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Abstract. Advanced composite materials are increasingly used in hydrogen gas
transport pipelines due to their excellent mechanical resistance, good corrosion
resistance with lower density compared to steel material. The morphological
properties the key parameters that gueven the mechanical behaviors of compo-
site. The objectif of study is to incestynte the property-structure relationship us-
ing ANSYS Material Design, considering various morphological effects such as
fiber fraction, fiber diameter, fiber distribution, and fiber material type. The anal-
ysis showed that the mechanical properties of the unidirectional composite are
significantly affected by morphological parameters. In fact, smaller fiber diame-
ters and higher volume fractions improve orthogonal stiffness and overall
strength. Moreover The study discuss The effect of anisotropy variation of elastic
properties for carbon-fiber reinforced polymers (CFRP) and glass-fiber rein-
forced polymers (GFRP). Specifically, CFRP composites exhibit a pronounced
increase in The anisotropy with fiber volume fraction, reflecting their highly di-
rectional stiffnes. In contrast, GFRP composites show a decrease in this ratio as
fiber volume fraction increases

Keywords: Composite Pipelines, Morphological parameters, Hydrogen
Transport, Finite Element Analysis, Numerical homogenization

1 INTRODUCTION

The safe and efficient transport of hydrogen over long and short distances remains a
major challenge in the development of hydrogen infrastructure. Stainless steel pipe-
lines, despite their widespread use, face critical limitations when exposed to hydrogen,
primarily due to the phenomenon of hydrogen embrittlement [1]. This degradation leads
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to crack formation, material failure, and reduced durability, requiring frequent mainte-
nance and increasing operational cost. Although the high density of the metallic pipe
[2], increases considerably the cost of the pipe rack.

As a response to these limitations, composite materials have emerged as a promising
alternative. Composites, particularly fiber-reinforced polymer (FRP), offer several ad-
vantages over stainless steel, including higher corrosion resistance, lower susceptibility
to hydrogen embrittlement, and reduced weight and cost [3-5].

Previous studies have primarily focused on the corrosion resistance and structural per-
formance of composites in hydrogen environments. Limited research has explored the
full range of mechanical properties and key factors such as fiber diameter, fiber distri-
bution, and fiber volume fraction on the strength and durability of composite pipelines.
Additionally, More works are needed to compare composite and to stainless steel pipe-
lines under the same operational conditions [6,7]. This study primarily aims to perform
a numerical analysis of unidirectional composite pipelines made from E-glass with a
vinyl-ester resin matrix, using ANSYS Material Design. We focus on key parameters
such as fiber type, fiber diameter, fiber fraction and fiber distribution evaluate the ma-
terial properties.

2 Homogenization Theory

Homogenization theory is widely used to estimate the effective mechanical proper-

ties of heterogeneous materials like fiber-reinforced composites, bridging the mi-
croscale morphology (fiber and matrix) with the macroscopic mechanical response.
Two main approaches exist: asymptotic homogenization, a mathematically rigorous
method based on periodic unit cells and scale separation, which employs asymptotic
expansions to derive the homogenized elasticity tensor—often solved numerically us-
ing the Finite Element Method (AHM-FEM); and statistical or mean-field models,
which consider average interactions between inclusions and matrix but typically neglect
direct interactions between neighboring inclusions. For periodic or highly structured
composites, more refined cluster-based methods, such as the modified tangent cluster
model, improve prediction accuracy by accounting for local interactions and anisotropy
effects due to the spatial arrangement of inclusions.[8-9]
Homogenization aims to determine the effective elastic properties of unidirectional
composite materials by replacing the heterogeneous microstructure with an equivalent
homogeneous material. Using Ansys Material Designer, a Representative Volume El-
ement (RVE) is loaded under six cases: three uniaxial strains and three shear strains.
The average stresses are used to construct the global stiffness matrix [D], then inverted
to get the compliance matrix [C]=[D]™!, from which the following properties are ex-
tracted:

e Young’s moduli: E11,E22,E33
e  Shear moduli: G12,G23,
e Poisson’s ratios: v12,v23,v13
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The 3D orthotropic stiffness matrix [D] can be expressed as:

011 Q11 Q22 013 0 0 0 Ex
022 Q12 Q2 Q23 0 0 0 &y
O33] _ Qi3 Q3 Q33 O 0 0 || & (1)
033 0 0 0 Qu O 0 ||Vxy

013 0 0 0 0 QSS 0 Vyz
012 0 0 0 0 0 Q66 Yzx

In this expression, Q11,Q22,Q33 represent the stiffness in the principal directions,
Q12,Q13,Q23 are coupling terms due to Poisson effects, and Q44,Q55,Q66 correspond
to shear moduli.[19] The Compliance Matrix [C] in the 3D orthotropic case has the
following structure:

1/E;  —9,1/E; —93/E; 0 0 0
—U12/Er 1/E,  —U3,/E;5 0 0 0
_|=Y3/Er —9,3/E;  1/E; 0 0 0
[c] = 0 0 0 1/G,, 0 0 2
0 0 0 0 1/G,s 0
0 0 0 0 0 1/Gy3

Young’s moduli: E11,E22,E33
Shear moduli: G12,G23,G13

® Poisson’s ratios: v12,v23,v13

3 Analytical Models for Elastic Properties

To complement the numerical analysis performed using ANSYS Material Designer,
several analytical micromechanical models are considered to predict the effective elas-
tic properties of unidirectional fiber-reinforced composites. These models are used in
the literature and allow for estimating the mechanical response based on the properties
and morphology of the constituent materials.

3.1 Rule of Mixtures

The Rule of Mixtures provides a first-order approximation of the composite’s effective
modulus in the fiber direction (longitudinal modulus E11 and in the transverse drection
E22 using the Voigt (isostrain) and Reuss (isostress) assumptions:

LYy Vm (4)
Bz  Ef | Em

This approach is simple but assumes perfect alignment and no interaction effects. [14]
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where:

e FE,; and E,, are the longitudinal and transverse Young’s moduli of the com-
posite.
eV and V, are the volume fractions of the fibers and matrix, respectively.

e Ef and Eare the Young’s moduli of the fibers and matrix.

4 Materials and methods

An accurate selection of fiber and matrix materials is crucial for ensuring good me-
chanical performance of the composite pipeline. In this section, we present the elastic
properties of the materials mostly used fiber or matrix in hydrogen transport applica-
tions. These properties are essential for calculating the unidirectional properties of the
resulting composite material.

4.1 Elastic properties of fiber:

We assume that the mechanical properties of carbon fibers are orthotropic and glass
fibers are isotropic [10,11], the table 1 present the properties of the different fibers ac-
cording to Granta Ansys . Although E-glass fibers have lower tensile strength than S
glass fibers [12], they offer a good balance between strength and cost, making them
ideal for large-scale applications. On the other hand, carbon fibers exhibit significantly
higher stiffness and strength compared to glass fibers, along with lower density and
excellent fatigue resistance. These properties make them ideal for high-performance
applications.

Table 1. Mechanical Properties of fibers

Fiber Elastic Shear stress  Poisson’s
material  modulus (GPa) ratio

(GPa)

E1l E22 Gl12 G23 9, 9,
E-glass 73 30 0,22
S-glass 90 37 0,22
Carbon 230 23 9 821 02 04
(230)

4.2 Elastic properties of matrix:

The key criteria for resin selection include mechanical properties, resistance to
chemical degradation, and suitability for long-term operational stability.
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The matrix material must provide optimal durability, resistance to environmental fac-
tors, especially exposure to gaseous hydrogen, and efficient load transfer between fi-
bers. In this regard, vinyl-ester resin offers superior chemical resistance and excellent
adhesion to fibers compared to polyester and epoxy resins [13]. Furthermore, its high
resistance to freeze-thaw cycles and humid conditions makes it particularly well-suited
for infrastructure exposed to harsh environments, such as pressurized hydrogen
transport [14].

Hydrogen can embrittlement certain polymers through diffusion and chemical interac-
tions with the matrix, making it essential to select a resin that offers better impermea-
bility and mechanical resistance . The molecular structure of vinyl-ester ensures better
tolerance to mechanical stress, reducing the risk of delamination and cracking [10,14]
. Compared to epoxy and polyester resins, vinyl-ester offers an ideal balance between
cost and performance, making it a suitable material for pipelines exposed to hydrogen
gas transport under pressure.

In table 2, we present the elastic properties of matrix, assuming that they are isotropic.

Table 2. Mechanical Properties of Matrix Materials

Matrix material Elastic modulus Poisson’s ratio
(GPa)

Vinyl-ester 2.6t03.4 0,35

Epoxy 4.1 0,4

Polyester 3.45 0.39

4.3 Properties of morphological parameters of unidirectional
composite:

The unidirectional properties of the composite material reflect the characteristics of a
single ply in a laminated composite. In this section, we consider the reference material,
which consists of laminated E-glass fibers embedded in a vinyl-ester resin matrix, pro-
duced using the filament winding process, oriented at £55°. The morphological param-
eters for one ply are a fiber volume fraction of 52% and a fiber diameter of 7 um [15].
The elastic properties of the composite are significantly affected by the orientation,
distribution, fraction, and diameter of the fibers. To investigate the impact of these
parameters on the elastic properties, we vary each parameter while keeping the others
fixed. The table 3 presents the variations of each parameter for this study.

Table 3. Variation range of morphological parameters.

Morphological Variation range Reference parameters
parameters

Fiber fraction From 30 % to 70 % 52%

Fiber diameter From 2 pm to 20 pm 7 um
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The effect of orientation is not considered for this study. In fact, material design give the
orthotropic properties of unidirectional composite in the principal coordinate system of
ply as shown in table 3 where :

X : in-plane, in fiber direction

Y : in-plane, orthogonal to fiber direction

Z: out of plane, orthogonal to ﬁbePr’ direction

" \,

Fig. 1. RVE geometries A: Diamond Distribution, B: Hexagonal Distribution, C Square Distri-
bution

5 Results and disscution

5.1 Effect of unidirectional Glass and carbons Fibers diameters on
Young’s Modulus:

The results presented in Figure 2 illustrate how fiber diameter influences the elastic
modulus of a unidirectional glass fiber/vinyl ester composite and carbon/vinyl ester
composite, considering different directions: in-plane fiber direction 1, orthogonal to
fiber direction 2, and out-of-plane, orthogonal to fiber direction 3.
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Fig. 2. A: variation of Young’s Modulus of GFRP with glass fiber diameter,B:
variation of Young’s Modulus of CFRP with carbon fiber diameter
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The behavior of unidirectional materials is orthotropic in both cases: for the isotropic
glass fiber and the orthotropic carbon fiber.

The Young's modulus along the fiber direction (E1) and in the orthogonal fiber directions
(E2 and E3) remain nearly constant, with E1 around 38 GPa and E2 = E3 approximately
1.97 GPa for the glass/vinyl ester composite, and E1 around 144 GPa and E2 = E3
approximately 7 GPa for the carbon/vinyl ester composite, across the entire range of
fiber diameters, from 7 um to 20 pm.

The minimal variation in all moduli across the fiber diameter range suggests that the in-
fiber stiffness of the composite is primarily influenced by factors other than fiber diam-
eter, such as the material properties of the fibers. This behavior is consistent with typical
observations in fiber-reinforced composites (reference), where the in-fiber modulus is
predominantly determined by the characteristics of the fiber material itself.

5.2 Effect of Volume Fraction on Young’s Modulus of unidirectional
glass fiber

The variation of Young modulus across fiber volume fraction for the unidirectional
glass fiber/vinyl ester composite and carbon/vinyl ester composite is presented in the
figure 3.
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Fig. 3. variation of Young’s Modulus of : A) GFRP as function of volume fraction
of Glass Fiber. B) CFRP as function of volume fraction of carbon Fiber

The in fiber direction Young's modulus (E1) increases significantly as the fiber volume
fraction increases. For example, at 30% fiber volume fraction of glass fibers, E1 is 22
GPa, while at 70%, E1 reaches 51 GPa. On the other hand, the orthogonal modulus (E2
and E3) show a more moderate increase as the fiber volume fraction increases. At 30%,
E2=E3 is 0.696 GPa, and at 70%, E2=E3 increase to 2.348 GPa.

The modulus E1 increases with fiber content, from 84.28 GPa at 30% fibers of carbon
fibers to 178.63 GPa at 65%. This confirms that fibers significantly improve stiffness in
the main fiber direction. The difference between the orthogonal modulus, E3—E2 ,
decreases slightly as fiber content decreases, from 8.71 GPa at 65% to 5.37 GPa at 30%,
indicating that fibers have a lesser effect on in fiber stiffness.



MATEC Web of Conferences 415, 01008 (2025) https://doi.org/10.1051/matecconf/202541501008
ICMCE2025

The results show that stiffness strongly depends on fiber content. The significant
increase in modulus (E1) with fiber volume fraction is expected since a higher fiber
content in the composite improves its stiffness in the direction of the fibers. The gradual
increase in orthogonal moduli (E2 and E3) with higher fiber content suggests that the
fiber-matrix interface becomes slightly more efficient at in fiber direction as the fiber
volume fraction increases. However, since the matrix phase still has a greater influence
in the orthogonal directions, the increase in orthogonal stiffness is less pronounced
compared to the in fiber direction. Nevertheless, the rise in E2 and E3 indicates that a
higher fiber content improves the composite's performance in orthogonal directions,
likely due to enhanced fiber-matrix interactions.

Higher fiber volume fraction improves stiffness, making it ideal for structural
applications like pressure pipelines. As fiber content decreases, the matrix plays a bigger
role in in fiber stiffness. While adding more fibers enhances axial resistance, it is
essential to find a balance since excessive fiber content may reduce impact resistance or
increase brittleness.
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Fig. 4. Numerical Evaluation of Anisotropy Ratio E1/E2 for GFRP and CFRP Composites

Figure 4 shows the evolution of the anisotropy ratio E1/E2 as a function of the fiber
volume fraction for both GFRP and CFRP composites. The Figure illustrates that for
the GFRP composite, the E1/E2 ratio decreases steadily as the fiber volume fraction
increases. In contrast, for the CFRP composite, the anisotropy ratio increases signifi-
cantly with higher fiber content. Throughout the range of fiber volume fractions con-
sidered in this study, the CFRP consistently exhibits a higher E1/E2 ratio than the
GFRP.

e . E 230
For carbon fibers themselves have an intrinsic ratio of about = =>=— =10,

Eaz 30
demonstrating strong anisotropy at the fiber scale, the CFRP composite exhibits a
greater anisotropy. This suggests that interactions between the carbon fibers and the
matrix amplify the difference in stiffness between the fiber and transverse directions in
the composite.
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In contrast, the GFRP composite, despite being reinforced with glass fibers that are
relatively isotropic, still shows a certain degree of anisotropy due to fiber orientation
and the fiber volume fraction, this anisotropy in GFRP remains moderate and well con-
trolled, ensuring reliable performance in both the fiber and transverse directions. This
balanced behavior makes GFRP a more versatile and robust choice that can be used in

pipelines in hydrogen transport applications.
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Fig. 5. Theoretical Prediction of GFRP Elastic Moduli Using Micromechanical Models

The figure 5 summarizes the theoretical elastic properties of the unidirectional compo-
site estimated using the classical micromechanical model: the Rule of Mixtures that
includes the Voigt assumption for isostrain and the Reuss assumption for isostress for
GFRP.

6 Conclusion

This study highlights the significant influence of morphological parameters on the
mechanical performance of unidirectional composite pipelines. Numerical simulations
using ANSYS Material Design demonstrated that smaller fiber diameters and higher
fiber volume fractions enhance the orthogonal stiffness and overall strength of the com-
posite. Moreover, fiber arrangement patterns play a key role in mechanical response
uniformity. When compared to traditional stainless steel pipelines, composite materials,
particularly E-glass fiber/vinyl-ester systems, offer promising alternatives for hydrogen
gas transport due to their favorable strength-to-weight ratio, corrosion resistance, and
adaptability. These findings support the development of more efficient, lightweight,
and durable pipeline systems, especially under demanding conditions like hydrogen
transportation. Future studies should further explore dynamic loading effects, aging be-
havior, and real-scale validation to ensure safe deployment in industrial environments.
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