of the load/unload points in the first cycles
reflects the viscoelastic phase of the behavior. Once the cycles start to grow, plastic
deformation of the material begins. The loss of rigidity characterises the failure of the
specimen, leading to a significant displacement of the ends of the tube and hence the
degradation of the original structure. All the maximum points of the cycles represent the law

of behaviour of the composite material.
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Fig 11.15. The stress-strain curve of a Glass /Epoxy pipe [£55]s

11.3.2.2 - At 60% of ultimate load

The cyclic loading force is 15 KN at a frequency of 5 Hz, as shown in the figure 11.16. The
parameters of the cyclic loading, the ratio R and the maximum and minimum forces are

expressed in the figure below as follows:
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Fig 11.16.Tensile force curve
Figure 11.17 shows a composite tubular structure before and after cyclic tensile loading at 60%

of ultimate load, with damaged areas away from fixing ends. The fracture in this test is
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characterised by the appearance of a macro-crack in the direction of the winding of the
structure, accompanied by a localised delamination, similar to the situation described in
section 11.3.2.1 at 80% of the ultimate load. On the other hand, it can be seen that there is no

damage to the fibers, only to the matrix, accompanied by the formation of delamination.

Fig 11.17.Epoxy /glass composite tube before and after a tensile test

Figure 11.18 shows a stable axial stress plateau at 40 MPa sustained for 7,800 seconds,
corresponding to 39,000 cyclesat a frequency of5 Hz. The fatigue testing machine
recorded 38,875 cycles until failure, representing a negligible deviation of 0.32%, likely due
to minor frequency fluctuations or instrumental precision limits.

These results align with ASTM E466 standards, confirming the reliability of the testing
methodology. The minimal deviation reinforces the robustness of the experimental setup and
supports its use inoptimizing the composite layup sequences under investigation.
Furthermore, the data provide a foundation for validating predictive fatigue models through
the development of S-N curves, enhancing future fatigue life estimations for this material

system.
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Fig 11.18. Axial strain - axial stress of a Glass /Epoxy pipe [£55]3

Compared to 80% of the maximum load, the same response characterises the behaviour of the
composite specimen at 60% of the maximum load, with a clear regression in terms of axial
and hoop strains (Fig.11.19-11.20), which increases its lifetime. This finding can be explained

by the shorter time to plastic behaviour in comparison to the 80 % load case.
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Fig 11.19. Axial strain - Time of a Glass /Epoxy pipe [+55]3
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Fig 11.20. Axial strain - Time of a Glass /Epoxy pipe [+55]s

The 60% load condition demonstrates a significantly higher number of cycles compared to the
80% load, reaching 38,875 cycles, which represents a 61% increase in fatigue life (Fig. 11.21).
This improvement can be attributed to the reduced internal stresses and delayed crack
initiation at lower load levels, consistent with trends observed in S-N curves for composite
materials. At a loading frequency of 5 Hz, this corresponds to a total testing time
of 7775 seconds (38 8755/5).

The extended fatigue life achieved with only 6 layers and a winding angle of 55° highlights
the potential for optimizing composite tube designs for specific applications.

Furthermore, comparing the first and last cycles provides valuable insights into the
accumulation of inelastic deformation and damage mechanisms. This analysis reveals how
microstructural changes, such as matrix cracking or fiber-matrix debonding, evolve over time
under cyclic loading. Understanding these mechanisms is critical for predicting long-term
material behavior and improving the reliability of composite structures in real-world

applications.
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Fig 11.21. Stress-strain curve of a Glass /Epoxy pipe [+55]s under 60% of ultimate load.

11.3.2.3 - At 40% of ultimate load

For a load of 40% of the ultimate load, shown in Figure 11.22, the failure stress is reached at
25.22 MPa, with a loss of rigidity until the specimen bursts. Figure 11.23 shows the evolution
of axial stress function the time of fatigue cyclic, which reach 6600 s number of cycles to
failure obtained, which is of the order of 1594886 and corresponds to a lifetime of 73.83
hours. This result is clearly incomparable to those obtained for the 80% and 60% ultimate

loads.

The figure 11.23 presents the state of the composite specimen before and after cyclic loading
at 40% of ultimate loading. The specimen is characterised by cracking with delamination

between the layers. The cracking occurs after matrix damage and fibre fracture.
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Fig 11.22. Evolution of the axial stress of a Glass /Epoxy pipe [+55]s 40% of ultimate load
through time of fatigue cyclic.
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Fig 11.22. Axial strain - axial stress of a Glass /Epoxy pipe [£55]; 40%0 of ultimate load.
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Fig 11.23. Epoxy /glass composite tube before and after a tensile test

11.3.2.4 Synthesis of fatigue cycles

The table 11.7. below present, the most result obtained in term of failure properties of

composite tube under 40%, 60 and 80% of ultimate load, where a comparison is developed to

the main results obtained for.

Tube | Ultimate Failure Failure Failure | Lifetime Lifetime
n° load rate axial hoop cycle (s) Increase
strain (%) | strain (%) | number ratio (%)
(Nf)
1 80% 0,49 -0,17 615 123 -
2 60% - - 38875 7775 63,22
3 40% - - 1594886 | 318977,2 41,02

Tab 11.7. Failure properties after 40, 60 and 80% of ultimate tensile load applied on

composite tube.
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11.3.3-Combined fatigue and axial tensile to failure

It is necessary to know the fatigue behavior of the material, in particular its life and damage
variation, in order to determine experimentally the remaining potential of the material under
tensile loading by plotting the Wohler curve. To this end, the study structure was subjected to
two successive types of test. The cyclic fatigue tests under sinusoidal tension and followed by
quasi-static tensile tests to failure. This third series of tests assesses the residual strength of
the material after cyclic loading. At this stage, the composite structure has already

accumulated damage and lost significant mechanical properties.

The table 11.8. below gives a summary of the data from the roadmap of the four experimental

tests mentioned below.

Tab.I1.8. Cyclic fatigue tests parameters

Tensile cycle number
Test 1 Test 2 Test 3 Test 4
(Nf/2) (Nf/3) (Nf/2) (Nf/3)
) 20.4KN
Tensile 80% 308 205 - -
. 615
loading
15.1
(KN) 60% - - 11160 7440
22320"

“ The 60% load test showed a change in the number of cycles after an initial fatigue test to
failure in which the specimen failed after 5,767 cycles. On this basis, the number of cycles to
failure for this second series of tests (combined) was recalculated by taking the average of the

two values obtained, i.e. 38,875 cycles and 5,767 cycles.

This third section uses a plot of the variation in axial stress and strain as a function of the
logarithm of the number of cycles, which simplifies the analysis of fatigue data, makes trends
more visible and makes it easier to model and compare the performance of composite

materials.

64




11.3.3.1. Cyclic Tensile Test At 80% of Ultimate Tensile failure followed by tensile test to

failure
Case 1 - 1/2 of Ncycle- failure - 20,4 KN Tensile force equal to and 308 cycles number

The curves of Fig.11.24 depict the evolution of axial stress and strain during a cyclic fatigue
test, conducted over 308 programmed cycles at a loading level corresponding to 80% of the
rupture load (20.4 kN). Due to machine uncertainty, a total of 317 cycles, equivalent to 51
seconds, were recorded at the end of the fatigue loading. The results are plotted against the
logarithm of the number of cycles to highlight the material's fatigue behavior. From the initial
cycles, the composite enters an adaptation phase characterized by the onset of internal
damage, such as microcracks and fiber/matrix debonding. These mechanisms lead to a
gradual reduction in the material’s stiffness, reflected by a continuous increase in axial strain.
During each cycle, axial stress rises sharply to 47.04 MPa during loading, accompanied by a
simultaneous strain increase of 0.68%. This response demonstrates the material's ability to
resist the applied load while accumulating irreversible damage-related deformations. In
contrast, during unloading, axial stress stabilizes around 0.2 MPa, indicating partial relaxation
of the composite. Meanwhile, axial strain shows minimal variation (0.09%), suggesting that
internal damage reaches a temporary equilibrium.

As cycling progresses, damage accumulates, but the composite tends toward a stabilized state
in terms of axial stress. This stabilization likely results from stress redistribution toward the
fibers, which bear an increasing share of the load, and the limitation of microcrack
propagation. However, despite this apparent stabilization, the progressive accumulation of
strain may ultimately lead to sudden failure after a high number of cycles. The loading level,
set at 80% of the rupture load, is moderate enough to avoid immediate failure but sufficiently
high to induce gradual material degradation. The use of a logarithmic scale for the number of
cycles effectively highlights the different phases of fatigue behavior, including initial

adaptation and long-term stabilization.
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Fig.11.24 illustration of the variation of axial stress and strain as a function of the
logarithm of the number of cycles, log(N), for a glass/epoxy pipe with a [+55]3 layup
subjected to Nf/2 of cyclic tensile test at 80% of its ultimate tensile strength (UTS).

Figure 11.25 illustrates the evolution of axial stress as a function of time for two distinct
scenarios. The first scenario corresponds to pure tensile loading without prior fatigue testing,
while the second represents tensile loading to failure following a fatigue test of 308 cycles,
with results presented in Figure 11.24.

The results confirm the impact of cyclic loading on the degradation of composite materials.
Fatigue induces a progressive reduction in material stiffness, estimated at
approximately 20%o, as well as significant evolution of internal damage. This degradation is
primarily due to the accumulation of micro-damage mechanisms, such as matrix cracking,
fiber-matrix debonding, and the initiation of transverse microcracks. These mechanisms
gradually weaken the structure, reducing its load-bearing capacity.

Furthermore, the apparent stability of axial stress during pure tensile loading reflects the
evolution of the damage process. This stability phase, characterized by limited stress
variations, often corresponds to a period of slow damage propagation before a more
pronounced degradation leading to failure. In contrast, the combined loading test (fatigue
followed by tensile loading) exhibits a slower evolution with greater stiffness loss, eventually
converging with the pure tensile loading curve at the point of intersection.

These results highlight the importance of a thorough analysis of the mechanical behavior of
composites under fatigue. A deeper understanding of degradation mechanisms will enhance

the prediction of material lifespan and optimize their design for critical structural applications

66



60

50

40

30

20

Axial stress [MPa]

10

0 50 100 150 200 250
-10
Time [3]
Fig.11.25 Comparative Analysis of Axial Stress Behavior in a [£55]z Glass/Epoxy Pipe:
Pure Tensile Loading vs. Cyclic Tensile Fatigue Followed by Tensile to Failure at 80%
of its ultimate tensile strength (UTS)

The figure 11.26 illustrates the variation of axial stress as a function of axial and
circumferential strains. The obtained curves reflect the mechanical behavior of a cylindrical
composite structure subjected to tensile loading until failure, following a programmed fatigue
loading of 308 cycles. The observed axial elongation, accompanied by circumferential
contraction, aligns with the Poisson effect, a characteristic phenomenon in both isotropic and
anisotropic materials.

The analysis of the results reveals a nonlinear response, typical of composite materials. This
nonlinearity is attributed to the progressive initiation of damage within the glass/epoxy
matrix. Specifically, internal degradation mechanisms, such as matrix cracking and fiber-
matrix debonding, develop under the applied load. These damage mechanisms gradually
reduce the material's stiffness, leading to an increase in strain for a given stress level.
Furthermore, the apparent stability of axial stress around 48 MPa, despite the evolving
strains, indicates the continuous progression of damage until failure. This phenomenon
underscores the importance of a detailed analysis of degradation mechanisms to improve the

prediction of the lifespan of composite structures.

67



40

30

20

Axial Stress [MPa]

10

-1 -0,5 0 0,5 1 15 2 2,5 3
Strain [%]

Fig.11.26 Axial Stress-Strain Response of a [£55]; Glass/Epoxy Pipe Under combined
315 Cycles followed by tensile loading to failure.

Case 2 : 1/3 du Ncycle failure - 20,4 KN Tensile force and 205 cycles number

The curves in Figure 11.27 illustrate the evolution of axial stress and strain during a cyclic
fatigue test conducted over 205 cycles at a loading level corresponding to 80% of the rupture
load (20.4 KN). Due to machine uncertainty, a total of 210 cycles, equivalent to 42 seconds,
were recorded at the end of the fatigue loading. These data are plotted against the logarithm of
the number of cycles.

During each cycle, a sharp increase in axial stress is observed, reaching 47.04 MPa during the
loading phase, accompanied by a simultaneous strain increase of 0.49%. This response
reflects the material's ability to withstand the applied load while accumulating irreversible
damage-related deformations. In contrast, during the unloading phase, axial stress stabilizes
around 0.2 MPa, indicating partial relaxation of the composite. Simultaneously, axial strain
shows minimal variation (0.063%b), suggesting that internal damage reaches a temporary
equilibrium state.

The same behavior characterizes this second cyclic loading threshold, with progressive
damage accumulation. Compared to the number of cycles at half the fatigue life (1/2 Nf),
a 36% reduction in axial strain is observed, highlighting the material's adaptation to cyclic

loading and its gradual degradation over time.
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Fig.11.27 illustration of the variation of axial stress and strain as a function of the
logarithm of the number of cycles, log(N), for a glass/epoxy pipe with a [+55]3 layup
subjected to Nf/3 cyclic tensile test at 80% of its ultimate tensile strength (UTS)

To conclude this combined loading level (80%), the analysis of the results presented
in Figure 11.28 highlights a nonlinear evolution of axial stress, which accurately reflects the
applied tensile force. This nonlinearity is explained by the thinning of the specimen's surface
during loading, indicating the progressive initiation of damage within the glass/epoxy matrix.
Specifically, internal degradation mechanisms, such as matrix cracking and fiber-matrix
debonding, develop under the applied load. These damage mechanisms gradually reduce the
material's stiffness, leading to an increase in strain for a given stress level.

The results confirm the impact of cyclic loading rates on the degradation of composite
materials. Fatigue induces a progressive reduction in material stiffness, which depends on the
number of cycles applied to the studied composite structure. A stiffness loss between 9.62
and 24 MPa is observed when comparing pure tensile behavior to combined loading after
308 programmed cycles. For the second observation, comparing pure tensile behavior to
combined loading after 210 cycles, the stiffness loss ranges between 10 and 13 MPa.
Furthermore, the apparent stability of axial stress during tensile loading also reflects the
evolution of the damage process, regardless of the number of cycles applied. The three curves
(pure tensile, combined loading after 308 cycles, and combined loading after 210 cycles)
converge toward an intersection point, highlighting the material's progressive degradation and

the influence of cyclic loading on its mechanical behavior
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Fig. 11.28 Comparative Analysis of the evolution of Axial Stress of [+55]; Glass/Epoxy
Pipe for: Pure Tensile Loading vs. Cyclic Tensile Fatigue for 317 cycles Followed by
Tensile to Failure vs. Cyclic Tensile Fatigue for 210 cycles Followed by Tensile to
Failure at 80%o of its ultimate tensile strength (UTS)

11.3.3.2. Cyclic Tensile Test At 60% of Ultimate Tensile failure followed by Tensile test

to failure

Figures 11.29 and 11.30 illustrate the evolution of axial stress and strain during cyclic fatigue
tests conducted at 60% of the failure load (15.3 KN). Figure 11.29 corresponds to a test
performed over 11,160 cycles, while Figure 11.30 represents a test with 7,410 cycles. In both
cases, the data are plotted against the logarithm of the number of cycles to analyze trends over

time.
Case 1 : 1/2 du Ncycle failure- : 15,3 KN Tensile force and 11160 cycles number

In the first case (Figure 11.29), the composite initially enters an adaptation phase characterized
by the onset of internal damage. This is followed by a marked increase in axial stress,
reaching 8.24 KN during the loading phase, accompanied by a simultaneous rise in strain at a
rate of 0.45. The test concludes with a stabilization of axial stress, even as damage continues
to accumulate with progressive cycling. Notably, the strain at 60% of the ultimate load is
lower than that recorded at 80%, indicating reduced deformation under lower stress levels.

These findings provide valuable insights into the material's fatigue behavior, which is critical
for predicting its long-term performance and optimizing its use in applications requiring

durability under cyclic loading conditions.
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Fig.11.24 illustration of the variation of axial stress and strain as a function of the
logarithm of the number of cycles, log(N), for a glass/epoxy pipe with a [£55]3 layup
subjected to 2Nf/3 cyclic tensile test at 60% of its ultimate tensile strength (UTS)

Case 2: 1/3 du Ncycle failure - 15,3 KN Tensile force and 7410 cycles number

The second case (Figure 11.30) exhibits similar behavior, with progressive damage
development under cyclic loading. However, at half the number of cycles to failure (*2 Nf), a
28% reduction in axial strain is observed compared to the first case. This suggests that the
material's deformation response is not only influenced by the loading level but also by the
duration of cyclic loading. These findings provide valuable insights into the material's fatigue
behavior, emphasizing the importance of considering both load magnitude and cycle count
when predicting long-term performance and optimizing composite materials for applications
requiring durability under cyclic loading conditions.

These two cases of cyclic loading were subsequently subjected to tensile loading until failure.
The results are summarized as follows: The figure compiles the nonlinear responses of the
tubular structure under pure tensile tests and cyclic tests at 60% of the ultimate load, followed
by tensile tests to failure at two predefined thresholds. This nonlinearity reflects the damage
initiated during cyclic loading, which progressively reduces the material's stiffness, leading to

an increase in strain for a given stress level.
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Fig.11.30 illustration of the variation of axial stress and strain as a function of the
logarithm of the number of cycles, log(N), for a glass/epoxy pipe with a [+55]3 layup
subjected to Nf/3 cyclic tensile test at 60%o of its ultimate tensile strength (UTS).

The results confirm the impact of cyclic loading on the degradation of composite materials at
the 60% load limit, specifically for 11,160 and 7,410 cycles. Fatigue causes a gradual
reduction in the material's stiffness, which is directly influenced by the number of cycles
applied to the composite structure. This behavior highlights the importance of considering
both the magnitude of cyclic loading and the number of cycles when assessing the long-term
performance and durability of composite materials.
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Fig. 11.31. Axial Stress-Strain Response of a [+55]3 Glass/Epoxy Pipe Under pure tensile

loading to failure and two level for cyclic loading, followed by tensile to failure.
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11.3.4. Summary of Experimental Results

As presented in the table 11.9. the experimental campaign, comprising eight tests,
systematically investigates the mechanical behavior of the tubular composite structure under
three distinct loading conditions: pure tensile loading until failure, cyclic fatigue loading, and
combined loading. The fatigue tests were conducted at three levels—40%, 60%, and 80% of
the ultimate load—to evaluate the material's response under varying stress amplitudes. The
results reveal a nonlinear response characterized by progressive damage initiation and
stiffness reduction, particularly under cyclic loading. At 60% of the ultimate load (15.3 kN),
the number of cycles significantly influenced the material's degradation, with higher cycle
counts leading to greater reductions in stiffness and increased strain. Similar trends were
observed at 40% and 80% loading levels, albeit with varying degrees of damage accumulation
and deformation. The combined loading tests further highlighted the interaction between prior
fatigue damage and subsequent tensile loading, demonstrating a reduction in residual strength
and deformation capacity. These findings underscore the importance of considering loading
type, magnitude, and cycle count in the design and assessment of composite structures for

applications involving complex loading scenarios.

Type d’essai Données d’essai Résultats
Traction | Cyclique | Cyclique- Force Nombre de | Force rupture Nombre de
traction appliqué cycles cycle-rupture

Essai n°l o el B I Bt 25,77kN
Essai n°2 X 20,4 KN N1=635
Essai n°3 X 151 KN N2=38875
Essai n°4 X 10KN N3=1594886
Essai n°5 X 20,4 KN 317 22,34 KN
Essai n°6 X 20,4 KN 211 23,39 KN
Essai n°7 X 15,1 KN 11160 25,72 KN
Essai n°8 X 15 ,1KN 7410 24,65 KN

Tab.11.9. Summary of Experimental Results from Pure Tensile, Fatigue (40%, 60%o,

80%), and Combined Loading Tests on Tubular Composite Structures
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I1.4. Analysis of Damage in the Composite Specimen Under Combined

Loading at 60% of the Ultimate Load

11.4.1. Evolution of the elastic modulus

In the same context, the expression of the elastic modulus during cyclic loading of the
cylindrical composite structure, followed by pure tensile loading until failure—as shown in
the figure 11.32 below—reveals a progressive regression of this modulus. This regression,
starting from an initial value of 10 GPa, reflects a loss of material stiffness, which is directly
linked to the initiation and progression of internal damage within the composite structure.

The decline in the elastic modulus highlights the sensitivity of composite materials to damage
under cyclic loading, which compromises the performance of composite structures in

applications where dimensional stability and mechanical strength are critical.

12

10

E [GPa]

0 2000 4000 6000 8000 10000 12000
Number cycles

Fig. 11.32. Variation of the longitudinal elastic module according to the number of cycle

11.4.2. Analysis of the Evolution of the Damage Coefficient

The progressive evolution of the damage coefficient with increasing cycle count clearly
reflects the advancement of damage mechanisms within the composite material. This trend,
which contrasts with the regression of the elastic modulus, highlights the continuous
degradation of structural integrity under cyclic loading. By combining the analysis of the
damage coefficient with that of the elastic modulus, it becomes possible to better understand

the fatigue behavior of composites and optimize their design for demanding applications.
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Fig.11.33. Variation of the damage parameter according to the number of cycle

11.4.3. Fracture Morphology for 60% Combined Loading

The figure 11.34 presents the fracture morphology observed on a composite specimen
subjected to fatigue loading, highlighting three primary damage mechanisms: (A) Matrix
fracture, (B) Matrix/fiber delamination, and (C) Fiber fracture. These mechanisms,
characteristic of composite materials under cyclic loading, illustrate the complexity of the

material's progressive degradation and provide deeper insight into the causes of final failure.

Fig.11.34. Different types of fracture
(A) Matrix fracture, (B) Delamination matrix fiber, (C) Fiber fracture,

11.4.3.1. Matrix Fracture (A):
e Observation: Figure (A) shows clear and localized cracks in the polymer matrix.
These cracks typically appear perpendicular to the direction of the applied stress.
e Mechanism: Under cyclic loading, the matrix, being less resistant than the fibers, is
the first site of damage initiation. Micro-cracks form due to repetitive stresses and

gradually propagate.
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Impact: Matrix fracture reduces the material's ability to transfer loads between fibers,
leading to stress redistribution and promoting other types of damage, such as

delamination.

11.4.3.2. Matrix/Fiber Delamination (B):

Observation: Figure (B) reveals a clear separation between the matrix and fibers,
characterized by delamination zones. These zones often appear as interfacial cracks or
localized debonding.

Mechanism: Delamination results from stress concentration at the matrix/fiber
interface, exacerbated by the presence of matrix cracks. Under cyclic loading, these
interfacial stresses cause delamination to propagate.

Impact: Delamination reduces the material's ability to transfer loads between layers,

leading to a loss of stiffness and accelerated degradation of mechanical properties.

11.4.3.3. Fiber Fracture (C):

Observation: Figure (C) shows clear fractures of the fibers, often localized in areas of stress

concentration. Fractures can be transverse or oblique, depending on fiber orientation and the

direction of applied stress.

Mechanism: Although fibers are highly resistant, they can fracture under repetitive
cyclic stresses, particularly in areas where matrix damage and delamination have
redistributed stresses.

Impact: Fiber fracture is a critical mechanism, as it leads to an irreversible loss of the
material's reinforcement capability. It often marks the final stage of degradation,

resulting in complete structural failure.

11.4.3.4. Synthesis of Damage Mechanisms:

Degradation Sequence: The observed fracture morphologies illustrate the typical
degradation sequence of composites under fatigue loading: initiation of matrix cracks
(A), propagation of delamination (B), and finally fiber fracture (C).

Interdependence of Damage Mechanisms: These mechanisms are not independent;
they interact and amplify each other. For example, matrix cracks promote
delamination, which in turn concentrates stresses on the fibers, accelerating their
fracture.

Impact on Fatigue Life: The progression of these damage mechanisms explains the
drastic reduction in fatigue life, as previously observed (1,800,000 cycles without
damage vs. 900,000 cycles with damage).
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11.4.4. Wohler Curve Analysis
The Wohler curve before damage describes the fatigue behavior of the composite material in
its intact state, followed by tensile loading until failure, while the curve after damage reflects
the degradation of its mechanical properties due to the initiation and propagation of damage.
The shift of the curve toward shorter lifetimes and the potential change in its slope highlight
the sensitivity of composites to fatigue and the importance of accounting for damage in their
design and application (Fig.11.35).
It is observed that, in the absence of damage, the composite structure can withstand up to
1,800,000 cycles of cyclic loading, equivalent to a lifespan of approximately 4 days under the
test conditions. However, in the presence of damage, this number of cycles drops significantly
to 900,000 cycles, reducing the lifespan to only 2.60 days. This drastic reduction in lifespan,
from 4 days to 2.60 days, underscores the devastating impact of damage on the material's
mechanical properties.
This observation fully justifies the interpretation that fatigue must be rigorously considered in
the design of composite structures. Indeed, the initiation and propagation of damage (matrix
cracks, delamination, fiber fractures) under cyclic loading significantly reduce the material's
ability to withstand repetitive stresses, compromising the durability and reliability of the
structures.
This sensitivity to fatigue highlights the importance of adopting a robust design approach,
including:

o Optimization of design parameters (stacking sequence, geometry, materials) to

delay the onset of damage.
« Implementation of monitoring systems to detect damage early and prevent failures.

o Use of predictive models to estimate fatigue life and plan maintenance
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11.5. Conclusion

This chapter is centered around an in-depth experimental investigation aimed at characterizing
the mechanical behavior of 08 cylindrical specimens made from a Glass/Epoxy composite
material with a [£55°]3 stacking sequence. These specimens were subjected to three distinct
loading modes, each designed to explore specific aspects of the material's mechanical
response.
1. Axial Tensile Test:
The first loading mode consists of a pure tensile test, where the specimen is loaded
axially until failure. This test determined the ultimate tensile strength, which is
approximately 25 kN, as well as the failure strain and elastic modulus. These data are
essential for understanding the material's ability to withstand static loads and undergo
elastoplastic deformation before failure.
2. Fatigue Test:
The second loading mode involves cyclic loading at three stress amplitudes (40%b,
60%, and 80%) of the material's ultimate strength (25 kN). For each level, the
number of cycles to failure (Nf) was determined, characterizing the fatigue life of the
Glass/Epoxy composite cylindrical specimen. The results show a fatigue life of 634
cycles at 80%, 38,875 cycles at 60%, and 1,594,886 cycles at 40%. These results
highlight the material's sensitivity to stress amplitude, with a drastic reduction in
fatigue life at higher stress levels.
3. Combined Test: Fatigue Followed by Tensile Loading to Failure:
This more complex loading mode consists of two successive phases. First, the

specimen is subjected to cyclic loading at two cycle thresholds (Nf/2 and Nf/3) for
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stress amplitudes of 60% and 80% of the ultimate strength. Subsequently, the
specimen is subjected to a tensile test until failure to evaluate its residual strength after
fatigue damage. The results revealed a significant loss of stiffness and strength,
illustrating the impact of damage initiated during the fatigue phase.
A detailed analysis of the evolution of the elastic modulus, damage coefficient, and Wahler
curve was conducted for the 60% stress amplitude, due to data availability. This analysis
highlighted a progressive regression of the elastic modulus, decreasing from 10 GPato a
lower value, as well as an increase in the damage coefficient with the number of cycles. These
observations confirm the continuous degradation of structural integrity under cyclic loading.
The comparison between lifetimes before and after damage (1,800,000 cycles vs. 900,000
cycles) strikingly illustrates the need to consider fatigue as a critical factor in the design and
use of composite materials. This reduction in lifespan, coupled with the loss of stiffness and
strength, underscores the importance of adopting robust design strategies, such as optimizing
design parameters (stacking sequence, geometry, materials) and implementing monitoring
systems to detect damage early.
In conclusion, this experimental study provides valuable insights into the fatigue behavior of
Glass/Epoxy composites and sheds light on the damage mechanisms that compromise their
durability. Further analysis, including non-destructive characterization techniques
(tomography, ultrasound, etc.), could enhance the understanding of damage initiation and
propagation, as well as their impact on mechanical properties. These insights are essential for
optimizing the design of composite structures and ensuring their reliability in applications
subjected to repetitive cyclic loading.
Based on the experimental results, which have captured the behavior of the composite
structure under various loading conditions, it is essential to develop a constitutive model that
accounts for the different responses of the structure, including elasticity, plasticity,
viscoplasticity, and damage prior to any tensile, fatigue, or combined loading. This
perspective is the focus of the third chapter, where a comprehensive model will be proposed
to predict the material's behavior under complex loading scenarios and to support the design

of more reliable composite structures.
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I11.1-Introduction

After all these mechanical tests presented in the previous chapter, we can conclude the type of
mechanical behaviour of these composite tubes and all the physical phenomena that have to
be passed during a static or cyclic loading. Based on all the information obtained in the
previous chapter. This chapter proposes an approach to modelling the behaviour of composite
tubes under static and fatigue loading. The previous chapter provided an understanding of the
mechanical behaviour and the phenomechanical deformations under these two types of
loading (tensile test and cyclic tensile test). Studying the mechanical behaviour of a composite
structure involves determining the stress and strain field at each point in the structure. This
chapter presents analytical modelling for static and cyclic loading. Firstly, the assumptions
that define the limits of the model and the equations derived from them within the framework
of the theory of elasticity are presented. In the case of constant amplitude fatigue loading, the
initial load up to the maximum stress can be considered as static stress, the operation of which
was explained in the previous subsection. The model then takes into account the increase in
damage generated during the fatigue cycles. The operation of the model can therefore be
divided into three main stages: (i) simulation of the initial static loading, (ii) calculation of the
fatigue damage generated during a fatigue increment, during a block of N cycles and (iii)

evaluation of the failure criterion.
111.2-Analysis of displacement, stress and strain

We consider a multilayer cylindrical structure with internal ro and external r as shown in
Fig 1.1

Fig I11.1: stress state in a multilayer pipe
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We define the cylindrical coordinates radial (r), circumferential (0) and axial (z). If we
consider the case where the structure is subjected to an axisymmetric thermomechanical load,
and the hypothesis that the structure remains axisymmetric, we can write that the states of

stresses and deformations are independent of the circumferential coordinate.

Moreover, the radial and axial displacements respectively depend only on z and r. From then

on, the displacement field can be written in the following form:

Up =Up(r)
Ug = UQ(T',Z) (“'l)
U, =U,(2)

In the context of a uniform loading, the deformation-displacement relationships for the

structure consisting of k layers can be written for (k) layer :

(e0 = w0 o _ 19vg? v o _ vl
Tor '°6 r 90 r = Tz
é w0 _ 1oud  auf® a0 _ au®  aul 1.2
Vo = o0 T e Vet = ot o (11.2)
o _ 100 o (uf®
or = 790 1T ;(T)

Then, it is considered that the axial deformation is homogeneous transversely and
longitudinally in the tube structure and that the rotation of the cylinder is independent of z.

Then equations (11.2) are reduced to the following formulation (;—9 =0 ;% =0 ):

k k k
L0 Zou a0 _ v o _ou
r 01" ! 9 T ’ z aZ 0 (III 3)
) _ aug” k) _ ) _ oug?  u

a—_Vor VYo' =0, Yor = Tar r

Or y,is the rotation of the tube per unit length.

As for equilibrium equations, in cylindrical coordinates, they take the following form:

(a (k) 1 a.[(k) ot (k) (k) (k)

Tzr Or —0g __
ar r 00 + t r =0
(k) (K (k) (0
< 619r 160' 61’29 + 20'91,. — 0 (I“.4)
ar r 06 T
(k) (k) (k) (k)
6TZT 107, do, Oy
k ty r 06 + 0z + ro 0
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This system is reduced to the formulation that follows the context of this study, namely:

do;j do;j
(52=0,24=0):
26 0z

o N o) _ g0

= " =0 (11.5)
sy 2 (k)
d_i+ ;O-Hr =0 (|||6)
ar | oy
0 + = 0 (11.7)

From equations (2.6) and (2.7), we can deduce the following expressions:

‘[(k) _ 4
or = 2
o _ o (111.8)

zr r

111.3-Laws of behavior

In this part, we are interested in defining the laws of behaviour of each layer of the structure
studied. The constitutive behavior law of a layer of the structure under thermomechanical

loading is expressed as indicated below:

e=So+al AT (11.9)

oc=C(e—alAT) (111.10)
Note that the temperature variation in the thickness is not considered in this study.

e=¢e%4 " 4P 4¢P (1.12)

3.3.1-Elastic behaviour
The composite is anisotropic and the description of its behavior requires keeping the ¢
orientation of its fibers (see Fig.111.2). For this, we define the Cartesian coordinate system (X,
Y, Z) , the cylindrical coordinate system (r, 0, z) and the local coordinate system of the fiber

(X, y, z) , where, x and y are the main axes longitudinal and transverse directions of the fibers

respectively.
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Fig 111.2. Relationship between the cylindrical coordinates and the reference coordinates
of the composite [33].

The elastic properties of this type of material are: Ex longitudinal module in fiber direction. Ey

and E: are the transverse modules in the directions of the y and z axes, respectively. Gyy, Gx:

and Gy, shear modulus. v,y and v,y are the Poisson coefficients in the x-z and x-y plane

respectively. yxy is the shear strain in the x-y plane.

The fiber distribution for a unidirectional composite is similar in the Y and Z directions.
The material characteristics are equivalent in the Y and Z planes.

Ey=E, Gy =Gy,

Ey

R A Y CF

Filament winding fabrication mode imparts transverse isotropy to the reinforcement layers.
Figure 2.3 shows the coordinate system of the unidirectional. The components of the

flexibility matrix are written as follows:

matrice

1 fibre

Fig. 111.3. Coordinate system of unidirectional [22].
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s¢ sS sS 0 0 0
s¢ sS sS 0 0 0
s sS sS 0 0 0

0 0

g¢ = (1n1.13)
c
0 0 0 S5
0 0 0 0 S O
0 0 0 0 0 S
( . ,
S Tk ,Si2 = Si3 =EL:
9 SZCZ - S§3 - Ei 'SZC3 - l;ﬂ (1.14)
y y
1
\ 524:SSC5:S6C6:@
Ey =E; ,Uxy = Uy,
The relations make it possible to express the strain vectors and that of stress in the fiber
reference [17].
&€ =T (11.15)
cos? ¢ sing 0 0 0 2singcosg |
in? 2 0 © 0 -2si
sin® ¢ cos” ¢ sin ¢ cos ¢ (111.16)
T 0 0 1 0 0 0
‘ 0 0 0 cos¢ -sing 0
0 0 0 sing cos¢g 0
| —singcosg singcosg 0 O 0 cos’g—sin’g|
6=T,0 (n.17)
With :
cos? ¢ sinf¢g 0 0 0 singcosg |
sin® ¢ cos’¢y 0 O 0 —sin¢cos ¢
T - 0 0 o 0 0 (111.18)
0 0 0 cos¢g -—sing 0
0 0 0 sing cos¢g 0
| -2singcosg 2singcosg 0 0 0 cos’¢g—sin’g |
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Tab I11.1. Thermodynamic variable for elastic behavior.

state variables
associated variables
visible internal
(¢
€ ¢
(¢
111.3.2- Viscoelastic behavior
The epoxy matrices have viscoelastic behavior:
[0 0 0 0 0 0 |
0 B22Szn PasSes O 0 0
4|10 0 pBSsy O 0 0
Cr=Sg =
0 © 0 BasSas O 0
0 0 0 0 fssSss O
It is possible to write additional evolution equations:
gve = Y. ¢ (111.20)
: @y 1
§i=——=—— (& — wSg:0) (111.21)
13

The shape of the distribution of relaxation times is selected triangular rather than

Gaussian(see Fig 111.4).

&
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i
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v
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Fig 111.4.Spectrum of relaxation time
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Noting the number x of relaxation time, A the interval between time and pitch triangle, we

obtain relaxation times:

T = 10n(t)
Where:
ni)=n.,—n;+({—1)A
A — 27’10
np—1

the weighting:

{ ui = +a[n(@) — (nc — no)] pour n(i) € [(ne —no),nc]
ui = +a[n(@) — (ne —no)] pour n(i) € [,nc, (ne +np)l

The normalization of the spectrum gives:
Z:;bl Wi = 1
We then obtain the expression of slope:

_ 2
ng(np—1)

(111.22)

(111.23)

(111.24)

(111.25)

(111.26)

Tab.l11.2.Thermodynamic variable for viscoelastic

state variables

associated variables

visible internal
(e}
gve
€ -0
¢i
Xi
111.3.3.Damaged

Damage describes the evolution of phenomena between the initial state, assumed to be intact,

and the appearance of a macroscopic crack (see fig 111.4).The damage considered in this work

is related to the cracking of resin in the direction parallel to fibers. This type of cracking is

assumed to change the compliance tensor. In this context, three damage parameters

DI DII

and P are defined, and they characterize the lower transverse modulus E.and shear modulus

Gy, and GN.
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Fig 111.5. Evolution of the state of materials

The damage is introduced by adding the damage contribution tensor H to the compliance

tensor of compositeS¢. Then, the damaged compliance tensor S¢of a layer takes the form:

o

I

Il
O O 0o o o o
©O O o o o o
O O 0o o o o
O o o o o

o o o oy

Hee (111.27)

The experimental analysis shows that the damage is due to the micro-cracking of the polymer

matrix in the fibres direction x;, perpendicularly to the transverse direction x, (see Fig. I11.5).

micrO-crackl{Ml) X / micro-crack (M2)

fibre

X,
&

W W matrix
/

Fig I11. 6.Micro-cracks orientation in the matrix

These three variables of damage can also be expressed in terms of flexibilities:

S
DI = 1 - 22
S22+H>>
Se6
D;=1- 111.28
11 .
Se6tHee ( )
S
Dyy=1- =
SaqtHss
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According to [17] and relations D, ,D,;etD;;;allows to obtain:

-1
1
Dy =1— S¢6 [566 + (1_D—11/2 X (811 X S22) /2]

br) (111.29)

-1
D
\ Diip =1 — 544 [544 + —(1_Dj)1/2 X 522]

111.3.4. Plasticity

In the context of tests with high loading speeds, glass / epoxy type materials have shown the
presence of irreversible and time-independent deformations. These are the plastic

deformations.

The fibers being considered fragile elastic and the matrix being viscoelastic, the source of
these deformations are not at the level of the constituents but in the process of degradation of
the material. The damage will create micro cracks, voids with for main consequences the
introduction of sources of friction within the structure. Two causes of plasticity can be
distinguished: friction and damage. The first cause is mainly in shear, the second in the

transverse direction.
111.3.4.1. Friction plasticity

This plasticity manifests itself mainly in shear and appears when the damage is triggered.
According to the formalism of the associated plasticity, the potential ¢* p plays the role of
indicator function of the convex f = 0.The global model developed in the laboratory provides

a function of load adaptable to the monolayer:

fP=6-X-R" -2 (111.29)

o represents the equivalent stress and Zc: the plasticity threshold. The variables of kinematic
hardening X and of isotropic hardeningR? are associated with the internal variables a and £?,

where pe represents the cumulative plastic strain (Tab.I11.3).
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Tab.l11.3. Thermodynamic variable for plastic

state variables
associated variables
visible internal
o
gp
-0
& g
RP
o
X

The conventional choice of the cumulated plastic strain as internal variable makes it possible

to check the equivalence:
(6 —X):6P = (6 — X)&F
By definition, the charging function has the following properties:

( fP<0 = P=0

fP=0and Lé<o=:=0

[fP=0 and%>0=>ép¢0
fP? >0 impossible

When the load is active, ie when both of the following conditions are true:

P =0and @5 >0
il
Plastic Kinetics obtained by the laws of evolution:

gp — jp
L

g — _jp % _ gp
5 o =A

. p
q@=—ipl _ g

X

(11.30)
(IN.31)
(1N.32)
(1.33)
(111.34)
(111.35)

Where d is the Lagrange multiplier whose expression can be obtained by the consistency

equation:

fr=o0

90

(111.36)



The equivalent stress can be expressed in terms of an anisotropy tensor M

G=(6:M:5)"z (1N.37)
With :

0 0 0 0 0 01

000 OO0 O

000 0O O
M= Z o9 o0 (111.38)

Zc
Sym z
Zc
1-

Equations (81) and (84) then make it possible to obtain the cumulated plastic strain rate:
P = (eP: M~1:6P) 2 (111.39)
Finally, we will write the load function in the form:
fP=16-X):M:(6-X)]"72-R" - 2 (111.40)

The particularly simple form of the M anisotropy tensor comes from the fact that only shear
can lead to plastic deformation of friction. It is postulated that the threshold of plasticity

during a strain stress og is equal to ¢ Zs, noted Zc (respectively Z§ and Z¢ for 64 and os).

If it is postulated that the irreversible phenomena are triggered at the same moment as the
damage, when the monolayer is blank, the convex f = 0 can be written in the space of the

constraints in the form (67):

1|of-ai a | v _
2[ B +m] Y. =0 (11.41)

In pure shear, we obtain

The expression that gives the value of Z is :
ZC = ZYC E1E2 (“|43)

Similarly, one can determine Z£ and Z$ .
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Experimental observations have led to adopt laws of evolution of the variables hardening of

the form:
X=X +X, (111.44)
X, = 6,€P +y, M: X, &7 (111.45)
X, = 6,€P (111.46)
RP =0 (111.47)

These laws necessitate the identification of three parameters: y;, 85, 6;.

The introduction of non-linear kinematic variables imposes the abandonment of the associated
plasticity that is to say that the potential indicating the direction of the flow in the space of the
force variables is no longer the potential pf, but a potential pF. Equations (84) are no valid. To

preserve a free energy potential quadratic in a, one can choose the potential pF of the form:

FP = FP 4+ 0, (X) + ng(a) (11.48)
With:
Nx(X) +ng(a) =0 (111.49)
We can show that:
Ne(X) = 22X:M: X, (111.50)
26,
Na(a) =22 a;: M:ay (111.51)

This mathematical artifice makes it possible to continue to work using the formalism of the

associated plasticity, even if the two potentials are not strictly identical.

Indeed, we have .We reach the flow laws:

P _ .p aFP _ .p afP

==L (111.52)
'p__'paFP__'pafP— ip
==l (111.53)
. sy 0FF s afFP

o= _Apa_X * _Apa_x (|||54)
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111.3.4.2. Damage plasticity

The second source of plasticity is the creation of voids by micro-cracking. These voids tend to
increase the volume of the fold. This damage-related plasticity is expressed as transverse
deformation, the amplitude of which is related to the micro-crack density D, according to a
linear relationship

&Y = 65 D, (111.55)
&5 Is a parameter to be identified.

To stay within the thermodynamic framework, we need to ensure that the potential for

dissipation exists. Note ¢,, (6" ,Ak) This potential, which operates as an indicator function

for the convex fP4 = 0 . Using (Equ 60), we can write the equivalence :

. d 5 .
85 _ ﬂ.pd afP (¢ ,Ak) — 63 Ad (|||56)

PE;
111.3.5. Viscoelasticity

The retarded plastic deformations ¢ are irreversible time dependent deformations .

We will assume that only crack friction can delay plasticity .We choose to define the

viscoplastic potential ¢ as simply as possible with a power law similar to a generalised

Norton's law:
+1
Oip = = [ @+ Xo): M: @ + X o]y - 2] (11157)

K and # are the parameters to be identified and X3 contains the kinematic hardening variables

associated with internal variables a3 (Tab 111.4).

Tab I11.4.Thermodynamic variable for viscoplastic.

state variables
associated variables
visible internal
&
gvp
€ —0
as
X3
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The retarded plastic deformation is derived from classical flow laws:

. 99y
vp — p
£ Y (111.58)
. _ a(p;p — &Up
a3z = 0%, £ (111.59)
We choose the following linear kinetics, with & a parameter to identify:
X3 = &P (111.60)

The analytical expression of the potentials for the modelling of dissipative phenomena has
now been established. The general equations for inelastic behaviour, which are equations

(111.56), can be written as:

gin — yd AfA(Y Ak + 24 99pe (3 ,Ax) 4 24 af%(@ Ak) + jpd dfP4(@ Ax) +24 df%(@ Ak)

Vo= —gd O AY _ 00be@ AR _ yp 3@ AW _ jpa 1@ AW _ya 919G AL '
K a4y 04y dAy 07 dAk

Until now, the effect of temperature has not been considered. Introducing thermal
deformation .Thermal deformation can be introduced in a very simple way:

£ =g%+ e+ aAT (111.62)

where a is the dilatation tensor and AT is the temperature variation with respect to a reference
temperature. The hypothesis of transverse isotropy allows this tensor to be expressed in terms
of two expansion coefficients a,, and a,, . The effect of damage on these coefficients can be

neglected to a first approximation.

To check the composite resistance, the TSAI-WU failure criterion is used. This criterion
admits that composite failure is only reached when the following inequality is verified
[111.17]:

2 2 2
Fll(a,gk)) + F,, (ajgk)) + F66(03§I;)) + 2F1203(,k)a,£k) + Fla,gk) + any(") <1 (111.63)
1 1 1 1 1
b= T T o T T T
F,, = 1 _F., 21 Ry, = 1y 1 (111.64)
O XO- 2 , ,
yUur9u yxU J(GxUXGxU)X(UyUXGyu)

Or oyy,0xy , Oyy , 0yy are the tensile stress in compression and in shear.
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For a composite shell element of the cylindrical structure (see Figure2.2), the stress-strain
relations of a layer k, for anisotropic materials, are given by [17].
o) [Cy Cp € 0 0 Ve, —a,ar

Z 11 12 13 16 z z

oy Cyy Cyy Cyz 0 0 Cy &g — AT
Oz C31 C32 C33 0 0 Cz & —a, AT

Tor 0 0 0 Cy Cs 0 Yor
Ty 0 0 0 C4y Cs5 0 Var
7,0 _C16 CZG C36 0 0 C66_ Vz6 (I ”65)

For a multilayer, the coefficients of thermal expansion «, ,ag, @, are determined using the

following expression:

{d} = [T:]{a} (111.66)
That is to say,
o ) 2 s 2 2 i 2 K (k)
z cosp’® sing®  cose’sing a,
a,| =|sing cosp® —cosep’sing | x|a,
1 0 0 a,
% (111.67)

I11.4. Formatting of the problem

Assumptions, equations of consistency and equilibrium as well as laws of behavior are
defined. We can now determine the expressions of the displacement fields. Stress are

expressed for each layer (k) using the following relationships

K K K Kk K
(6 =c®e, + cWey + cWe, + cPy,,

k k k k k
ng) = Cél)sz + C6(2)€g + C6(3)£9 + Céé)yzg

(111.68)

Differential equations that travel should check the circumferential and radial displacements
multilayer composite tubular structures in order to meetthe equilibrium of both internal and

external efforts on each layer (k) are expressed by the equation system (3) [I11.1,111.17]:

Where
w0 _C¥ w_C-ck L _ck-2cl
N ==tg No'=—"Zg— Ni ="~
C33 C33 C33
k k
agk) Ng 1k) az(1k - N‘(l )(k)
1=N, 4-N,; (111.69)



k) — [n®)
The solution of equation (16) depends on the value P =N
For A% =1:
k) — pk) (k) (k) k), r2
UM =DYr+EY r+rin(r) N g, + o)y, 1 (111.70)
For A% =2;
. . (k)
UM = DO 4 B0 4 g gy Nt 2 ()
2 (111.71)
For 2 #1 (or 2):
(k) _gk)
Uk =p®rs” L EWpA +a£k)£0 r+a£k)y0 r (111.72)

D® EW v and g, are the integration constants for k € [1,w] , ouw = n, + n. and the
total number of layers. The thickness of the liner is discretised into.n. sub-layers and the

number of composite layers is given by nc.
111.5. Boundary conditions

The boundary conditions are continuity and conservation of volume on the one hand, and
those imposed by the loading on the other. It will be assumed that there is no slip at the
interfaces and that there is continuity of stresses and displacements. These boundary
conditions are used to determine the integration constants introduced later.

In the following, the inner and outer radii are introduced.R;,;(k) and R,,;(k) of each layer
k. We note that:

R(k=1)

int

=7, et R =1 (111.73-a)

ext

The loading conditions of the inner and outer walls are presented as follows:

o=V =1) =0 (111.73-b)
oM =1)=0 (111.73-c)
=D () = 15V () (111.73-d)
9™ () = T8 (1) (111.73-¢)
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The condition of continuity of radial displacements is expressed by the relation:
vke [Lw-1], UR(RE)=v*D(rY) (111.73-f)
La condition de contraintes radiales est exprimée par :

(Vi e [Lw—1] Ur(k)(r(k)) _ ar(k+1)(r(k))

ext ext

Tg;) (r(k)) _ Tg;ﬂ) (r(")) (1n.73-g)
\ tg (r®) = 7,V (r®)

The axial forces-internal pressure balancing condition with bottom effect
w (Tk () 2 o — a2 -
2y, fr(k 0z (k)r?dr = nrép, (111.732-h)
-1
Torsion torque balance:

2Ty [ Tao (F)r2dr = 0 (111.73-i)
The boundary conditions enable us to write
{T%g =0 et {S‘E’Z =0 (111.73-)
T, =0 &y =0
Substituting equation (2.18) into equation (2.6) gives the integration constants :
AW =B = ¢ (111.73-k)
This will allow us to write the solution to the followingU, as follows:
Ug=VYozT (n.73-1)

for w (w =n; + n,) layers of the storage solution, the number of unknowns, or integration

constants of the system to be solved is equal to a 2(1 — w) it's all about D&, E®) v, et g,
pour k € [1,w]In the following, we write the components of the matrix A and the vector B of

the equivalent linear problem such that:
X=A"1%xB (1n.74)
Avec X qui définit le vecteur des constants d’intégration du systéme, tel que :

X=(DOWDp®D . DWW EDED  EMW e y,) (111.75)
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For a cylindrical structure with four layers, the system (111.74) can be written in detail:

Note: The components of the matrix A are shown in the Appendix.

D] [d, O O 0 e O 0 0 a, a,][ -P ]
D? dy dyp 0 0 ey € 0 0 ay oy 0

D’ 0 dy, dy O 0 &, €& 0 a, a, 0

D* 0 0 d, d, 0 0 e, e «a a 0

E' d; d, 0 0 e e 0 0 a «a 0
E2|7lo d, d, 0 0 e e 0 a al|| O

E® o 0 dy, d, 0 0 e e a «a 0

E* 0 0 0 d d d e e a «a 0

o dy; dg, dos doy € €y € €y g Ay Py /2
7o) LGi1 dip Oigs Oigs €01 €100 €103 €104 Uor Qo] | 0

After determining the parameters d;; , e;; eta;; the boundary conditions, the radial

jo
displacement and the strains and stresses are determined .

D(k), E(k), 7o and “oare the constants of integration. The boundary conditions are on the one
hand the continuity and conservation of volume, and secondly those imposed by the loading.
Assume that there is no slip at the interfaces and that there is continuity of stresses and
displacements. These boundary conditions to determine the constants of integration
introduced later [1]. The internal radius of the multilayered cylindrical structure is of 30 mm,
where the thickness of each composite layer is of 0.27 mm. The solutions are obtained by
using the MATLAB software.
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111.7. Algorithm resolution

Fig .111.7. Algorithm resolutionFig.
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111.8. Conclusion

A phenomenological model is developed to study the behaviour of organic matrix and long
fibre laminates. The mechanical behaviour of a monolayer is proposed: viscoelastic-
viscoplastic-visco-damaging. Damage is assumed to be due to the presence and growth of
micro-cracks in the matrix. This anisotropic damage is then completely described by a single
scalar variable . This model is used to predict the life under cyclic loading of composite
tubular structures. To summarise for each fatigue increment (or block of cycles N), the model
performs the following steps: (i) calculates the new diffuse damage value ,(ii) estimates the
viscous deformations at the mean stress of the cycles ,(iii) gives assessment the mechanical
strains and forces, and finally (iv) applies the failure criterion. All of the equations presented
in this chapter, which constitute the analytical model, are solved and implemented using

MATLAB, and the results are presented in the following chapter.
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CHAPTERIV:

MODEL RESULTS AND
DISCUSSION




1V.1-Introduction

In Chapter I, we defined a protocol for determining the mechanical response of a composite
tube under two loading types: static and cyclic loading. The specimen is a long-fiber
composite tube with six winding layers ([£55]5), measuring 60 mm (inner diameter), 62.3 mm

(outer diameter), and 300 mm in length.

Based on the formulations from Chapter Ill, This chapter presents a detailed analytical
investigation of Glass-Epoxy composite tubes subjected to quasi-static and cyclic tensile
loading. The analysis begins with a description of the modeling procedure, followed by
validation against experimental and numerical results, covering quasi-static and cyclic loading
scenarios. The behavior of composite tubes under quasi-static tensile loading is examined,
focusing on stress and strain distribution, damage evolution, and the degradation of the elastic
modulus. Additionally, the analysis extends to cyclic tensile loading, evaluating stress-strain

responses under repeated loading-unloading conditions.

IVV.2 Data Analysis
In this analysis, all the pipes are made with six layers of pipes with glass/epoxy, the layers of

these pipes have a property of opposite fibre orientation (+@ /—®).The multi-layer pipes have
an inner radius (ry) of 60 mm, each layer thickness of 0.23 mm. It is assumed that the pipe is
subjected to the tensile loading of 30 KN.

To show the results, the nondimensional quantities for the radial distance through the
thickness are used. The non dimensional radial coordinate is defined as:

_ r—To
R = m— (4.1)

The solutions are obtained by using the MATLAB numerical code. Tables 1 and 2
respectively present the material properties of a glass/epoxy composite, carbon/epoxy

composite and aluminum liner. The used composite stacking sequences are presented in Table
3.
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Tab IV. 1. Mechanical properties of composite material Glass/Epoxy [1.]

E E, G,

X

GPa] [GPa] [GPa] |~ p

G/E 55 21 8.267 0,268 041 0.62

C/E 141.6 10.7 3.88  0.268 0.6 1

Tab IV. 2. Different stacking sequences of the hybrid solution

Sequence Winding angle Sequence Winding angle

Seq 1 [£50]s Seq2  [£50]2+[+90]2
Seq 3 [£55]s Seq4  [£55]2+[+90]2
Seq 5 [£60]s Seq6  [£60]3+[+90]2

V.3 Model validation
IV.3.1. Quasi-Static loading
IV.3.1.1 Tensile loading

Figure 1V.1 presents the stress-strain distribution of the glass-epoxy composite tube under
static tensile loading, with [+55]; sequences. The modeled results demonstrate strong
agreement with experimental data, particularly after incorporating viscous effects into the
simulation, which reduced the analytical-experimental discrepancy. The strain distribution

reveals a dominant axial strain component, exhibiting a 1.5:1 ratio relative to hoop strain.
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Fig IV.1.The distribution of stress through strain for a glass/epoxy pipe with a [+55]3

sequence

1V.3.1.2. Pure Internal pressure loading

The second step of model validation, it consists to compare the analytical results behavior of
composite under pure internal pressure by experimental results obtained by Perreux et al. [1].
The figure IV.2 shows that there is good agreement between our current results and the
experimental results for the type of loading. The results obtained show a non-linear pace from
the beginning of the loading and this is due to the viscoelastic model. Another remark can be
added, it is the loss of stiffness that characterises the stress-strain curve for its analytical
approach or the experimental curve. This loss is due to the progressive damage built into the

material and is based on incremental loading.
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O Experimental [1]

3 4
Hoop strain [%6]
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Fig . 1V.2.Evolution of the circumferential stress versus circumferential strain (pure
internal pressure time for a glass/epoxy pipe with a [£55]s layup).

1V.3.1.3. Internal pressure loading with end effects

Figure 1V.3 shows the variation of the stress in function of the strain along the hoop direction

for internal pressure with the bottom end. The results of the developed model are compared

with experimental analysis, led by Perreux et al. [1]. A good agreement is obtained between

our current results and the experimental results for the type of loading.
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Fig . IV.3. Evolution of the circumferential stress versus circumferential strain (internal
pressure with end effec time for a glass/epoxy pipe with a [+£55]; layup ).
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IVV.4 Analysis of composite tube behavior under quasi-static tensile loading

IVV.4.1 Stress and strain through the thickness
Figures IV.4, IV.5, and IV.6 present the variation of the axial, hoop, and shear stress

components with respect to the non-dimensional radial coordinate RRR in a composite pipe
subjected to a tensile load of 20 MPa. Four winding angles were analyzed: 30°, 40°, 55°, and

60°, with a layup consisting of six alternating plies.

It is evident that the stress distributions exhibit discontinuities across the thickness,
particularly in the shear stress, which shows the most pronounced variation. These
discontinuities arise from the abrupt changes in material properties between adjacent layers.

The axial stress is generally higher than the hoop stress, which reflects the tensile nature of
the applied loading. The influence of fiber orientation is also notable: for winding angles
greater than 50°, both axial and hoop stresses tend to decrease, while angles below 50° result
in increased stress levels. Moreover, layups with lower winding angles (i.e., < 50°) exhibit
higher sensitivity to shear stress, with magnitudes exceeding those of higher-angle

configurations by more than 100%.

63.6

r r |8

—e— [60] ----- [55]

Axial stress [MPa]

6335 C r L L r L L r L L
0 . . . . . .

Fig . IV.4.The distribution of Axial stress through the non dimensional radial distance

for a glass/epoxy pipe with a [£55]3 layups
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Fig . IV.5.The distribution of hoop stress through the non dimensional radial distance for a

glass/epoxy pipe with a [£55] 3 layup
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Fig. 1V.6.The distribution of Shear stress through the non dimensional radial distance

for a glass/epoxy pipe with a [+55]3 layup
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Figures IV.7 and V.8 illustrate the distribution of axial and hoop strain components along the
non-dimensional radial coordinate R for composite tubular structures subjected to axial tensile
loading. In contrast to the stress components shown in Figures 1V.5 and IV.6, the strain
components exhibit a continuous and smooth variation across the wall thickness, reflecting
the strain compatibility between adjacent layers in the multilayered.

The axial strain remains positive throughout the multilayered, indicating uniform elongation
along the loading direction, while the hoop strain is negative, corresponding to a contraction
in the circumferential direction. This behavior is characteristic of axial tensile loading in
anisotropic multilayered, where Poisson coupling effects play a significant role.

The observed strain magnitudes are in good agreement with the trends seen in the stress
profiles. Higher axial strain values are observed for layups with +£55° and +60° ply
orientations compared to those with £30° and +40°. This can be attributed to the orientation of
fibers being less aligned with the loading axis at higher angles, resulting in a lower axial
stiffness and therefore higher axial strain under the same load.

Additionally, multilayered with high-angle plies exhibit increased in-plane shear strain
contributions, which influence the overall axial deformation response due to the anisotropic
nature of the composite material. These differences in deformation behavior may significantly
affect the axial stiffness and structural integrity of the tubular component under service
conditions, especially in applications where precise dimensional stability is critical.

In summary, the fiber orientation plays a critical role in determining the strain distribution and
structural response of the composite tube. Layups with higher winding angles (above +50°)
lead to increased axial strains and potentially reduced stiffness, which must be carefully
considered during the design phase for load-bearing applications
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Fig . IV.7.The distribution of Hoop Strain through the non dimensional radial distance

for a glass/epoxy pipe with a [+55]3 layup
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Fig . I'V.8. Distribution of Axial Strain through the non dimensional radial distance for a

glass/epoxy pipe with a [+55]3 layup
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V. 4. 2.Effect of the number of layers on the mechanical behaviour

Figure IV.9 presents the analytical response of the G/E (glass/epoxy) composite tube,
showing the evolution of hoop stress as a function of hoop and axial strains for three tube
configurations: Types A, B, and C. All three configurations share the same winding angle of
+55°, but differ in the number of layers—4, 6, and 8 plies, respectively.

The results indicate that increasing the number of layers enhances the structural rigidity of the
composite tube under tensile loading. Specifically, the hoop stress at a given strain increases
by approximately 30% when comparing the 4-ply configuration (Type A) to the 8-ply
configuration (Type C). This improvement is attributed to the increased thickness and fiber

volume fraction, which contribute to greater resistance against axial and hoop strains.

Hoop Stres [MPa]

Strain [%]

Fig .1V.9. Evolution of the Hoop stress versus strain (internal pressure with end effect
time for a glass/epoxy pipe with a [£55]z, [+55]3 , [£55]4+ layup).

IVV.5. Effect of winding angle orientation on mechanical behavior

Figure 1V.10 illustrates the distribution of hoop stress as a function of both axial and hoop
strain for a composite tubular pipe subjected to internal pressure with end effect loading. The
analysis includes six different winding angles: 30°, 40°, 45°, 50°, 55°, and 60°.

The results show that tubes with winding angles closer to the axial orientation (30° to 45°)
exhibit greater circumferential deformation under the same loading conditions. On the other
hand, the response curves of structures oriented beyond 45° show better behaviour in terms of

deformation.
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All curves demonstrate a non-linear stress—strain response, which reflects the constitutive
behavior and material laws implemented in the analytical model developed in this study. The
non-linearity may be attributed to progressive matrix cracking, fiber-matrix interaction, and

anisotropic elastic behavior.
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Fig .1V.10.Evolution of the Hoop stress versus strain (internal pressure with end effect
time for a glass/epoxy pipe with a [£30]s , [+40]3 , [+45]s , [£50]s , , [£55]s, [£60]s
layups).

In composite material design, the onset of damage is typically associated with a critical strain
threshold, beyond which matrix cracking, fiber—matrix debonding, or delamination may
occur. According to commonly accepted design standards for polymer matrix composites
(e.g., ASTM D3039, ISO 527-4), axial strains exceeding approximately 2—-3% in glass/epoxy

multilayered are indicative of the transition from linear-elastic to damage-prone behavior.
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Based on this criterion, the results presented in Figure 1V.10 suggest that only configurations
with winding angles of 55° and 60° remain within the safe deformation range under tensile
loading, with maximum axial deformations of less than 3%. Conversely, tubes with winding
angles of 30° to 50° exceed this critical deformation limit, making them more susceptible to
early damage mechanisms. This highlights the importance of fiber orientation in tailoring the

deformation capacity and structural resilience of filament-wound composite tubes.

IVV.6. Damage evolution
Figure IV.11 illustrates the evolution of damage in a composite tubular structure subjected to

axial tensile loading, based on a six-layer symmetric layup with the sequence [£55¢]s. The
onset of damage is observed at approximately 8 KN of applied load, indicating the initiation
of micro-level degradation mechanisms such as matrix cracking or fiber—matrix debonding.

The damage progression follows a non-linear exponential trend, consistent with the behavior
expected from progressive failure models in laminated composites. Beyond approximately 55
KN, a pronounced increase in damage sensitivity is observed, as indicated by a steep rise in
the damage parameter. This rapid escalation suggests the transition from diffuse damage to
more critical failure mechanisms, such as delamination or localized fiber breakage, which

significantly compromise the structural integrity of the composite tube
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Fig .1V.11.The Evolution of damage through the tensile loading
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V.7 Stress and strain analysis for cyclic tensile loading
IVV.7.1. The strain and stress evolution

Figure 1V.12 presents the evolution of axial strain as a function of loading time for two cases:
(A) without considering damage, and (B) with damage effects included. In case A, the axial
strain remains relatively stable over time, reflecting the idealized elastic response of the
undamaged composite structure.

In contrast, when damage is accounted for (case B), a noticeable increase in axial strain is
observed as loading progresses. This behavior indicates the initiation and accumulation of
progressive damage mechanisms within the multilayered composite pipe, such as matrix
cracking, fiber—matrix debonding, and interlaminar degradation. The growing strain response
underlines the material's loss of stiffness and structural integrity due to damage evolution
throughout the laminate.

Axial Strain [%)]
Axial Strain [%]

c c c c c c c c c c c c c c c c c c
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Time [s] Time [s]
A B

Fig . IV.11. The distribution of Axial strain through the time for a glass/epoxy pipe with
a [£55]5 layup(A with damage B without damage).

In contrast, the hoop (circumferential) strain exhibits a gradual contraction throughout the
tensile loading of the composite tubular structure (see figure 1V.12).
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Fig . 1V.12. The distribution of Hoop strain through the time for a glass/epoxy pipe with
a [£55]5 layup

IVV.7.2.The strain evolution performed at 40%, 60% and 80% of ultimed load.
As discussed in Chapter 2, cyclic loading tests were conducted at various loading rates

relative to the failure stress. These values were then used to simulate the mechanical response
of composite tubes under the same experimental conditions.The following figures show how

axial strain evolves over time. Cyclic tests were performed at 40%, 60% and 80% of the
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Fig .IV.13. The variation of axial strain-time under cyclic loading equal to 40% of the
ultimate load of a glass/epoxy pipe.[55+] .
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Fig .1V.14. The variation of axial strain-time under cyclic loading equal to 60% of the
ultimate load of a glass/epoxy pipe.[55%]

For 40% of the stress at failure, we observe a rapid evolution of axial deformation between 0
and 100 seconds, which exhibits elastic behaviour and the onset of plasticity. After this, we
observe a slow evolution characterised by plastic behaviour and damage, which ultimately
leads to failure. For 60% of the stress at failure, we observe a rapid evolution of axial
deformation between 0 and 30 seconds, which exhibits elastic behaviour and the onset of
plasticity. After this, we observe a gradual evolution displaying plastic behaviour and damage,
leading to failure. For 80% of the stress at failure is due to a rapid evolution of the axial
deformation between 0 and 5 seconds, which exhibits elastic behaviour and the onset of
plasticity. After this, there is a slow evolution that exhibits plastic behaviour and damage,

both of which lead to failure.
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Fig .IV. 15. The variation of axial strain-time under cyclic loading equal to 80% of the
ultimate load of a glass/epoxy pipe.[55£]
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1VV.8. Conclusion

This chapter presents a model that simulates the mechanical behaviour of a composite tube.

This tool predicts the mechanical response of a cylindrical composite structure under different

types of loads.

The model presented in this work describes mechanical behaviors under four types of loading:

a) Pure internal pressure (in the case of oil and gas pipelines).
b) Internal pressure with a buoyancy effect (in the case of V-type hydrogen storage).
c) Simple tension (case structural reinforcement elements).

d) Cyclic tension (case drive shafts).

The model describes all the physical phenomena that occur when the structure is subjected to

mechanical loading. These phenomena include the evolution of microcracks and elastic,

viscoelastic, and plastic behavior.

All of the equations included in the model are solved using a MATLAB numerical code.

For a static load, the model simulated three types of loading :

Simple traction : The results obtained from the analytical model were compared with the
results of previous experiments, which showed good agreement. The shapes of the
stress-strain curves are used to record the non-linear characteristics from the start of
loading, taking into account the viscoelastic behaviour of the composite. In addition, we
observe a loss of stiffness in the analytical and experimental approaches, due to the
progressive damage to the composite material and also due to plasticity.

Pure Internal pressure loading : The results obtained from the analytical model were
compared with the results of previous experiments of literature bibliography [1], which
showed good agreement.

Internal pressure loading with end effects : A good agreement is obtained between our

current results and the experimental [1] results for the type of loading.

Due to the results of the tensile tests, the tensile strength limit is estimated to be around

25 kN. A series of cyclic tests was performed at 40%, 60%, and 80% of this limit for the same

load levels and parameters, such as frequency and load time. The analytical model's results

are compared with those of the previous experiments, which show good agreement between

the experiments and the analytical model in terms of axial deformation evolution.
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CONCLUSION AND PRESPECTIVES

Hydrogen transport and storage under high pressure, particularly using composite pipelines
and tanks,is a promising but challenging solution for clean energy deployment. Despite
composites’ advantages (light weight, corrosion resistance, and high strength), their long-term
durability and performance under complex loading conditions (tension, fatigue, combined
loads) in hydrogen environments remain insufficiently understood. EXxisting studies often
isolate loading types, leaving a gap in knowledge about their interactive effects, which are
critical in real-world hydrogen infrastructure applications.
Obijective
This thesis aims to investigate the influence of static and fatigue axial loading on
multilayered tubular composite structures, specifically to:
o Characterize damage initiation and progression mechanisms under tension, fatigue,
and combined loading.
o Quantify the effects of these loading types on structural integrity and lifespan.
o Develop a lifespan prediction model to support the design of reliable hydrogen
transport systems.
« Contribute to optimizing composite-based infrastructure for the hydrogen economy.
Methodology
To achieve these goals, the study followed a multi-step experimental and modeling
approach:
1. Experimental Campaign:
o Tested Glass/Epoxy composite tubes ([+55°] winding) under three loading
modes:
= Monotonic tensile loading
= Cyclic fatigue loading (with varying amplitudes)
= Combined loading (fatigue followed by tensile to failure)
o Evaluated parameters such as ultimate tensile strength, fatigue life, residual
stiffness, and failure modes.
2. Analytical Modeling:
o Developed a predictive lifespan model in MATLAB.
o Integrated visco-elasto-plastic constitutive behavior and progressive damage

mechanics.
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o Supported model calibration with experimental data to estimate burst pressure
and fatigue life.

This integrated approach bridges the gap between experimental observations and practical
design tools, aiming to improve safety and performance standards for high-pressure hydrogen
transport infrastructure.
The experimental part aimed to experimentally characterize the mechanical behavior of
Glass/Epoxy cylindrical composite specimens with a [£55°]; stacking sequence under various
loading conditions. The objective was to assess their strength, fatigue life, and damage
evolution to inform future structural design.
Main Findings:

1. Tensile Testing revealed an ultimate tensile strength of approximately 25 kN, along
with key elastic properties, confirming the material’s capacity to withstand static
loads.

2. Fatigue Testing at stress amplitudes of 40%, 60%, and 80% of the ultimate strength
showed that fatigue life decreases significantly with increasing stress, ranging from
nearly 1.6 million cycles at 40% to only 634 cycles at 80%.

3. Combined Loading (Fatigue + Tension) demonstrated a notable reduction in
residual stiffness and strength, emphasizing the impact of prior fatigue damage on
structural integrity.

Additionally, the evolution of the elastic modulus and damage coefficient under cyclic
loading confirmed progressive material degradation. For instance, a decrease in modulus from
10 GPa and a halving of fatigue life post-damage (from 1.8 million to 900,000 cycles)
underscored the importance of fatigue considerations in design.

A phenomenological model was successfully developed to simulate the mechanical behavior
of composite laminates with long fibers and an organic matrix. At the scale of a single ply, the
model incorporates viscoelastic, viscoplastic, and anisotropic damage mechanisms, with
matrix damage described by a single scalar variable representing the evolution of
microcracks. This formulation allows for a comprehensive assessment of the material’s
response under cyclic loading conditions.

The model was applied to predict the fatigue life of tubular composite structures subjected to
internal pressure and axial loads. For each loading increment or cycle block, the procedure
involves updating the damage state, computing the viscous strains based on the mean stress,
evaluating the resulting mechanical response, and verifying structural integrity through a

failure criterion. All analytical formulations were implemented in MATLAB, forming the
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basis for the numerical simulations and predictions discussed in the final chapter. This
modeling framework contributes to enhancing the predictive capability for the durability of
composite structures in hydrogen transport applications.

The analytical model of viscoelastic behavior coupled to damage of multilayer tubular
structures predict the mechanical response of cylindrical composite structure under different
types of loading such as pure internal pressure, tension and finally internal pressure with end
effect. The obtained results are compared with respect to experiments previous results, where

good agreement is reported.

The shapes of the stress - strain curves is used to record non-linear characteristic from the
beginning of loading, taken into account the viscoelastic behavior of the composite. In
addition, we note a loss of rigidity in the analytical and experimental gaits, due to the
progressive damage of composite material. To reduce the acceptable deviation between the
model results and the experimental ones, taking into account the visco-plastic behavior of the
damaged multilayered cylindrical composite is important.

Thus, the tubular structures design model is validated based on the results obtained. The
second part is focused on the life prediction in composite structures, which is an important
tool in the conception of composite structure. In order to predict the time remaining before
failure tubular structures under cyclic loading of pressure, the forthcoming paper is devoted to
take into account the viscoelasticity coupled to damage behavior under fatigue pressure

loading, comparing experimental results obtained on prototypes of tubular structure.

Finally this thesis contributes to both academic research and industry (companies),
especially in the hydrogen energy and composite structure sectors, where the key contribution
are listed below:

1. For Academic Research:

o Experimental Benchmarking: The thesis offers a comprehensive experimental
database on the tensile, fatigue, and combined loading behavior of multilayer
composite tubes with [£55°] stacking sequences, which is valuable for validating
numerical models and advancing failure theory in composites.

o Fatigue and Damage Insights: It identifies key degradation mechanisms (modulus
reduction, damage accumulation, burst strength loss) under realistic loading

conditions, enhancing understanding of failure in fiber-reinforced composites.

119



e Hybrid Loading Characterization: Your combined fatigue—tensile testing approach
is relatively rare and adds a new dimension to existing fatigue data, offering a more
accurate simulation of real service conditions, especially for hydrogen pipelines and
vessels.

o Life Prediction Modeling: The viscoelastic—viscoplastic-viscodamage model
developed can be directly used by other researchers as a foundation for further
theoretical development, particularly in fatigue of composite structures.

e Mathematical Implementation: A fully operational MATLAB implementation of the
model provides an accessible numerical tool for simulations of composite fatigue life

under complex loading.
2. For Industrial Applications and Companies (e.g., in Hydrogen Infrastructure):

o Design Optimization: Companies developing hydrogen storage and transport
solutions (e.g., pressure vessels, pipelines) can use the insights from your work to
optimize winding angles, stacking sequences, and material selection to delay fatigue
failure.

o Reliability and Safety Assessment: The damage and life prediction model supports
structural health monitoring and maintenance planning by predicting remaining
service life before failure—critical for hydrogen transport safety.

e Cost Reduction: Through better durability prediction and lightweight design via
composites, manufacturers can reduce over-engineering, lower costs, and increase
performance margins of hydrogen pressure systems.

e Model Integration: Your model could be incorporated into existing FEM software or
digital twins to simulate real-time degradation in pressurized systems operating under
cyclic loads.

e Accelerated Testing Protocols: The testing methodology developed can be adapted
to establish accelerated durability tests for certification or standardization of

composite hydrogen components.

Based on your experimental findings and the development of your analytical model, here are
several well-grounded as research perspectives and industrial development paths which we

can include in our thesis conclusion:
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1. Experimental Enhancement

Multi-axial and Internal Pressure Testing: Extend the current study to include bi-axial and
internal pressure tests on composite tubes to simulate more realistic service conditions, such

as those in hydrogen storage tanks and pipelines.

High-Frequency Fatigue and Environmental Effects: Investigate the fatigue behavior under
high-frequency loading and in aggressive environments (e.g., hydrogen embrittlement,

temperature, humidity) to reflect operational realities.

Non-Destructive Evaluation (NDE) : Integrate NDE techniques (e.g., acoustic emission, X-
ray tomography, digital image correlation) to monitor damage initiation and evolution in real

time and correlate with model predictions.
2. Model Refinement and Expansion

Coupled Thermo-Mechanical Effects: Develop a coupled model that integrates temperature
effects with viscoelastic-viscoplastic-damage behavior, particularly relevant for cryogenic or
high-temperature hydrogen applications.

Micromechanical Modeling: Integrate micromechanics-based damage models (e.g., fiber-
matrix debonding) to better represent the physical processes governing fatigue and failure at

the micro-scale.

Probabilistic Life Prediction: Introduce stochastic modeling to account for variability in
material properties and loading conditions, allowing for more robust design margins and

reliability assessments.
3. Industrial Integration and Application

Design Certification Support: Use the validated model to support the certification and
standardization of composite hydrogen pressure components by simulating long-term

performance.

Scale-Up to Full Structures: Apply the approach to full-scale components (e.g., tanks,
pipelines) and consider geometrical effects, joining interfaces, and structural discontinuities in

industrial designs.
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4. Sustainability and Circular Economy

Recyclability and Lifecycle Analysis: Investigate the end-of-life recyclability and lifecycle
carbon footprint of composite hydrogen vessels compared to metallic alternatives, to align

with circular economy goals.

Eco-Design Strategies: Extend your work to include sustainable material choices (e.g., bio-

composites or recyclable epoxy systems) while maintaining mechanical performance.

These perspectives position our research at the intersection of fundamental science and

industrial application, especially in the context of the global hydrogen transition.
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Appendix A
The function of loading is proposed by:

fo=—y-y,-R
If
f'<0 =D,=0
Elses
{920 ®y o =D, =0
dy
Elses if
fd:O fbo :D,;t()
dy
Else if

>0  impossible

When the loading caused damage, when the following condition are true:
d
fd =0 et af—Y >0
oY

The Kkinetics of damage is determined by the laws of evolution:

==
oY
J— . d
Dy =it I e
oY

Where /i is the Lagrange multiplier, the expression can be obtained by the consistency

equation:
fh=0

We can write:

R, =Y, +Y
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Appendix B
The components of A are calculated by using the boundary conditions, given below writhe
ke [l,n]Z
Internal pressure condition
Ay :C§3 +ﬂK ><C§3 x(rK)_ﬂ -
Agng =Ci3 + B xCi3 % (rK )% B
If ==
Aoms =CEy +| N2/ €8x Logr® +.CE et
Kent1 = U3 2 32 @ Logr™ +C33 x Logr
Agoniz :(Cge +a§ X(Cé(z +ZC§3»X r
else
AK,Zn—I = (C§3 + C§3 )ak + C;(3
Agoniz = (C§6 + 0‘5 X (ng +2C§(3))>< r
Displacements continuity condition :
Ag k- :(”K)ﬂ
Ay g :(rK)ﬂ
7,5,1(—1
Ay gin-1 :(r K)
7ﬂk1
AK,K+n :(rK)

If gf1=1 and p¥=1
Ak 2nv1 =R Logr" X(Ng_l —Ng)/Z
Ak 2n+2 :(0‘5_1 —ag er)z
If pf1=1 and p¥ =1
Ay men = R¥ Logr® x (N5 )2 - ar ¥
Ay 2ne2 :(aé{J —aj XrK)z
If pft21 and p*=1

_ KK _ K Kk _NX
Ag pnep=0agr” —r"Logr” x 5
AK,2n+2 :Olé(r’( —0{; (rK)Z

If pf121 and ¥ =1
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(k-1 k\).K
Ag ons1 —(a2 —a; }

K-1 kY.
Ak 2n+1 :(az —Q; Xr )2

Strain continuity condition:

K-1
K K ~K K+1
Anik :(C23 +B C33)><(r )ﬂ
K+1 K+1,K+1 ke B
An+K,K+1:( 23 +B Cs3 )x(r )ﬂ
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K-1
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NI(+1
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External pressure condition:
Ak = (ng +B"C33 Xr s )ﬂnil
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The axial equilibrium condition:
If p¥=1
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The strains is giving by:
If g1
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