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ABSTRACT 

 

To provide a new solution for hydrogen transportation that is lightweight and less expensive, 

the current contribution concentrates on the mechanical behavior of eco-sandwich pipes 

constructed of biocomposite materials under static and cyclic loads, using three-dimensional 

elasticity theory. 

To achieve the sizing of the tubular eco-sandwich pipelines, a multiscale characterization is 

performed, beginning with the micro- and macro-mechanical scales. The micromechanical 

approach is used to predict the mechanical properties of bio skins before analyzing the whole 

cylinder sandwich structure under different loadings. The second step focuses on understanding 

the behavior of a sandwich element in the tubular structure through a macro-mechanical model. 

The analytical and 3D numerical models are developed through this contribution to 

investigate the mechanical behavior of sandwich pipe under static and cyclic internal pressure 

loading. The suggested models provide an exact solution for stresses, strains, and displacement 

of sandwich pipe, which is made of epoxy material for the core layer and reinforced materials 

with an alternate layer for the skin layers. The main aim of this work is to evaluate the potential 

applications of bio-fibers in order to replace glass synthetic fibers generally employed in 

sandwich pipes. In this subject, a failure analytical analysis was developed using the Tsai-Wu 

criterion for skins and Von-Mises for the core. 

In order to increase the rigidity of a biocomposite sandwich and reduce the gap compared 

with a synthetic sandwich, the main results show that a gradual reinforcing of layer numbers 

was chosen, which permitted the best behavior. On the other hand, the ultimate pressure and 

safety factors obtained by increasing biocomposite layers are significant for composite 

transportation pressure pipelines and can play the same role at this stage of analysis. 

Keywords: 

Biocomposite; Natural fibers; Eco-sandwich; Pipelines; Hydrogen; Transport; Multiscale; 

Micro; Macro; Mechanical behavior, Internal pressure; Static; Cyclic, Failure. 
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 ملخص 

تكلفة، تركز هذه الدراسة على    الأقلوتم إنجاز هذه الأطروحة لغرض تطوير حل جديد لنقل الهيدروجين خفيف الوزن  

طبيعية تحت حمل ساكن ودوري، باستخدام  هجينة   البيئية المصنوعة من مواد مركبة  السلوك الميكانيكي لأنابيب الساندويش

 . نظرية المرونة ثلاثية الأبعاد

يتم إجراء توصيف متعدد المقاييس، بدءًا بالمقاييس الميكانيكية المجهرية   البيئية،لتحقيق تحجيم خطوط أنابيب الساندويتش  

للتنبؤ بالخواص الميكانيكية للجلود الحيوية قبل تحليل هيكل    الميكرو ميكانيكييتم استخدام النهج     .والدقيقة(  الميكرو ميكانيكية)

على فهم سلوك عنصر الساندويتش في البنية الأنبوبية من  تركز الثانية  مختلفة، الخطوةمل تحت أحمال شطيرة الأنبوب بالكا

 (. دقيق) ماكر وميكانيكيخلال نموذج 

التحليلية   النماذج  تطوير  هذ  العدديةوتم  خلال  من  الأبعاد  لأنبوب    هثلاثية  الميكانيكي  السلوك  لاستكشاف  الاطروحة 

  التشوهاتوتقدم النماذج المقترحة حلاً دقيقًا للضغوطات     .الدوريوالساندويتش تحت تأثير تحميل الضغط الداخلي الساكن  

الجوهرية    الإزاحاتو للطبقة  الإيبوكسي  مواد  من  يتكون  الذي  الساندويتش،  للطبقات   موادولأنبوب  بديلة  بطبقة  معززة 

الهدف الرئيسي من هذا العمل هو تقييم التطبيقات المحتملة للألياف الحيوية لاستبدال ألياف الزجاج الاصطناعية  .  الخارجية

Tsai  معيارفي هذا السياق، تم تطوير تحليل فشل تحليلي باستخدام    . المستخدمة عادة في أنابيب الساندويتش − Wu  للطبقات 

 . للطبقة الجوهرية  Von-Misesالخارجية ومعيار 

الفجوة مقارنة بالساندويتش الاصطناعي، تشير النتائج الرئيسية إلى    تقليلو  صلابة الساندويتش الحيوي المركب  لزيادة

من ناحية أخرى، فإن الضغط النهائي وعوامل السلامة .  أنه تم اختيار تدعيم تدريجي لعدد الطبقات، مما سمح بالسلوك الأفضل

التي تم الحصول عليها عن طريق زيادة طبقات الساندويتش الحيوي ذات أهمية بالغة لأنابيب المركبة لنقل الضغط ويمكن أن  

 . تلعب نفس الدور في هذه المرحلة من التحليل

 

 

 

 

 : الكلمات المفتاحية

بيئي؛ ؛ألياف طبيعية  ؛هجين  مركب حيوي الأنابيب  ساندويتش  ال  ؛نقل  ؛خطوط  دقيق  ات؛قياسمتعدد  سلوك    ؛مجهري؛ 

 . ؛ فشلدوري ساكن؛ داخلي؛ضغط  ؛ميكانيكي
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GENERAL INTRODUCTION 

The drawbacks of synthetic composites predominantly revolve around their adverse 

environmental impact, reliance on non-renewable resources, and the challenges associated with 

their difficulty in degradation once they are discarded. These composites, which are often 

derived from synthetic polymers such as plastic, contribute significantly to plastic pollution and 

ecosystem degradation. These issues underscore the pressing need for more sustainable 

alternatives in material choices, such as the adoption of biocomposites, which offer a more 

sustainable and environmentally friendly alternative. Biocomposites are materials made of 

biological polymers (biopolymers) and natural reinforcements such as cellulose fiber, flax fiber, 

hemp fiber, or other organic materials. These materials are characterized by their renewability, 

their degradability, their low environmental impact, and their technical performance. 

However, it is important to note that the transition from synthetic composites to bio-

composites can present challenges, such as the limited availability of specific raw materials, 

initial production costs, and performance apprehensions in particular applications. 

Nevertheless, with continued advances in research and technology, bio-composites are 

increasingly seen as a promising solution to the environmental challenges associated with 

synthetic composites. 

It is in this context that the present thesis proposes to replace the synthetic fibers used in the 

design of sandwich tube skins with natural long fibers. It is important to note that sandwich 

tubes can play an important role in the transport of hydrogen if they are properly designed and 

manufactured. Sandwich tubes are structures composed of two external skins and an internal 

core, which is generally lighter. These structures are often used in industry to provide an optimal 

combination of strength, rigidity, and lightness. When it comes to hydrogen transportation, 

sandwich tubes can be an attractive option for the safe and efficient storage and transportation 

of hydrogen gas. They allow design flexibility, meaning they can be tailored to the specific 

needs of hydrogen transport based on weight, volume, and safety requirements. This recourse 

will also depend on the hydrogen storage technology chosen, as there are different approaches, 

such as gaseous, liquid, or solid storage. 

It's important to note that the area of hydrogen storage and transportation is an active research 

topic, and new technologies and innovations continue to emerge to address the challenges 

associated with hydrogen as an energy vector. 
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In order to reach this goal, the main focus of this thesis is to study how eco-sandwich structures 

behave mechanically under both static and dynamic hydrogen transport test pressures. The 

multiscale nature of composites requires micro, macro, and structural analysis. 

This work proposes a dimensioning of eco-sandwich tubular structures with a comparison of 

results with tubes based on synthetic fibers. The developed model is carried out analytically in 

MATLAB and numerically in ANSYS. The developed model takes into account two loading 

modes, static and dynamic cyclic, in order to simulate the fatigue phenomenon. 

Before reaching this, an estimation of the material properties of the biocomposites is carried 

out, followed by the mechanical behavior of a sample of the tubular structure, called the macro-

mechanical scale, using the theory of laminates. 

The first chapter centers on a comprehensive review of the integration of natural fibers in the 

design of sandwich and multilayered composite pipes and vessels, where several studies have 

been exploring alternative options of synthetic materials, such as environmentally friendly 

materials, in the design of highly reliable systems of gas transportation and storage structures. 

Therefore, it is necessary to understand the behavior of cylindrical sandwich pipes made of 

natural fibers compared to synthetic fibers under various quasi-static and dynamic loads, such 

as internal fluid pressure, changing temperatures, and occasional loads. This state of the art 

focuses on the influence of several factors, including material type, winding angle, stacking 

sequence, core thickness, and skin thickness, on the behavior of biosandwich pipes under static 

and dynamic loading. It also covers experimental methods used to study the response of 

multilayer and sandwich pipes. This is followed by attention to their analytical and numerical 

formulations under different loads. Furthermore, the main challenge in this area is to enhance 

the use of natural fibers in pipe and vessel construction to promote more sustainable and 

environmentally friendly practices. 

The interest of the second chapter is to present the mathematical and numerical formulation 

of multiscale modeling approaches for composite structures, namely micro, macro, and 

structure. Models have been developed based on advanced analytical and numerical 

formulations to determine the stress and strain fields through the thickness of laminated 

elements and tubular sandwich structures. 

The third chapter of this contribution aims to predict the mechanical properties of skin layers 

made of PALF (Pineapple Leaf Fiber), date palm, and Alfa fibers, which are considered 
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Algeria's most plentiful plant resources, at different volume fractions. To this end, 

micromechanical analytical and FEM models were developed using the MATLAB 8.3 and 

ANSYS 18.1 software programs. The effect of reinforcement volume fraction on Young's, shear 

modulus, and Poisson's ratios is investigated. Four theories: (Hashin vs. Rosen, Halpin-Tsai, 

Chamis, and ROM) form the basis of the analytical models. In order to identify an appropriate 

theory between them that is in satisfactory agreement with the experimental data collected by 

Rakesh [1], a comparison has been conducted for the composite made from PALF fibers. The 

appropriate theory is combined with the FEM model to predict the mechanical properties of 

skin layers made of PALF, date palm, and Alfa fibers, where the combined findings are 

inefficient. The FEM used four RVEs, corresponding to the volume fraction of natural fibers. 

The fourth chapter of our contribution focuses on the development of an analytical model for 

the analysis of the behavior of a sandwich element with natural skins. The stacking sequence 

of the item in question is [+∅ /−∅ / core /+∅ / −∅]. The stratified laminated plate theory 

(SLPT) is the basis of the analytical model. 

The last and fifth chapter uses the three-dimensional anisotropic elasticity model to investigate 

the stress and strain of sandwich pipes subjected to static and cyclic internal pressure. It is 

assumed that the pressure loading is independent of the axial coordinate and symmetrical about 

the cylinder's axis. The core layer of sandwich pipes is made of an isotropic material with 

linearly elastic behavior, while each layer of the skins —internal or external— is made of a 

homogeneous, anisotropic material. The anisotropic skin and isotropic core of the sandwich are 

both addressed to an analytical failure using Tsai-Wu and Von-Mises, respectively. The 

principal goal of this chapter is to analyze the probable applications of bio-fibers to substitute 

glass synthetic fibers that are usually employed in sandwich pipes under static and cyclic 

loadings. 

This work is concluded with a general conclusion that includes the main results and comments 

from the work carried out, as well as points that were not covered by this contribution and which 

may be the subject of future work. 
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CHAPTER I: LITERATURE REVIEW 

I.1- INTRODUCTION  

Even though metallic materials have been the subject of in-depth research for many years, 

which has given scientists a great deal of confidence in their behavior, corrosion remains a 

formidable obstacle. New materials and unconventional technologies have been developed as 

a result of the current technological advancement, the metallic material crisis, and rising 

environmental aggression. Composites are gradually substituting metallic materials in 

lightweight structures, including aircraft, oxygen and hydrogen gas storage structures, vessel 

construction, and a variety of other engineering applications, due to the advantages they provide 

over metallic materials in terms of lightweight, low cost, recycling, sustainability capacity, 

rigidity, fatigue strength, and corrosion resistance [2]–[15]. 

Synthetic fibers are artificially produced fibers designed to fulfill specific purposes. Glass 

[16]–[22], steel [23]–[27], Kevlar (aramid) [16]–[18], [28], plastic, and carbon fibers [16]–[18], 

[29]–[32] are among them. The Synthetic fibers have numerous serious drawbacks, including: 

high density [16], [33], [34], Non-biodegradable nature [16], [32]–[37], they have high energy 

consumption [16], [33], [37], [38] , high cost of production [16], [33], [37], [39], [40], also non 

recyclability [16], [32], [34], [35], [37], [41], the fact that synthetic fibers burn more quickly 

[42], CO2 emission [16], [37], and can have a negative influence on human health and the 

environment.[16], [32], [33], [37], [41]. Understanding the serious drawbacks of synthetic 

fibers helps you recognize why engineers have been searching for an alternative. 

In recent years, the needs for environmentally friendly materials and worries about the risks 

of synthetic fibers have inspired significant interest in the development of alternative materials 

to substitute synthetic fibers in future industry sectors. 

Natural fiber-reinforced composites are already garnering the attention of researchers and 

designers for a wide range of industrial applications. The use of natural fibers rather than 

synthetic fibers minimizes the amount of carbon released into the environment [43], [44]. 

Natural fibers are gradually replacing synthetic fibers due to their: Bio-degradable nature [16], 

[35], [45]–[51], high abundance in nature [16], [47], [50], [52], Natural fibers are currently 

gaining popularity as a low-cost engineering material. [16], [46]–[52] and renewability [16], 

[35], [47], [49], [50], [52], they offer low density [16], [38], [44], [46], [49], [50], high energy 

consumption [16], [46], in addition to their lightweight [16], [46], [51], [52] and Recyclability 
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[16], [35], [44], furthermore, these natural fibers are environmentally friendly [44], [48], [49], 

[51], [53] , because of these characteristics, natural fibers have become an appealing alternative 

material that can replace the application of synthetic fibers in a variety of engineering 

applications, as shown in Table 1, where a comparison is made. 

Table 1. Comparison of Glass fiber and Natural fiber. 

Properties Glass fiber Natural fiber References 

Cost (US$/ton) 1200–1800 200–1000 [54]–[56] 

Energy (GJ/ton) 30 4 

Density (g/cm3) 2.4 1.2–1.6 [57] 

Renewability Non renewable Renewable  

 

[19], [49], 

[58]–[60] 

Recyclability No Yes 

Energy consumption High Low 

Disposal Non-biodegradable Biodegradable 

Health risk when inhaled Yes No 

CO2 emission High Low 

 

Fiber types, applications, and manufacturing costs all have an impact on fiber choices. Natural 

fibers are classified into two types: Animal fibers (such as silk [47], [57], [61]–[63], which is 

mostly used in biomedical applications, especially sutures [60], hair ,wool [47], [51], [64]–[66] 

and feather) and plant fibers such as: Pineapple Leaf Fiber (PALF) [1], [44], [56], [67], [68], 

Alfa [36], [69], palm [52], [70]–[72], hemp [73]–[77], kenaf [76], [78]–[82], jute [80], [83]–

[85], bamboo [48], [53], [86] is known as natural glass fiber due to the fibers’ longitudinal 

orientation also flax [76], [87], banana, cotton, sisal, agave, ramie, coconut, and many others.  

Natural fibers are proposed in a variety of applications to substitute for or join synthetic fibers 

as hybrid materials. To accomplish this, some research focused on determining their mechanical 

properties under different loading tests. 

Table 2 presents the most often treated natural fibers and their applications in various 

industries such as automotive, civil engineering, biomedical engineering, aerospace 

engineering, pipe and vessel manufacturing, agriculture, textiles, and cosmetics. 

It has become essential to evaluate the performance of the composites before employing them 

since natural fiber-based composites are being applied in more and more domestic and 

industrial applications. It is possible to choose the most appropriate composite for a certain 

application by characterizing these composites. To characterize the mechanical, thermal, and 
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microstructural characteristics of the composite materials, a variety of tests, including tensile, 

flexural, impact, and durability tests, environmental scanning electron microscopy (ESEM), X-

ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS) , Fourier-transformed infrared 

spectroscopy (FTIR), dynamic mechanical analysis (DMA), differential scanning calorimetry 

(DSC), and thermos-gravimetric analysis (TGA), must be performed. 

Sgriccia et al. used XPS, FTIR, and ESEM to characterize the surfaces of treated and untreated 

natural fibers (flax, kenaf, hemp, and henequen), to determine water absorption in natural fiber 

composites. The chemical treatments include alkali and Silane. Sodium hydroxide (NaOH) is 

one of the chemical agents used for this process [76]. Research by Mahjoub et al. aims to 

characterize and evaluate the physical and mechanical properties of the unidirectional kenaf 

fiber epoxy composite with various fiber volume fractions and compare them to the results of 

the analytical model, the rule of mixture (ROM) [88]. Djebloun et al. carried out an 

experimental study In order to compare the mechanical characteristics of the Lif date palm tree 

fibers from the south of Algeria, exactly in the Biskra region-which is considered to be an 

isotropic material-to other synthetic and plant fibers previously studied [52]. To evaluate the 

flexural, compressive, and tensile mechanical characteristics of jute/epoxy composites and 

compare their results to those of FEA simulations, Sangamesh et al. performed experimental 

research [89]. Boria et al. studied the reaction to low-velocity impacts on green sandwich panels 

containing unidirectional flax fiber-reinforced epoxy laminate skin faces and a high-density 

agglomerated cork panel core [90]. Among the fibers with the potential to replace synthetic 

fibers is bauhinia vahlii (BV) bast fiber. In India, Pakistan, and Nepal, BV fiber is gaining 

prominence as a renewable resource. Sahu et al. conducted a nearly identical experiment to that 

of Sgriccia et al. To characterize the structural and chemical changes of the treated and untreated 

BV fibers, they applied XRD, FTIR analysis, and ESEM [4]. 

The entire world is becoming increasingly interested in gas and oil, which are definitely the 

most important sources of energy on Earth. The heart of the world’s energy market is the oil 

and natural gas industries. Because the efficiency of gas and oil storage and transportation 

processes relies on compliance with the demands of related equipment and relevant 

technologies, there will undoubtedly be an increase in the demand for innovation, research, and 

development activities. The utilization of composite structures in transportation and storage 

systems such as flowlines, gathering pipes, vessels, storage cylinders, and distribution pipelines 

is expanding. According to the studies done by Verijenco [14] and Hwang [15], composite 
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materials present a strong alternative to metallic materials due to their great rigidity and 

resistance. As a result, fiber-reinforced composites are widely used in structural composition. 

Fiber-reinforced composite materials are more adaptable than some types of metal materials, 

which make them preferable in applications like the transportation and storage of gas and oil. 

According to Wang [91], multilayer composites are suitable for both static and dynamic 

structures. 

The use of multilayered composite materials and laminates with thin or thick walls has been 

favored in various works for cylindrical tubes used in transportation and storage due to their 

combination of lightweight and resistance [92]–[107]. 

The numerous synthetic fibers used in the design and fabrication of the composite transport 

and storage structures listed above include: carbon, glass, aramid and Kevlar fibers [2], [108], 

[109]. 

Natural fibers have their own value- added and are seen as a potential replacement for 

synthetic fibers [110]. Bio-composite materials derived from natural, renewable sources such 

as bio-fibers and bio-resin have received significant interest in recent years, mainly due to the 

increased awareness of environmentally sustainable technologies, the weight reduction they 

offer, the added functionality and the occupational health benefits [8].  
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Table 2. Mechanical properties of different natural fibers. 

Fiber 
Density 

[g/cm3] 

Elongation 

at break [%] 

Tensile 

Strength 

[MPa] 

Moisture 

absorption 

Young’s 

modulus 

[GPa] 

Applications References 

Abaca 1.5 3-10 400 - 980 5 - 10 3 - 12 

- Several industrial applications exist: 
automotive and packaging, shipping, 
building construction, aeronautics, 
international-grade furniture, and crafts. 

[9], [16], [41], [42], [51], 
[62], [111]–[114]  

Alfa 0.89 - 
1.52 

5.8 35 - 900 - 18 - 25 
- Structural applications: sport, automotive 
industries, textile applications, and 
papermaking applications. 

[16], [69], [114]–[118]  

Bagasse 1.2 - 1.25 1 - 3 20 - 290 - 17 - 28 
- Lightweight structures and textile 
applications. 

[9], [16], [41], [51], 
[112], [114], [119]–[123]  

Bamboo 
0.6 - 1.41 1.1 - 5.8 140 - 1150 1.4 - 8.5 11 - 46 

- Structural, furniture, and engineering 

applications like sliding panels, bearings, 

linkages, and bushings, the papermaking 

industry, civil engineering applications, 

aerospace engineering, automotive 

applications, the textile industry, the 

construction industry, and sound 

engineering applications. 

[9], [16], [41], [42], [51], 

[62], [69], [86], [112], 

[114], [122]–[127]  

Banana 0.71 - 
1.35 

1.5 - 53 54 - 914 7 - 12 7 - 33.8 
- Automotive, textile, and civil engineering 
applications. 

[9], [16], [42], [62], 
[111], [114], [128]–[130]  

Coir 

(coconut) 1.15 - 1.5 15 - 51 95 - 593 8 - 49 3.3 - 17.3 

- Building panels, projector covers, voltage 
regulator covers, vessels, flush door 
shutters, roofing sheets, safety helmets, 
post boxes, brushes, and brooms. 

[9], [16], [41], [42], [49], 
[55], [111], [112], [114], 
[118], [124], [125], 
[130]–[132]  

Cotton 1.5 - 1.6 3 - 10 250 - 800 7.85 - 8.5 3.7 - 13 

- Textile industry, self-cleaning 
applications, semi-structural or non-
structural applications, construction, and 
automobile fields.  

[9], [16], [41], [42], [49], 
[51], [55], [62], [111], 
[112], [114], [118], 
[131], [132]  
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Flax 1.4 - 1.5 1 - 4 343 - 2000 1.2 - 12 27 - 100 

-Window frames panels, decking, railing 
systems, fencing, tennis rackets, bicycle 
frames, forks, seat posts, snowboarding, 
laptops, and the textile industry. 

[9], [16], [41], [42], [49], 
[51], [55], [62], [69], 
[111], [112], [114], 
[118], [124]–[126], 
[131]–[133]  

Hemp 1.35 - 1.6 0.8 - 4 270 - 1110 2.3 - 12 23.5 - 90 

- Construction materials, textiles, cordage, 
geotextiles, paper and packaging, 
electrical, manufacture of bank notes, 
manufacture of pipes, aerospace 
applications, food and beverages, 
automotive sector, furniture, luxury 
market, cosmetics, and personal care items. 

[9], [16], [41], [42], [51], 
[55], [57], [69], [74], 
[111], [112], [114]–
[116], [118], [124], 
[125], [131], [134]  

Jute 1.23 - 1.6 1 - 9 114 - 860 11 - 13.7 8 - 78 

- Civil engineering applications, building 
panels, roofing sheets, door frames, door 
shutters, transport, packaging, geotextiles, 
and chipboards. 

[9], [16], [42], [49], [55], 
[57], [111], [112], [114]–
[116], [118], [119], 
[121], [123]–[125], 
[130], [132], [135]  

Kenaf 0.6 - 1.65 1.3 - 6.9 157 - 983 6.5 - 12 12 - 66 

- Automotive industry, civil engineering, 
sports and leisure, furniture, consumer 
goods, pipes and tanks, packaging 
material, mobile cases, bags, insulations, 
clothing-grade cloth, soilless potting 
mixes, animal bedding, as well as material 
that absorb oil and liquids. 

[16], [41], [42], [49], 
[51], [62], [82], [88], 
[111], [112], [114]–
[116], [119], [121], 
[123], [125], [126]  

Okra 1.15 - 
1.45 

2.5 - 8.6 68 - 380 4 - 6 5 - 16.55 
- Lightweight insulating materials, 
transportation applications, building, and 
architectural sectors. 

[9], [136], [137]  

Palm 0.7 - 1.2 2 - 19 97 - 773 - 2.5 - 80 

- Hot-dry construction and building, 
automotive applications, textile industry, 
traditional applications such as burlap 
sacks and ropes, construction and building, 
and wood substitutes. 

[9], [16], [51], [138], 
[139]  

PALF 0.8 - 1.6 0.8 - 14.5 
126.6 - 
1627 

11.8 - 12 
4.405 - 

82.5 

- Decoration, fabric, furniture, aerospace, 
sports, composite, and automobile 
industries, textiles, cosmetics, and 
medicine.  

[16], [41], [44], [51], 
[57], [114]–[116], [119], 
[121], [125], [130], [131]  
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Ramie 1 - 1.55 1.2 - 4 220 - 1000 3.6 - 17 23 - 128 

- Industrial sewing thread, fishing nets and 
filters, cloths, household furnishings, and 
clothing. 

[9], [16], [41], [42], [51], 
[55], [57], [69], [111], 
[112], [114]–[116], 
[119], [121], [124], 
[126], [130], [131], [138] 

Silk 1.3 - 1.37 18 - 34 100 - 1500 - 5 - 25 

- Biomedical and industrial applications, 
textiles and apparel, clinical applications: 
from braided suture threads for surgical 
options to porous, reinforced-composite 
scaffolds for cartilage and bone repair, 
automobile, house building, and art craft 
applications. 

[16], [55], [112], [115], 
[118], [140], [141] 

Sisal 1.2 - 1.6 2 - 8 507 - 855 10 - 22 9 - 41 

- Construction industry, such as panels, 
doors, shutting plates, and roofing sheets; 
also, manufacturing of paper and pulp. 

[9], [16], [41], [42], [49], 
[51], [55], [57], [69], 
[111], [112], [114]–
[116], [119], [121], 
[125], [126], [130], 
[131], [138] 

Wool 1.3 - 1.32 0.9 - 35 120 - 3000 - 2.3 - 17 
- Cosmetics, pharmacotherapy, medical 
area, textile engineering, building 
insulation, agriculture sector. 

[9], [55], [112], [115], 
[118], [142], [143] 
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I.2- RESEARCH IDENTIFICATION OF COMPOSITE PIPE 

CONFIGURATIONS BASED ON NATURAL FIBERS 

This part concentrates on demonstrating the two pipeline configurations used in the design, 

which are multilayered and sandwich. The first composite pipelines were based on synthetic 

fibers, which improved the strength of the structure under different loadings. For several years, 

there has been considerable interest in the substitution of synthetic fibers for natural fibers, 

notably in the construction of pipelines. In this context, different investigations are analyzed in 

Table 3. 

They are based on composite materials (natural or hybrid), manufacturing processes, stacking 

sequences, winding angles, the specimen’s geometry (circular or square tube), and mechanical 

testing. 

I.2.1- Multilayered configuration pipe 

The pipeline manufacture employed various processes, including filament winding, laminates, 

extrusion, and hand layup using synthetic fibers, natural fibers, or hybrid composites with 

different geometrical parameters. 

I.2.1.1- Filament wound process 

The filament winding technique includes dragging continuous fibers into a container of resin 

mixture or bath and wrapping the continuous resin-impregnated fibers over a rotating mandrel 

to obtain the required form. This process provides persistent quality in geometrical accuracy, 

high fiber volume fractions, and load stresses compared to other fabrication processes. 

The use of bio-composites in tube manufacturing using filament winding technology is a 

significant challenge for engineering designers. The cylindrical composite structure production 

process with filament winding technology offers constant quality in geometrical correctness, 

considerable fiber volume fractions, and load stresses as compared to alternative fabrication 

methods. In order to increase collapsing behavior and other enhancements that have an impact 

on energy absorption effectiveness, the filament winding process structures may be tailored or 

modified. 

Mahdi et al. used the filament winding technique to produce circular, cylindrical, and conical 

shells from oil palm frond fiber, glass, and carbon with epoxy composites. They explored how 

material and geometry affected the crushing behavior of composites [144]. In order to study the 
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mechanical properties of composite tubes reinforced with flax fiber yarn, Lehtiniemi et al. used 

the filament winding method to produce the composite tubes. The results were compared to 

those of composite tubes made of polymer reinforced with glass fiber [145]. The tensile, 

flexural (three-point bending), and impact strength properties of filament-wrapped tubes made 

of basalt, kenaf, and hybrid kenaf/basalt composites with a blend of ultra-high-molecular-

weight polyethylene (UHMWPE) and high-density polyethylene (HDPE) matrix were studied 

by Mokhtar et al [59]. Alkbir et al. experimentally investigated the influence of geometry on 

energy absorption capability and load-carrying capacity of natural fiber kenaf hexagonal tubes 

with various angles [146]. Misri et al. conducted research on the filament winding technique 

used for manufacturing kenaf green composites in 2015 [147]. Supian et al. conducted an 

experimental study of Kenaf/glass fiber-reinforced epoxy hybrid composite tubes manufactured 

with three winding orientation parameters (±30, ±45, and ±70). The filament winding technique 

is used to make hybrid composite tubes out of distinct continuous kenaf and glass fibers 

combined into a single fiber band intra-ply [148]. 

I.2.1.2- Hybrid materials “tube” (bio + synthetic) 

For structural applications, natural reinforcing fibers are mostly investigated in combination 

with stiffer fibers (carbon, glass, and basalt). The use of natural fiber hybridization as a 

replacement for existing bulky synthetic materials has attracted attention in a variety of 

engineering applications where the aim is to protect the environment and minimize reliance on 

synthetic materials. First, the hybridization approach employs the filament winding technique, 

allowing for the merging of several continuous fibers composite bands into a single hybrid fiber 

composite band in a tubular construction. In sandwich constructions, created by De Rosa et al., 

a mixture of synthetic and natural fibers is used for the skins and the core [149]. Many 

researchers have studied the mechanical behavior of hybrid composites as well as the effect of 

hybridization on their mechanical properties. Albahash and Ansari [7] as well Ricciardi et al. 

[150], as investigated the hybridization of natural/synthetic fiber-reinforced epoxy composites, 

with the discovery of natural/synthetic hybrid composites tubes having potential 

crashworthiness performance equivalent to a synthetic tube in order to protect the environment 

and reduce dependency on synthetic materials. 
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Table 3. Research identification of composite tubes based on natural fibers. 

Year Researchers Research objective Bio material/hybrid Process of 

fabrication 

Design and experiments parameters 

2002 
Mahdi et al. 

[144] 

The impact of structure geometry 

and reinforcement type on crushing 

behavior and energy absorption. 

Carbon/epoxy, 

glass/epoxy and oil palm 

frond fiber/epoxy 

Filament 

wound, 

laminated, and 

hand layup. 

-Specimen’s geometry: Cylindrical and 

conical composite shells. 

-Material: Natural and synthetic composite. 

2009 
De Rosa et al. 

[149] 

Inter-laminar shear strength tests 

and four-point flexural tests of 

laminates impacted with different 

energies. 

Glass/jute hybrid Laminates -Hybrid material: 14 glass fiber layers + 4 jute 

fiber layers. 

2013 
Mokhtar et al 

[59] 

Investigate the performance of 

UHMWPE/HDPE-reinforced kenaf, 

basalt and hybrid kenaf/basalt 

composites. 

UHMWPE/HDPE-

reinforced kenaf, basalt 

and hybrid kenaf/basalt 

composites 

Extrusion -Mechanical testing: tensile, flexural (three-

point bending) and an impact test (Charpy). 

-Material: Natural and hybrid composite. 

2014 
Alkbir et 

al.[146] 

The crashworthiness effect of 

geometry on energy absorption 

capability and load-carrying 

capacity. 

Natural kenaf fiber 

reinforced composite 

hexagonal tubes 

Hand layup -Mechanical testing: Quasi-static axial 

compressive load. 

-Material: Natural composite 

-Winding angle: 40–60 º. 

2017 
Albahash 

And Ansari [7] 

The potential of natural fiber 

investigations in the application of 

crash energy absorption. 

Three types of fiber 

(Jute, hybrid Glass and 

Jute fiber, hybrid Kevlar 

and Jute fiber). 

Hand layup -Specimen’s geometry: Circular and square 

tube. 

-Winding angle: 0/90º. 

-Material: Natural, synthetic and hybrid 

composite 

2020 
Supian et al. 

[148] 

Crash worthiness of energy 

absorption tube for vehicles. 

Kenaf fiber yarn -glass 

fiber/Epoxy 

Filament 

winding 

-winding orientations: ±30°, ±45°, ±70°. 

-Material: Natural and hybrid composite. 

2021 Kari et al.[83] 

The influence of the winding angle 

on the properties of the tubes. 

Jute/Epoxy tubes Filament 

winding 

-Stacking layers. 

-Winding angles :50 °, 55 °, 60 °, 65 °, 75 °, 

and 90. 

-Mechanical testing: Circumferential tensile 

and stiffness tests. 
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I.2.1.3- Experimental characterization of tubes 

According to an intermediate-velocity impact (IVI) load, Supian et al. investigated the hybrid 

composite tube's capability to absorb energy. The tube Kenaf/glass fiber specimens were 

evaluated using pneumatic impact load equipment to determine the dynamic impact response 

[148]. Misri et al. tested, reported, and proved the composites' good tensile characteristics in 

split-disk and torsion tests [147].  

I.2.2- Sandwich configuration pipe  

Over conventional materials, sandwich composites have a low overall density, a high strength-

to-weight ratio, and a high stiffness-to-weight ratio, can provide excellent thermal and 

acoustical insulation, and ultimately have uniform energy absorption capacity. According to the 

literature, some of the research presented below concentrated on analyzing the materials of 

sandwich pipeline manufacturing based on metallic materials known as traditional pipe-in-pipe, 

multilayered, and honeycomb materials. 

Pipe-in-pipe and sandwich pipes transporting oil and gas are subjected to the internal pressure 

of the content and to the loading of environments with high external water pressure in deep-

water or sub-sea applications. [151]. 

I.2.2.1- Sandwich metallic 

Sandwich pipe in pipe are used in the offshore oil and gas industry, according to the literature. 

They are long, circular, cylindrical structures composed of two concentric steel pipes with an 

annular core layer. 

For various degrees of adhesion between the core layer and the exterior pipe, Castello and 

Estefen studied the ultimate strength of sandwich pipe in pipe under coupled external pressure 

and bending [152], [153]. 

In order to capture the real response of sandwich pipe in pipe under external pressure capacity, 

Arjomandi et al [154]. Created a numerical model based on the finite element (FE) approach. 

I.2.2.2- Sandwich composite 

In 2023, a nonlinear finite element model was created to investigate the dent rebounding 

behavior of submarine sandwich pipes under the impact of a low-velocity falling object by 

Xianming Liu et al. The pipe specimen consisted of two concentric steel tubes as skins and the 
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cement-based composite filled as a core. This model investigated the differences in dent 

characteristics between sandwich pipes' inner and outer tubes exposed to lateral loads. The dent 

depth and strain of the outer tube and the inner tube were investigated in relation to the effects 

of material qualities, geometrical factors, and interlayer interaction [155]. 

Existing research focuses mostly on isotropic pipes but rarely on anisotropic pipes such as 

filament-wound or honeycomb sandwiches. 

The sandwich pipe is considered one of the most promising underwater pipelines for deep-

water oil and gas transmission because of its high strength and thermal insulation [151]. 

I.2.2.3- Honeycomb sandwich  

Honeycombs and polymer foams are common core materials for composite sandwich panels, 

both of which offer low density and reasonable shear properties, while the face sheets are stiffer 

and offer high strength. 

Honeycomb sandwich structures are one of the earliest architected cores. 

Sandwich structures are used for dynamic loading events. The typical applications reported in 

the literature are for low-velocity impact (perforation), shock wave, and crashworthiness 

applications. For sandwich structure face sheets, typical materials used are either metals 

(stainless steel/aluminum) or fiber composites. 

Sandwiched cylindrical shells with honeycomb cores have great potential for pipeline 

applications. Existing research mostly focuses on isotropic pipes, with little attention paid to 

composite pipes, particularly honeycomb sandwich pipes.  

A novel carbon fiber reinforced composite CFRC over-expanded honeycomb cylinder OHC 

were revealed by Compression behaviors and free vibration experiments by Zhu and Fan [156].  

Wang et al. created a new approach for analyzing the dynamic response of a honeycomb 

sandwich pipe to moving pressure. This contribution is founded on love shell theory and 

equivalent single-layer theory [157]. 

I.2.2.4- Multilayered sandwich  

The design of fiber-reinforced cylindrical composite structures is currently gaining interest. 

Because filament-wound pipes constructed of fiber-reinforced polymers have various potential 
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benefits over pipes made of conventional materials, they have already attracted a lot of interest 

in the fields of mechanical industry and civil infrastructure. Several research investigations have 

been conducted to characterize the failure processes of filament-wound pipes. Multilayered 

sandwich pipes constructed from lightweight multiply Fiber-Reinforced Plastic (FRP) skins 

entirely bonded to a polymeric core are an exceptionally appealing concept due to their 

excellent strength- and stiffness-to-weight ratios, as well as their corrosion resistance. By 

changing the fiber volume, reinforcement angle, and other factors in the manufacturing of FRP 

skins using automated filament winding, the designer has access to unparalleled tailor-ability. 

The behavior and analysis of composite pipes made up of several filament-wound layers are 

more complicated than their conventional homogeneous counterparts. 

The literature reveals that thick-walled sandwich tubes comprised of FW skins and an 

isotropic core are less treated than thin-walled multilayer composite cylindrical structures. As 

a result, there is a greater concentration on understanding and optimizing the efficiency of 

sandwich tubes for practical industrial applications.( [97], [158]–[162]). 

I.3- INVESTIGATIONS RESEARCH ON DIMENSIONING 

COMPOSITE PIPE 

The current state of the art consists of identifying a wide range of research topics dealing with 

the dimensioning of multilayer composite tubular structures or laminates for the transport of oil 

and gas products. These works have been categorized in this contribution based on factors 

related to pipeline and vessel dimensioning. Throughout the literature, there is a litany of 

parameters that must be considered while designing a composite tubular structure in order to 

ensure its reliability and improve its lifespan. The research carried out focuses first on a better 

understanding of the behavior of composite structures under varied loads using a so-called 

deterministic approach, and then on the impact of variations in a set of variables on structural 

reliability. Table 4 highlights a range of investigations and categorizes them into seven 

categories. This categorization allows for the presentation and discussion of the literature 

studied. The principal category of this classification provides two model output approaches: 

deterministic and reliable. 

I.3.1- Deterministic model output based on conception 

According to the literature, the deterministic models used in the design provide two types of 

outputs: stress and strain. The failure of a pipeline is defined by the equivalent stress exceeding 
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the elastic limit for isotropic materials and the expression of a stress threshold for anisotropic 

materials using stress-based design or stress capacity. The strain concept, also known as strain 

capacity, is defined as the maximum strain that a pipeline with a certain set of characteristics 

can withstand before failing. The type of failure varies depending on which strain capacity is 

being calculated: tensile strain capacity (TSC) or compressive strain capacity (CSC). 

I.3.2- Reliability model output based on conception 

Due to the uncertainties of material parameters, geometrical characteristics, and loads, a 

reliability approach is a key tool in the design and maintenance decision-making process. As a 

result, various research studies evaluated pipeline failure probability for composite tubular 

structures in order to understand the influence of uncertainties on their design and, as a result, 

obtain more analytical data compared with deterministic computations.  
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 Table 4. Classification of state of art related to pipeline and vessel design. 
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Rosenow 

[163] 

P - X - Biaxial, hoop pressure 

and tensile loading. 

Winding angle  

Layer sequence 

X - X - X Non-linear -Stress and strain 

capacity 

-Failure analysis 

Varga et al. 

[164] 

V - X - Cyclic IP  Thickness and 

winding angle 

X - X X - Linear -Strain capacity 

-Failure analysis 

Wild and 

Vickers [165] 

P - X - IP, EP and Axial 

force. 

Winding angle X - - - X Linear -Stress and strain 

capacity 

-Failure analysis 

Xia et al. 

[166] 

- P X - IP Winding angle  X - - - X Linear -Stress and strain 

capacity 

Xia et al.[97] P - X - IP Winding angle  

Stacking sequence  

X - - X - Linear -Stress and strain 

capacity 

Xia et 

al.[158] 

- P X - IP and 

thermomechanical 

loading 

Winding angle  X - - - X Linear -Stress and strain 

capacity 

Xia et  

al.[159] 

- P X - Pure bending Winding angle X - - - X Linear -Stress and strain 

capacity 

-Deflection 

Parnas and 

Katrici [167] 

V - X - Combined mechanical 

and hygrothermal 

loading. 

Wall thickness and 

winding angle 

X  X - X Linear -Failure analysis  

-angular velocity 

Chapelle and 

Perreux [168] 

V - X - IP Winding angle  

Stacking sequence 

X - X X - Non-linear -Failure analysis 
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Kobayashi et 

al. [169] 

P - X - IP Materials 

properties 

Stacking sequences 

X X X X - Linear -Stress and strain 

capacity 

Zheng and 

Liu [170] 

V - X - IP and thermal 

residual stress. 

Winding angle  

Number of the 

composite layers  

X X X - X Non-linear -Failure analysis. 

Hocine et al. 

[12] 

V - X - IP and 

thermomechanical 

loading 

Winding angle and 

layer sequence 

X - - X - Linear -Stress and strain 

capacity 

Arjomandi and 

Taheri [154] 

- P X - IP and/or EP Skins and core 

thickness 

- X - X - Non-linear -Stress and strain 

capacity 

Ghouaoula et 

al.[171] 

V - X - IP  Winding angle and  

Stacking sequence 

X - X X - Non-linear -Failure analysis. 

Chapelle et 

al. [172] 

V - X - IP Stacking sequence - X - X - Non-linear -Stress and strain 

capacity 

Guz et al. 

[95] 

P - X - EP Stacking sequence X - - X - Linear -Stress capacity 

Misri et al. 

[173] 

P - X - Compression Winding angle - - X X - Non-linear -strain capacity 

Hocine et al. 

[174] 

P - - X IP Winding angle  X - - X - Linear -Stress and strain 

capacity 

-Failure 

Probability 

Sulu & 

Temiz [175] 

P - X - IP Stacking sequence - X X X - Non-linear -stress capacity 

-Failure analysis. 

Maizia et al. 

[11] 

P - - X Hygro-thermo-

mechanical loading 

Thickness and  

winding angle 

X X - X - Linear -Failure 

probability 

Ghouaoula et 

al. [176] 

P/V - X - -IP; Tension and IP 

with end effect 

- X - - X X Non-linear -Stress and strain 

capacity 

Hocine et al. 

[177] 

P - - X IP Ply thickness and 

Winding angle 

X X - X - Non-linear -Failure analysis. 

-Failure 

Probability  
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Maizia et al. 

[178] 

V - - X IP Winding angle and 

layer thickness 

- X - X - Failure 

behavior 

-Failure 

probability 

Wang and 

Han [179] 

- P - X IP and external  

hydrostatic pressure  

- - X X X - Non-linear -Failure analysis 

Ghouaoula et 

al. [180] 

V - - X IP Thickness and 

winding angle 

X - - X - Linear -Failure 

probability 

Wang et al. 

[98] 

P - X - Torsional load Layer thickness X X - X - Linear -Stress and strain 

capacity 

Hocine et al. 

[181] 

V - - X Creep and IP Winding angle X - - X - Non-linear -Service life 

Zubail et al. 

[182] 

P - - X Thermomechanical 

loading with corrosion 

effect 

Thickness and  

winding angle 

- X - X - Linear -Life cycle 

assessment 

Hastie et al. 

[162] 

- P and 

V 

X - IP and thermal load Thickness and 

winding angle 

- X - X - Linear -Stress and strain 

capacity  

-Failure analysis. 

Kari et al. 

[83] 

P - X - Circumferential 

traction  

Compression 

Winding angle - - X X - Linear -The influence of 

mechanical 

properties 

Nghiep et 

al.[183] 

V - X - Thermomechanical 

loading 

Stacking sequence - X - X - Non-linear -Failure analysis 

Patel et 

al.[184] 

V - X - IP Shape of the 

meridian. vessel 

X X - X - Linear -Stress at the 

junction 

Jasion and 

Magnucki 

[185] 

- V X - IP Shape of head 

vessels 

- X - X - Linear -Stress 

distribution in 

head vessels 

Luo et al. 

[186] 

V - X - Ultrasonic impact 

treatment 

impacting velocity - X X - - Non-linear -Residual stress 

-: Not defined, X: defined, P: Pipe, V: Vessel, IP: Internal Pressure, EP: External Pressure. 
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I.4- MODELS BEHAVIOR OF CYLINDRICAL COMPOSITE 

STRUCTURE 

Several studies have been carried out analytically, statistically, and experimentally in order to 

characterize and analyze the behavior of composite structures under varied mechanical, 

thermal, or combined loads [187]. 

A major focus on developing tool behavior models has been investigated to develop composite 

cylindrical structures. Nowadays, an impressive amount of research is concentrated on the 

stress and failure analysis of multilayered and sandwich cylindrical structures. 

The state-of-the-art demonstrates that two theoretical approaches have been used to analyze 

the behavior of composite structures, namely the classical theory of laminates and the so-called 

theory of elasticity. The first one produces no stress in the direction of thickness. The second 

illustrates that the stress created through radial thickness has a considerable impact on the 

selection of stacking sequences of multilayered or skin layers of a sandwich. 

I.4.1- Multilayered structures (pipes and vessels) 

Multilayered cylindrical structures as shown in Figure 1 are playing a growing and necessary 

role in structures because of their extraordinarily great flexural stiffness-to-weight ratio in 

comparison to monolithic structures and other systems. Rauf and Gürgen obtained that 

multilayer structures offer high energy-absorbing characteristics without compromising 

flexibility, in contrast to monolithic systems [188]. 

Based on three-dimensional (3D) anisotropic elasticity, Xia et al. established an analytical tool 

for investigating the mechanical behavior of multilayered pipes under internal pressure. The 

current analytical model provides a precise elastic solution to stresses and deformations [97]. 

Parnas and Katrici formulated an analytical approach that utilized classical lamination theory 

to design and predict the behavior of multilayered composite vessels under pressure through 

the formulation of the elasticity issue [167]. 
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Figure 1. Multilayered cylindrical structure under internal pressure. 

 

Chapelle and Perreux [168], as well as Hocine et al. [189], developed an analytical technique. 

In order to estimate the behavior of a type 3 vessels cylindrical section for hydrogen storage 

applications. Figure 2 illustrates that the suggested analytical model gives a precise solution for 

stresses and strains on the cylindrical structure subjected to mechanical static loading in 

different cases, such as traction loading, pure internal pressure (pipe), and internal pressure with 

end effects (vessel). 

 

Figure 2. Based on the modeling, simulated hoop and axial stresses versus hoop stress for a G/E composite with 

6 layers. The winding angles considered are : 45°,50°,55°,60° [168]. 
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A research conducted by Zheng and Liu on the elasto-plastic stress analysis and damage 

progression of type III vessels under internal pressure and thermal residual stress included 

elastic stress analysis of composite laminates [170]. 

The stress analysis of multilayered composite cylinders exposed to bending loads to determine 

how the material properties, thickness, and winding angle of the composite layers affect the 

stress variation of the composite cylinders was studied by Menshykova and Guz [94]. 

Wang et al. created a three-dimensional elasticity solution and Finite Element Method model 

for predicting the failure of multilayered, thick-walled, fiber-reinforced composite pipes under 

torsional load. For the purpose of computing the failure coefficients, anticipating the pipe 

failure, and formulating the design suggestions, the Tsai-Hill failure criterion was applied. [98]. 

In addition to developing an analytical method to determine stresses, strains, and 

displacements across the wall thickness of a multilayered  composite cylinder composed of 

orthotropic material, Elgohary et al. also developed a numerical analysis to investigate a 

composite cylinder exposed to an internal pressure load with a tensile axial load [190]. The 

findings collected revealed the influence of the ratio of the anisotropy of the material  𝐸1 𝐸2⁄  on 

the stress variation with the winding angle. [190]. 

Using the finite difference approach, Ansari et al. created a numerical elastic analysis of 

multilayered filament-wound composite pipelines exposed to cyclic internal pressure and 

temperature loading. Some concerns, such as homogenous, anisotropic, and linearly elastic 

materials, are taken into account in this tool design, and it is assumed that the properties of the 

material do not vary with rising temperature [191]. 

I.4.1.1- Discussion of multilayered composite pipe 

➢ Stacking sequence and thickness effects  

According to Xia et al., the stacking sequence and wall thickness play an important role in the 

design of thin multilayered pipes under internal pressure and affect their response. According 

to Figure 3, there are noticeable discontinuities in the hoop and axial stresses depending on the 

angle-ply [97].  
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Figure 3. The variation of hoop and axial stresses across the non-dimensional radial distance [97]. 

 

➢ Thin and thick wall approach effects  

The two methods produce identical results in terms of the optimal winding angle and burst 

pressure for the cylindrical pressure vessel for outer to inner radius ratios up to 1.1. The thick 

wall analysis is required as the ratio increases. The selection of thin or thick approaches, where 

the deviation is substantial, influences the optimization of the filament wrap angle. When the 

wall thickness increases, a difference in burst pressure of the order of 30% is observed. This 

finding calls into question the thin-wall analysis but remains reliable for an interval of 

thickness.[167].  

The analysis of a thick composite pipe demonstrates how stresses vary depending on the 

material of the inner layer and its thickness when exposed to a bending load. [94]. 

➢ Winding angle effect 

Regarding hydrogen composite vessel type III, responses such as displacement, stress, and 

strain rely on the rising of the winding angle, where the radial displacement and shear-stress 

decrease while the radial stress increases. The hoop and axial stresses decline in the liner and 

increase in the winding layers of the composite parts [170]. 

Ansari et al. demonstrated that for multilayered  composite pipe subjected to cyclic loading, 

hoop and axial stresses depend on fiber orientation, extremely near the circumferential (90°) 

and longitudinal (0°) windings [191]. It has been shown that there is an inverse relationship 
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between the axial stress and the absolute magnitude of the ply angle. It can be demonstrated 

that when fiber orientation moves to circumferential, the quantity of axial stress reduces (Figure 

4). 

 

Figure 4. The distribution of axial and shear stresses under pure cyclic internal pressure [191]. 

 

The winding angle optimization provided the safest choice for the multilayered composite 

cylinders subjected to various loadings, when a range of 50°–55° is appreciated. Using different 

failure theories, the winding angle can vary relatively or significantly depending on the material 

properties and different loading conditions [190], as shown in Table 5. 

Table 5. Optimal winding angles based on failure criterion [190]. 

Optimum winding 

angle 

Carbon / Epoxy 

E1/E2=14.27 

Graphite / Epoxy 

E1/E2=12.81 

E-Glass / Epoxy 

E1/E2=3.94 

Netting Theory 54.74 ° 

Tsai Wu Tsai Hill 51.3 ° 52.8 ° 54.6 ° 

Netting Theory 53.3 ° 54.4 ° 55.3 ° 
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I.4.2- Sandwich pipes 

Sandwich pipes are versatile and provide the industry with new high-performance materials 

and they are typically lightweight, have an excellent stiffness-to-weight ratio, and are easy to 

manufacture [192]. Figure 5 presents the components of sandwich pipe used in gas and oil 

transport. 

 

Figure 5. Components of sandwich cylindrical pipe. 

 

In order to investigate stresses and strains via thickness under various loading conditions such 

as internal pressure, thermal loading [158] and pure bending [159], Xia et al. created a computer 

model for thick-walled filament winding sandwich pipes using the conventional laminated plate 

theory. Previously, Xia et al. subjected the sandwich pipe to a combination of a 100 K 

temperature rise and an internal pressure of 10 MPa, with the skin layers (inner and outer layers) 

made of the same material. They contrasted carbon fiber/epoxy (T300/934) with E-glass/epoxy 

[158]. 

The main purpose of Rafiee and Reshadi’s research was to investigate the influence of core 

thickness, winding angles, and boundary conditions on the functional failure pressures of GRP 

mortar pipes with skins made of FW layers. To determine the functional failure pressures of 

those pipes when they are subjected to internal hydrostatic pressure, a progressive damage 

modeling approach was developed [160]. 

Due to the hot compressed fluid that moves into pipes, a thermo mechanical examination has 

been conducted by Bakaiyan and Ameri. They provide an elastic solution for two lamination 

schemes [±55°/Core/±55°] and [±60°/Core/±60°] based on three-dimensional anisotropic 

Outer skin layer 

Core layer 

Inner skin layer 
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elasticity. Using the quadratic Tsai-Hill criteria, they studied the optimum winding angles with 

the lowest failure coefficient [161]. 

Hastie et al. [193], [194] investigated a Thermoplastic Composite Pipe (TCP) for a deep water 

riser application consisting of a fiber-reinforced thermoplastic laminate entirely bonded 

between inner and outer thermoplastic liners, which are known as sandwich pipe in pipe. They 

studied the influence of different pressure and heat gradient combinations on stress and strain 

outcomes [193], local TCP failure response, and various laminate ply stacking sequences for 

the TCP, applying the Maximum Stress and Tsai-Hill failure criteria [194]. In 2020, Hastie et 

al. carried out a Hashin failure investigation of the TCP structure [195].  

In the case of a long pipe, Hastie et al. created a 3D FE model able to evaluate the stress state 

in a section of FW sandwich pipe under internal pressure mixed with identical or gradient 

thermal loads for closed and axially restrained (open) ends. By selecting a stacking sequence 

layout [−∅ /+∅ / core /+∅ / −∅]. the performance of various configurations with thicker cores 

or an increased number of skin plies is also evaluated by estimating the layer failure coefficients 

of pipes through the components of the sandwich configuration (see Figure 6) [162]. 

 

Figure 6. Layer failure coefficients for pipes with φ = 55◦ and closed ends: P0 = 30 MPa; ΔT = 0°C (a), ΔT = 

100 °C (b), ΔT0 = 100 °C (c) [162]. 

 

I.4.2.1- Discussion: 

The 3D modeling approach of the FW sandwich pipe developed in various research studies 

makes it possible to take into account several design parameters, such as: 
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• Filament winding angle of skins. 

• Stacking sequence and number of skin layers. 

• Core sandwich thickness. 

• Materials used for multilayer skins and core. 

• Material defects (delamination, damage, etc.). 

• Multilayer and core skin behavior laws (elastic, viscoelastic, viscoelastic-plastic 

with damage). 

• Thermomechanical loading effect. 

• Load combinations: variable biaxial load ratios. 

• Influences of geometric imperfections (ovalization, deviation of the axis of the 

cylinder from the line etc.) 

➢ Materials properties 

According to Xia et al., the materials' anisotropic characteristics significantly influence how 

stress variation affects them [158]. 

➢ Core stiffness 

For sandwich composite pipe construction with low core stiffness, Xia et al. demonstrate that 

the impact of the core material on the pipe's strength is quite significant [158]. 

➢ Core thickness 

The pressures for First-Ply Failure (FPF) and Functional Failure (FF) enhance linearly with 

core thickness; however, the relative difference between FPF and FF pressures decreases [160].  

➢ Skin thickness 

Hastie et al. examined the effects of altering the liner thickness, which performed the function 

of skins regarding the central laminate [193]. When the thermal gradient rises, Hastie et al. 

conclude that the variation in the thickness of the metallic coating produces a compromise 

between the safety factors of the metallic liner, obtained using the Von-Mises criterion, and that 

of the multilayer body part, achieved by the Tsai-Hill criterion. Here, the Tsai-Hill coefficient 

is unaffected by the heat gradient for equally thin layers; nevertheless, the von Mises fracture 

coefficient increases significantly in the inner coating. 
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According to Hastie et al., increasing the number of FW skin plies produces a trade-off 

between decreasing and raising the failure coefficient for skins and cores under hoop-dominated 

loads [162]. 

➢ Winding angle  

According to Xia et al., the effect of stress variations greatly depends on the winding angle 

[158]. 

The influence of winding angle on FPF and FF pressures for three common boundary 

conditions was examined. It is discovered that the interval of 50° - 60° for the winding angle is 

a key range for two sets of boundary conditions due to the decreasing of Functional Failure 

pressures versus the rising winding angle [160]. 

The performance of the closed-ended FW sandwich pipe is largely dependent on the angle of 

the fiber and is optimal at the traditional angle of 55° [162]. 

➢ Boundary conditions  

Three distinct boundary condition configurations for GRP pipes exposed to internal 

hydrostatic pressure experiments are investigated. Both ends of the pipe are free, with no bottom 

effect, indicating a hoop/axial stress ratio of (1:0). For the second boundary condition (b), the 

pipe ends are blocked with zero axial strain. Third boundary condition setup, the pipe ends are 

sealed but not constrained. In a parametric investigation, the impact of boundary conditions on 

functional failure pressures is explored, and it is also discovered that the particular boundary 

condition influences the optimal winding angle [160]. 

The failure coefficient for the core of an optimal high-angle design while operating under low 

pressure depends significantly on the temperature of the sandwich pipe with axially restrained 

ends under combined internal pressure and thermal load. [162]. 

➢ Loading 

Depending on load and end conditions, the greatest failure coefficient for the filament-wound 

sandwich pipe might appear in different layers of skin, which must be carefully examined 

during the design phase. [162]. 

The effects of various pressure and heat gradient loading combinations on failure distributions 

based on the Von-Mises criteria for isotropic liners and interactive Tsai-Hill for fiber-reinforced 
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laminate were investigated. Failure predictions for high-pressure transmission are not affected 

by the evolution of heat gradients during the lifespan of TCPs. This gives the designer a greater 

range of internal fluid temperatures [194]. 

Under high pressure, the skins are further stressed, as demonstrated by Hastie et al. The core 

and skins of the restrained FW sandwich pipe are less and more temperature-sensitive, 

respectively. [162]. 

I.4.3- Conclusion of discussions  

It is mentioned that the failure analysis approaches for FW sandwich pipes presented in the 

state of the art have been globally modeled analytically. To carry out local failure analysis, the 

use of the finite element approach is needed in conjunction with the global modeling of the 

pipeline. 

I.5- CHARACTERIZATION OF COMPOSITE PIPE BASED ON 

NATURAL FIBERS  

The introduction of bio-composites in the fabrication of tubes using the filament winding 

method poses a genuine challenge for engineering designers. Research studies enumerate the 

use of long natural fiber composites (LNFC) in the manufacturing of composite tubes using the 

filament winding process [83].  

To minimize mass, cost or maximize some aspect of the performance of the tube, no single 

material may be found or be able to support different loadings. So the combination of different 

materials is the goal of some recent research in order to make a combined composite structure 

in much structural geometry. To protect the environment and minimize dependency on 

synthetic materials, there has been a rise in the exploration and use of hybrid composite natural 

and synthetic fibers in the production of multiple shapes of tubes, such as square, circular, or 

hexagonal [83], [196]. 

Natural and synthetic fibers are combined using various processes. The initial manufacturing 

configuration involves stacking bio-composite layers with synthetic layers, which is known as 

a hybrid composite interlayer (See Figure 7).  
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For the second technique, there are different configurations to obtain a hybrid sandwich form. 

The first one, the biocomposite layers, is considered the core, and the synthetic layers are skins. 

This is illustrated in Figure 8 [196].  

Another form is presented in which the biocomposite and synthetic layers are joined as skins 

and the syntactic foam is used as a core. As shown in Figure 9 [197].  

 

Figure 7. Stratified composite with bio and synthetic layers. 

 

Figure 8. Sandwich panel with bio-core. 

Glass fibers 

Jute fiber 

Laminate synthetic 

fibers 

Laminate bio-composite 
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Another approach is hybridization, which involves combining multiple continuous fiber 

composites into a single hybrid fiber composite band in a tubular structure. (see Figure 10) 

[148]. In automotive applications, Othman and Ismail recommended this technique [198]. 

The current literature review indicates that researchers are interested in two types of 

experimental tests: quasi-static loading and crushing behavior. 

 
(a)  

 

(b)  

Figure 9. Sandwich panel with hybrid skin layers. 

Glass fibers 

Syntactic foam 

Bio composite 

Syntactic foam 

Glass fibers 

Biocomposite 
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(a)  

 
(b)  

Figure 10. Filament winding phases for a hybrid kenaf/glass fiber-reinforced epoxy composite tube (a) Initial 

phase-Hybrid composites in a resin bath (Kenaf and glass fiber tows merged) wrapped over a mandrel. (b) 

Intermediate phase - Hybrid fiber band interplay process with winding passage on ±θ  fiber orientation [148]. 
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I.5.1- Quasi-static loading 

Under quasi-static axial loads, Othman and Ismail examined the behavior of jute and polyester 

wrapped on an aluminum alloy 6063T52 thin-walled tube fixed with four layers of jute of ±45° 

square and round tube profiles, where the aluminum alloy was selected as a core material. Six 

composite tube specimens were tested, including ALR-4L, ALR-4L-PU, ALR-4L-PE, ALSq-

4L, ALSq-4L-PU, and ALSq-4L-PE. AL, R, Sq, L, PE, and PU are abbreviations for Aluminum, 

Round, Square, Layer, Polystyrene and Polyurethane. In terms of quasi-static loading, a 

comparison of square and round tube profiles revealed different initial load contacts. When it 

came to energy absorption, polystyrene foam outperformed polyurethane foam [198]. 

The study conducted by Kari et al. aims to examine the mechanical properties of jute-epoxy 

tubes with varied winding angles (90° /±α /90°) where α namely: 50°, 55°, 60°, 65°, 75°, and 

90° are under stiffness and hoop tension as specified in ASTM D2412 and ASTM D2290 

respectively [83]. The six configurations of eco-multilayered pipes tested show the same linear 

pattern of stiffness. This is illustrated in Figure 11. 

 

Figure 11. The load-deflection graph depicts the behavior of jute/epoxy tubes when subjected to parallel-plate 

loading [83]. 

 

I.5.2- Crushing behavior  

Moyo and Velmurugan evaluated the axial crushing behavior of jute/glass hybrid 

[Glass/Jute/Glass] sandwiched tubes in quasi-static conditions with the aim of determining the 

possibility of their usage as energy absorbers during an impact. The jute yarn was being woven 
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at an angle of ± 45°. A filament winding machine was used to create four variants of hybrid 

tube configurations: 2CSM/4Jute/2CSM, 3CSM/6Jute/3CSM, 4CSM/6Jute/4CSM, and 

4CSM/8Jute/4CSM [196]. 

Supian et al. evaluated the influence of winding orientations of ±30°, ±45° and ±70° on two 

specimens of kenaf/glass fiber-reinforced epoxy hybrid composite filament-wound tubes and 

glass-reinforced epoxy filament-wound tubes. The effects of intermediate-velocity impact (IVI) 

loads have been identified on the two specimens stated previously. The kenaf/glass hybrid 

composite tube specimens outperformed the synthetic glass composite tube in terms of 

crashworthiness. [148]. 

I.5.3- Cyclic loading  

The literature review shows that the exact and analytical solutions for multilayered and 

sandwich pipes under mechanical and thermal loads are limited to static studies. Some 

contributions employed analytical and numerical methods to investigate the dynamic behaviors 

of multilayered composite pipes under time-deponent mechanical loadings. 

Many studies have carried out quasi-static and dynamic analyses of thick or multilayered 

composite pipes exposed to thermal, thermomechanical [158], [191], [195], [199], [200], as 

well as hygrothermal loads [201]–[207] in the recent past.  

When analyzing the dynamic behavior of multilayered filament wound composite pipes under 

cyclic thermal loading and cyclic internal pressure, Soleimani et al. precisely solve the problem 

while taking the influence of humidity into account [206]. The main thing they found was that 

the winding angle changed the amplitude of the axial and hoop stresses (Figure 12), especially 

when the stresses were close to the circumferential and axial directions. 
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Figure 12. The time history of axial and hoop stresses across the pipe thickness, under cyclic internal pressure 

and temperature [206]. 

 

Moreover, there is no exact or analytical solution procedure for the dynamic analysis of 

sandwich pipes under the cyclic mechanical and thermal loading based on the three-

dimensional elasticity theory.  

I.5.4- Discussion: 

I.5.4.1- Profile effect 

In comparison, the square bio sandwich pipe profile performs better under quasi-static crush 

loadings than the circular tube. The findings revealed that the empty jute/polyester composite 

tube offers less improvement compared with the foam-filled tube [175] Ismail and Othman.  

I.5.4.2- Winding angle effect 

Kari et al. determined that the fiber orientation angle has a direct impact on the mechanical 

properties of composite tubes, with tubes at an angle of 65° having the highest specific stiffness 

and 90° having the greatest circumferential compressive The elastic modulus in circumferential 

compression, the circumferential tensile strength, the maximum value of the apparent 

circumferential tensile strength sigma tc, and the mechanical features of composite tubes 

formed by filament winding are highly impacted by the winding angle [83]. 

The potential of jute/glass hybrid composite tube to be employed as energy absorbers during 

an impact is influenced by the number of layers, the ratio of jute to glass layers, and finally the 

crush force efficiency [196]. 
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The performance of crashworthiness loading of kenaf/glass hybrid composite tubes is related 

to the increase of winding fibers orientation parameters, under dynamic impact load conditions, 

the effect of the higher winding orientation parameter provides the maximum specific energy 

absorption of filament-wound kenaf/glass hybrid composite tube over glass composite tube 

[148]. 

I.5.4.3- Hybrid materials effect 

The hybrid composite tube specimens (kenaf/glass) outperformed the single-fiber composite 

tube specimens made of synthetic glass in terms of crashworthiness. [148]. 

I.6- MULTILEVEL APPROACH 

It is important to note that composites are known by their multiscale architecture, namely: 

microscopic (components: fiber and matrix), mesoscopic (composite layer or plie), 

macroscopic (stratified or stack of layers), and finally structural (structure tubular). Any 

development of a deterministic or reliable sizing model for multilayer or sandwich-type 

composites must take this particular configuration into account. A literature review is conducted 

in this section for the scales mentioned below. 

I.6.1- Micromechanical approach 

In order to accurately predict the material properties of the natural fiber composite materials, 

many analytical and FEA models using different micromechanics approaches have been 

formulated. 

A large number of Finite Element Model (FEM) and analytical micromechanical models have 

been proposed in the literature for predicting various mechanical properties of composite 

materials [29–32] For the FEM model, the representative volume elements RVE of bio-

composites were established in different software such as ANSYS, ABAQUS, and DIGIMAT 

[30–32] to determine the micromechanical properties and failure mechanism of bio-composites. 

Currently, many researchers are attempting to anticipate the natural fiber polymer composite's 

mechanical performance using various mathematical and numerical methods. The rule of 

mixtures (ROM), inverted ROM (IROM), Halpin–Tsai model, The Kelly–Tyson model, The 

Cox model [211] and Mori-Tanaka model [8], [212]–[214] are the most widely used and well-

known theories for defining mechanical characteristics. In addition, several additional models, 

such as Hashin and Rosen, the bridging model, Double-Inclusion model [215], Christensen 
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equation, and Chamis model, have been used to determine the mechanical properties of 

composite materials. 

The estimation of the mechanical properties is a great challenge for the researchers, where 

some analytical and FEA results are developed and compared to experimental results for 

different biocomposite materials using analytical theories such as ROM, MROM, Chamis, 

Halpin-Tsai, Hashin and Rosen, and bridging models. Rakesh et al. evaluate the material 

properties of the PALF/Epoxy uni-directional composite in function of the natural fiber volume 

fraction. The figures present the longitudinal and transversal Young’s modulus variations [1]. 

Such cases are depicted in Figure 13.  

 
(a) 

 
(b) 

Figure 13. The predicted analytical, numerical, and experimental findings for (a) E11 and (b) E22 in terms of 

volume fraction [1]. 
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I.6.2- Macromechanical approach 

Following the micromechanical analysis, which involves predicting the thermomechanical 

properties of composites, a number of studies have focused on the macroscopic analysis of the 

elements of composite structures, represented by laminates. The literature indicates that the 

sandwich laminated plate theory (SLPT) and the elastic solution are the most commonly used 

theories for predicting the mechanical behavior of sandwich structures at the macroscopic level. 

Avinash et al. [216] used elasticity theory to determine the stress distribution across each layer 

of the laminate element to conduct failure analysis via the Tsai-Wu criterion. 

While the composite tubular structures are being used, damage like matrix cracking, 

fiber/matrix deboning, delamination between plies and fiber rupture will happen before the 

material finally breaks. Hence the interest in analyzing damage on a macroscopic scale. 

Laminate damage analysis has been the subject of numerical model development based on 

rupture limit thresholds. Ludovic [217] has developed a fatigue damage model for laminates 

based on Degriek and Van Paepegem's (damage/failure limit) relationship, using Tsai Wu's 

failure criterion. 

For delamination-type damage, several works have been devoted to the experimental 

investigation of delamination propagation criteria using tests on specimens with different types 

of loading (Benzeggagh et al. [218], Lachaud [219]).The work of Yong [220] and Xiaolin [221] 

showed a significant influence of fiber orientation on the propagation of delamination in 

laminates. 

Macroscopically, the effect of temperature and humidity variation on laminated elements has 

been reported in several research works and has shown their great influence on the diffusion of 

water within composite materials at the macroscopic scale [222]. Padmavathi et al. [223] 

showed the dependence between the mass of water absorbed and the temperature variation; 

their results are represented in the following Figure 14 for a laminated plate immersed at several 

temperatures. 
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Figure 14. Water absorption of an E-glass/Vinylester laminated plate immersed in deionized water at several 

temperatures [223]. 

 

The presence of humidity can have a detrimental effect on the behavior of composite 

materials. For this, the work of Castaing [224], Shen and Springer [225] , and Weitsman [226] 

focused on the hygroscopic aging of laminates, which induces a decrease in stiffness and stress 

at rupture on a macroscopic scale, as represented by the following figures: (Figure 15, Figure 

16, and Figure 17). 

 

Figure 15. Evolution of the ultimate tensile strength of a laminate [227]. 



CHAPTER I: LITERATURE REVIEW 

42 

 

Figure 16. Evolution of the ultimate tensile strength of a balanced symmetrical laminate [+𝜃/−𝜃]4𝑆   according 

to different hygrothermal loadings [227]. 

 

Temperature variation can modify the multiscale properties of a composite material. 

 

Figure 17. Variation of thermal expansion coefficients (αx, αy) as a function of the winding angle θ1 for 

balanced symmetrical laminates (E glass/epoxy), [±θ1]s, [228]. 

 

I.6.3- Tube structure approach 

The last step of multiscale analysis is to focus on the response of cylindrical composite 

structure under different types of loading. Most previous studies have focused on thin-walled 
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cylindrical shells. However, only limited studies have been published dealing with thick-walled 

cylindrical pipe behaviors. 

Boria et al. [90] examined the response to the low-velocity impact of sandwich constructions 

with thin flax/epoxy face sheets and an agglomerated cork core by utilizing a non-linear 

dynamic FE model solved using LS-DYNA. More research can be found in Table 4 of Chapter 

I. 

For all these reasons, based on the multiscale configuration of the sandwich cylindrical 

structure, the distribution of the thesis manuscript is based on the particular configuration of the 

composites, where each analysis level provides a large data set at the following scale. 

I.7- CONCLUSION 

This state of art provides the tool design of synthetic multilayered and sandwich pipe and 

examines its performance under different practical loading conditions. The predominant effect 

of the parameter design of multilayered and sandwich-typical composite materials on pipe 

structures is indicated. 

Throughout this literature review, various computer models have been developed to analyze 

the stresses and strains of filament-wound pipes in two configurations: multilayered and few 

are thick-walled sandwiches. This state of art is focused on understanding the behavior of 

filament winding pipes under both quasi-static and dynamic loads using one of the two theories: 

the conventional laminated plate theory or elasticity theory. A detailed review includes linear 

and nonlinear behavior applying analytical and finite element modeling approaches, and some 

are validated with experimental study.  

The most sandwich-treated pipe has a non-reinforced core layer and a synthetic alternate-ply 

material for the skin layers. Knowing the complexity of the material properties of the skin layers 

reinforced by alternating ply composites, some study is centered on dealing with typical three-

dimensional, cylindrical, and orthotropic sandwich pipes. 

For a progressive, reliable, and correct replacement of synthetic composites, the use of single 

natural fibers or hybridization as a replacement has attracted attention in different areas of 

research where the aim is to protect the environment and minimize reliance on synthetic 

materials. A state-of-the-art assessment of the research work carried out on using natural fibers 

in the design of multilayered pipes is provided in this thesis. 
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The idea of substituting conventional composite materials with bio-composite in the design 

of hydrogen transportation sandwich pipes is a new concept that hasn’t been treated before, and 

it depends on several factors, such as material property prediction, the optimization of thickness, 

stacking sequences, winding angle, and predicting the failure depending on the type of loading. 

In addition, this literature review reveals that there has been no literature experimentation, 

analytical, or FEM investigations on the stress and failure analysis of biosandwich composite 

pipes under thermo-mechanical static or cyclic loading, as well as pressure and temperature. 

On this bibliographic basis, this contribution was constructed in order to develop a multiscale 

model for the analysis of cylindrical FW eco-sandwich structures for hydrogen transport and a 

failure prediction tool. 

Before achieving the sizing of the tubular eco-sandwich cylinder under static and dynamic 

loading (Chapter V), a multiscale characterization is performed, beginning with the micro and 

macromechanical scales. The micromechanical approach (Chapter III) is used to predict the 

mechanical properties of bio skins based on natural fibers and epoxy matrix. The second scale 

characterization focuses on understanding the behavior of a sandwich element of the tubular 

structure through a macro-mechanical model (Chapter IV). 

The second chapter of this thesis focused on the presentation of the mathematical formulation 

of different scale approaches treated on this thesis. 
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CHAPTER II: MATHEMATICAL FORMULATIONS 

II.1- INTRODUCTION 

This chapter presents the mathematical formulations of the multiscale of eco-sandwich pipes, 

namely: micromechanical level, macromechanical level, and finally the law behavior of tubular 

structure, as illustrated in Figure 18. 

This chapter is based on elasticity theory, with small deformation and without taking into 

account the visco-behavior of the matrix component. The distribution of the fibers through the 

skin is assumed to be perfect, and no damage occurs during loading. 

The elasticity theory of sandwich plates and tubular sandwiches provides the theoretical 

foundation for the macro-mechanical and structural models developed in this investigation. 

 

Figure 18. Multiscale composite material analysis, from the micro level to the tubular structure level. 
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II.2- MICRO SCALE ANALYSIS  

II.2.1- Analytical  

Many studies have been performed to predict the mechanical properties of composites. To 

evaluate the elastic properties of composites, various micromechanical models have been 

proposed, such as the Halpin-Tsai model, the Chamis model, the rule of mixtures (ROM), and 

the Hashin and Rosen model. The analytical models were developed using [229]. The specific 

equations for each of these four models are depicted as: 

II.2.1.1- ROM model 

The Rule of Mixture (ROM) is a method used to estimate the stiffness of the composite material 

and its components. It is a balanced median approach to measuring different composite 

properties, especially those of continuous long-fiber reinforced composites. Based on the 

analyzed responses from the fiber and matrix, ROM is commonly used for predicting the modulus 

and strength of fiber-reinforced composites. 

𝐸11 =  VFEF   + VMEM (1) 

𝐸22 =
EFEM

EM. VF + EF. VM
 

(2) 

𝑣12 = 𝑉𝐹𝑣𝐹 + 𝑉𝑀𝑣𝑀 (3) 

𝐺12 = 
𝐺𝐹 . 𝐺𝑀

𝐺𝐹 . 𝑉𝑀 + 𝐺𝑀. 𝑉𝐹
 (4) 

 

II.2.1.2- Halpin-Tsai model  

In 1969, Halpin and Tsai created a semi-empirical model for predicting composite attributes. 

Fiber-reinforced composites with ideal fiber orientation are commonly predicted using the 

Halpin-Tsai model. Tsai altered the rule of mixtures to incorporate the irregularities in the fiber 

orientation. The modulus of composites may be predicted using this model. 

E11 = EFVF + EMVM    (5) 

E22 = EM. (
1+ζη.VF

1−ηVF
)    with:     η = (

[
EF
EM

]−1

[
EF
EM

]+ζ
) 

 

(6) 
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𝑣12 = 𝑣𝐹𝑉𝐹 + 𝑣𝑀𝑉𝑀 (7) 

G12 = GM (
1 + ζη. VF

1 − ηVF
) (8) 

 

II.2.1.3- Chamis model 

The Chamis model is a commonly used analytical method by researchers to confirm the 

accuracy of finite element analysis results, ensuring their suitability for predicting the properties 

of composite materials. 

E11 =  VFEF  +   VMEM (9) 

E22 = 
EM

1 − √VF(1 − EM/EF)
 (10) 

𝑣12 = 𝑉𝐹𝑣𝐹 + 𝑉𝑀𝑣𝑀 (11) 

G12 = 
GM

1 − √VF (1 − GM/GF)
 (12) 

 

II.2.1.4- Hashin and Rosen model 

To analyze the failure behavior of fiber reinforced composites, which consist of fibers immersed 

in a matrix, the Hashin and Rosen model is usually used. 

𝐸11 = 𝑉𝐹𝐸𝐹 + 𝑉𝑀𝐸𝑀 +
4 × 𝑉𝐹𝑉𝑀(𝑣𝐹 − 𝑣𝑀)

2

𝑉𝐹
𝐾𝑀

+
1
𝐺𝑀

+
𝑉𝑀
𝐾𝐹

 (13) 

𝐸22 = 2 × (1 + 𝑣23). 𝐺23 (14) 

𝑣12 = 𝑉𝐹. 𝑣𝐹 + 𝑉𝑀. 𝑣𝑀 +
𝑉𝐹𝑉𝑀(𝑣𝐹 − 𝑣𝑀) (

1
𝐾𝑀

−
1
𝐾𝐹
)

𝑉𝐹
𝐾𝑀

+
1
𝐺𝑀

+
𝑉𝑀
𝐾𝐹

 
 

(15) 

𝐺12 = 𝐺𝑀.
𝐺𝐹(1 + 𝑉𝐹) + 𝐺𝑀 . 𝑉𝑀
𝐺𝐹. 𝑉𝑀 + 𝐺𝑀(1 + 𝑉𝐹)

 (16) 
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II.3- MACRO SCALE ANALYTICAL MODEL  

II.3.1- Analytical analysis 

The theory of sandwich plates, concentrating on the elasticity of micro deformations, provides 

the theoretical foundation for the model created in this investigation. It supports the fundamental, 

essential theories listed below: 

1. The core's thickness is substantially greater than the skins: ℎ ≫ ℎ1, ℎ2 and it solely 

transmits transverse shear stresses 𝜎𝑥𝑧  and  𝜎𝑦𝑧. And  𝜎𝑥𝑧  and  𝜎𝑦𝑧 

2. Skins ignore transverse shear stresses 𝜎𝑥𝑥 ,  𝜎𝑦𝑦,  𝜎𝑥𝑦   and 𝜎𝑧𝑧. 

3. The displacements of the core, 𝑢𝑎 and  𝑣𝑎, along the  𝑥  and 𝑦 directions respectively, are 

linear functions of the coordinate 𝑧. 

4. The displacements 𝑢 and 𝑣 along the x and y directions respectively are uniform 

throughout the thickness of the skins. 

5. The transverse displacement 𝑤 is independent of the variable  𝑧 the strain 𝜀𝑧𝑧  is neglected. 

Finally, the theory deals with problems of elasticity under small deformations. 

Figure 19 gives an example of a Sandwich sample evaluations used in this thesis. 

 

Figure 19. Sandwich sample evaluations [230]. 

 

In the classical theory of linear elasticity, the tensor representation of the generalized Hooke's 

law is given by the equation. 

𝜎𝑖𝑗 = 𝐶𝑖𝑗𝑘𝑙 . 𝜀𝑘𝑙      𝑖, 𝑗, 𝑘, 𝑙 = 1, 2, 3  (17) 

This law can be expressed in the following inverse form: 
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𝜀𝑖𝑗 = 𝑆𝑖𝑗𝑘𝑙 . 𝜎𝑘𝑙       𝑖, 𝑗, 𝑘, 𝑙 = 1, 2, 3  (18) 

 

II.3.1.1-Expression of the strain field 

The field of deformation in the upper and lower skins is written as: 

[

𝑥𝑥
1

𝑦𝑦
1


𝑥𝑦
1

] = [

𝑥𝑥
0

𝑦𝑦
0


𝑥𝑦
0

] −
ℎ

2
[

𝐾𝑥
𝐾𝑦
𝐾𝑥𝑦

] 
(19) 

 

[

𝑥𝑥
2

𝑦𝑦
2


𝑥𝑦
2

] = [

𝑥𝑥
0

𝑦𝑦
0


𝑥𝑦
0

] +
ℎ

2
[

𝐾𝑥
𝐾𝑦
𝐾𝑥𝑦

] 
(20) 

The strain field has the same writing as the strain field of the laminate theory with transverse 

shear. It is the superposition of two strain fields: 

The field of strains in membrane-bending: 

[

𝑥𝑥
𝑎

𝑦𝑦
𝑎

𝑥𝑦
𝑎
] = [

𝑥𝑥
0

𝑦𝑦
0

𝑥𝑦
0

] + 𝑍 [

𝑘𝑥
𝑘𝑦
𝑘𝑥𝑦

] (21) 

• The transverse shear deformation field : 

[

𝑦𝑧
𝑎


𝑥𝑧
𝑎 ] =

[
 
 
 
𝜕0
𝜕𝑦

+ 
𝑦

𝜕0
𝜕𝑥

+ 
𝑥]
 
 
 

 

 

(22) 

II.3.1.2-Expression of the constraint field 

The field of constraints in the core is deduced from the hypothesis [230] : 

𝜎𝑥𝑥 
𝑎 = 𝜎𝑦𝑦

𝑎 = 𝜎𝑥𝑦
𝑎 = 𝜎𝑧𝑧

𝑎 = 0    (23) 

Only shear stresses are transmitted via the core: 

[
𝜎𝑦𝑧
𝑎

𝜎𝑥𝑧
𝑎 ] = [

𝐶44
′𝑎 𝐶45

′𝑎

𝐶45
′𝑎 𝐶55

′𝑎] [
𝛾𝑦𝑧
𝑎

𝛾𝑥𝑧
𝑎 ] (24) 

The following relationships are utilized to deduce the remaining stresses from the skin's 

deformations: 
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[

𝜎𝑥𝑥
𝑘

𝜎𝑦𝑦
𝑘

𝜎𝑥𝑦
𝑘

]= [
𝑄11
′ 𝑄12

′ 𝑄16
′

𝑄21
′ 𝑄22

′ 𝑄26
′

𝑄16
′ 𝑄26

′ 𝑄66
′
]

𝑘

[

𝜀𝑥𝑥
𝑖

𝜀𝑦𝑦
𝑖

𝜀𝑥𝑦
𝑖

] , i=1,2    
(25) 

 

For the k-layer of the lower skin (i=1) or the upper skin (i=2). 

II.3.1.3-Constitutive equation: 

The constituent equation of sandwich plates involves the results and moments already 

introduced in the stratified theory: 

- membrane results: 

[

𝑁𝑥
𝑁𝑦
𝑁𝑥𝑦

] = ∫ [

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

]

−ℎ 2⁄

−(ℎ 2+ ℎ1)⁄

𝑑𝑧 + ∫ [

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

] 𝑑𝑧

ℎ 2+ ℎ2⁄

ℎ 2⁄

 (26)  

 

Nx,Ny ,Nxy are the results per unit length, respectively, of the normal stresses according to x, y 

and of the shear stresses in the plane (x, y). 

 

Figure 20. Membrane loading mode [231]. 

 

- Bending-torsional moments: 

[

𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦

] = ∫ [

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

] 𝑧 𝑑𝑧 +

−ℎ 2⁄

−(ℎ 2+ ℎ1)⁄

∫ [

𝜎𝑥𝑥
𝜎𝑦𝑦
𝜎𝑥𝑦

]

ℎ 2+ ℎ2⁄

ℎ 2⁄

𝑧 𝑑𝑧 (27) 
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Figure 21. Torsional bending loading mode [231]. 

 

- The shear results: 

[
𝑄𝑦
𝑄𝑥
]=∫ [

𝜎𝑦𝑧
𝜎𝑥𝑧

] 𝑑𝑧
 ℎ 2⁄

−ℎ 2⁄
  (28) 

 

Figure 22. Shear loading mode [231]. 

 

By substituting the expressions of the constraints (24) for (25) in the previous expressions of 

the resultants and moments, we obtain the constitutive equation:  
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[
 
 
 
 
 
 
 
 
𝑁𝑥
𝑁𝑦
𝑁𝑥𝑦
𝑀𝑥

𝑀𝑦

𝑀𝑥𝑦

Ԛ𝑦
Ԛ𝑥 ]

 
 
 
 
 
 
 
 

=

[
 
 
 
 
 
 
 
𝐴11
𝐴21
𝐴61

𝐴12
𝐴22
𝐴62

𝐴16
𝐴26
𝐴66

𝐺11 𝐺12 𝐺16
𝐺21
𝐺61
0
0

𝐺22
𝐺62
0
0

𝐺26
𝐺66
0
0

𝐵11
𝐵21
𝐵61

𝐵12
𝐵22
𝐵62

𝐵16
𝐵26
𝐵66

𝐷11 𝐷12 𝐷16
𝐷21
𝐷61
0
0

𝐷22
𝐷62
0
0

𝐷26
𝐷66
0
0

0
0
0

0
0
0

0 0
0
0
𝐹44
𝐹45

0
0
𝐹45
𝐹55]
 
 
 
 
 
 
 

[
 
 
 
 
 
 
 
 
 
𝜀𝑥𝑥
0

𝜀𝑦𝑦
0

𝛾𝑥𝑦
0

𝐾𝑥
𝐾𝑦
𝐾𝑥𝑦

𝛾𝑦𝑧
0

𝛾𝑥𝑧
0 ]
 
 
 
 
 
 
 
 
 

 

 

 

(29) 

 

 

𝐴𝑖𝑗 = 𝐴𝑖𝑗
1 + 𝐴𝑖𝑗

2  

𝐵𝑖𝑗 =
ℎ

2
(𝐴𝑖𝑗

2 + 𝐴𝑖𝑗
1 ) 

𝐺𝑖𝑗 = 𝐺𝑖𝑗
1 + 𝐺𝑖𝑗

2  

𝐷𝑖𝑗 =
ℎ

2
(𝐺𝑖𝑗

2 − 𝐺𝑖𝑗
1 ) 

 

 

(30) 

 

 

And: 

𝐴𝑖𝑗
1 = ∫ (𝑄𝑖𝑗

′ )
𝑘

−ℎ 2⁄

−(ℎ 2+ℎ1)⁄

𝑑𝑧 = ∑∫ (𝑄𝑖𝑗
′ )

𝑘
𝑑𝑧

ℎ1

ℎ𝑘−1

𝑛1

𝐾=1

=∑(𝑄𝑖𝑗
′ )

𝑘
𝑒𝑘

𝑛1

𝑘=1

 

𝐺𝑖𝑗
1 = ∫ 𝑍(𝑄𝑖𝑗

′ )
𝑘

−ℎ 2⁄

−(ℎ 2+ℎ1)⁄

𝑑𝑧 =∑∫ 𝑍(𝑄𝑖𝑗
′ )

𝑘
𝑑𝑧 =

ℎ1

ℎ𝑘−1

𝑛1

𝑘=1

∑(𝑄𝑖𝑗
′ )

𝑘
𝑒𝑘

𝑛1

𝑘=1

𝑧𝑘 

𝐴𝑖𝑗
2 = ∫ (𝑄𝑖𝑗

′ )
𝑘

ℎ 2+ℎ2⁄

ℎ 2⁄

𝑑𝑧 = ∑∫ (𝑄𝑖𝑗
′ )

𝑘
𝑑𝑧 =

ℎ1

ℎ𝑘−1

𝑛2

𝑘=1

∑(𝑄𝑖𝑗
′ )

𝑘
𝑒𝑘

𝑛2

𝑘=1

 

𝐺𝑖𝑗
2 = ∫ 𝑍(𝑄𝑖𝑗

′ )
𝑘

ℎ 2+ℎ2⁄

ℎ 2⁄

𝑑𝑧 = ∑∫ 𝑍(𝑄𝑖𝑗
′ )

𝑘
𝑑𝑧

ℎ1

ℎ𝑘−1

𝑛2

𝑘=1

=∑(𝑄𝑖𝑗
′ )

𝑘
𝑒𝑘

𝑛2

𝑘=1

𝑧𝑘     

𝐹𝑖𝑗
2 = ℎ. 𝐶𝑖𝑗

′𝑎 

 

 

 

 

(31) 

 

 

In the preceding expressions of the stiffness coefficients:  𝑛1  and  𝑛2  represent the numbers of 

layers in the lower skin and the upper skin respectively, while  𝐶𝑖𝑗
′𝑎  are the coefficients related to 

the transverse shear of the core. 
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The constitutive equation has a similar form to the equation obtained in the case of laminated 

theory with transverse shear. However, it differs by the inclusion of the terms  Gij, which 

introduce an asymmetry in the stiffness matrix. 

II.3.2-Failure criteria  

In this part, we investigate skin failure using the Tsai-Wu failure criterion and isotropic core 

failure using the von Mises yield criterion. They are linked to Cartesian coordinates through the 

transformation matrix: 

{
 
 

 
 
1
2
3
23
13
12}
 
 

 
 

=

[
 
 
 
 
 
𝑚2

𝑛2

0
0
0

−𝑚𝑛

𝑛2

𝑚2

0
0
0
𝑚𝑛

0
0
1
0
0
0

0
0
0
𝑚
𝑛
0

0
0
0
−𝑛
𝑚
0

2𝑚𝑛
−2𝑚𝑛
0
0
0

𝑚2 − 𝑛2]
 
 
 
 
 

{
 
 

 
 
𝑥
𝑦
𝑧
𝑦𝑧
𝑥𝑧
𝑥𝑦}

 
 

 
 

 

 

(32) 

Where: 𝑚 = cosØ and 𝑛 = sinØ; Ø is the fiber angle with respect to the cylindrical axial 

direction. 

The criterion of Tsai-Wu [232] in plane stresses is written as: 

(
1

𝑋𝑡
−
1

𝑋𝑐
) 𝜎𝐿 + (

1

𝑌𝑡
−
1

𝑌𝑐
) 𝜎𝑇 +

𝜎𝐿
2

𝑋𝑡𝑋𝑐
+
𝜎𝑇
2

𝑌𝑡𝑌𝑐
+
𝜎𝐿𝑇
2

𝑆𝐿𝑇
2 −

𝜎𝐿
𝑋𝑡

𝜎𝑇
𝑋𝑐
= 1 (33) 

Circumferential stress: 

𝜎𝜃 =
𝑝𝑟

𝑡⁄  
(34) 

Axial stress: 

𝜎𝑥 =
𝑝𝑟

2𝑡⁄  
(35) 

With: 

𝜎𝜃 = 2𝜎𝑥  
(36) 

II.4- PIPING ANALYSIS 

The analytical modeling of static and dynamic loading of the sandwich transport solution is 

established in this section. Firstly, the hypotheses that define the limits of application of the 
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model and the resulting equations are established within the framework of the theory of elasticity, 

taking into account the small deformation formalism. 

This analytical model allows consideration of several loading modes: pure internal pressure, 

axial loading, internal pressure with background, and torsion. 

II.4.1- Quasi static loading 

II.4.1.1- Analytical analysis 

For the analytical model, all displacements, strains, and stresses are independent of Ɵ for the 

axisymmetric sandwich pipe. The radial displacements r are independent of axial displacements. 

Z   as well as axial coordinates is not dependent on the radial ones. Therefore, the displacements 

are:  

𝑈𝑟 = 𝑈𝑟(𝑟)  ,  𝑈𝜃 = 𝑈𝜃(𝑟, 𝑧)  ,   𝑈𝑧 = 𝑈𝑧(𝑧) (37) 

The strain-displacement relations can be expressed as: 

{
 
 

 
 𝜀𝑟

(𝑘) =
𝑑𝑈𝑟

(𝑘)

𝑑𝑟
, 𝜀𝜃
(𝑘)
=
𝑈𝑟
(𝑘)

𝑟
, 𝜀𝑧
(𝑘) =

𝑑𝑈𝑧
(𝑘)

𝑑𝑧
= 𝜀0

𝛾𝑧𝑟
(𝑘) = 0 , 𝛾𝜃𝑟

(𝑘)
=
𝑑𝑈𝜃

(𝑘)

𝑑𝑟
−
𝑈𝜃
(𝑘)

𝑟
, 𝛾𝑧𝜃
(𝑘) =

𝑑𝑈𝜃
(𝑘)

𝑑𝑧
= 𝛾0𝑟

 (38) 

 

The general stress-strain relationship for each k-component exposed to axisymmetric thermo-

mechanical loading [12] is shown below : 

{
 
 

 
 
𝜎𝑧
𝜎𝜃
𝜎𝑟
𝜏𝜃𝑟
𝜏𝑧𝑟
𝜏𝑧𝜃}
 
 

 
 

=

[
 
 
 
 
 
𝐶11 𝐶12 𝐶13
𝐶12 𝐶22 𝐶23
𝐶13 𝐶23 𝐶33
0 0 0
0 0 0
𝐶16 𝐶26 𝐶36

  

0 0 𝐶16
0 0 𝐶26
0 0 𝐶36

𝐶44 𝐶45 0
𝐶45 𝐶55 0
0 0 𝐶66]

 
 
 
 
 
(𝑘)

{
 
 

 
 
𝜀𝑧 − 𝛼𝑧∆𝑇
𝜀𝜃 − 𝛼𝜃∆𝑇

𝜀𝑟 − 𝛼𝑟∆𝑇
𝛾𝜃𝑟
𝛾𝑧𝑟
𝛾𝑧𝜃 }

 
 

 
 
(𝑘)

 (39) 

 

The local balancing equations are as below in each k-component: 

𝑑 𝜎𝑟
(𝑘)

𝑑𝑟
+
 𝜎𝑟
(𝑘)
− 𝜎𝜃

(𝑘)

𝑟
= 0 (40) 

The following differential equation is constructed by substituting the expression of radial and 

hoop stresses from equation (39) into equation (40) and applying equation (38):  
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𝑑2𝑈𝑟
(𝑘)

𝑑𝑟2
+
1

𝑟
 
𝑑𝑈𝑟

(𝑘)

𝑑𝑟
−
𝑁1
(𝑘)

𝑟2
𝑈𝑟
(𝑘) = [𝑁2

(𝑘)𝜀0 + 𝑁3
(𝑘)∆𝑇]

1

𝑟
+ 𝑁4

(𝑘)𝛾0 (41) 

Where: 

And:  

The value of β(k) = √N1
(k) determines the solution of equation (41), and can be expressed as: 

For 𝛽(𝑘) = 1: 

𝑈𝑟
(𝑘)
= 𝐷(𝑘)𝑟 +

𝐸(𝑘)

𝑟 + 𝑟 𝑙𝑛(𝑟) (𝑁2
(𝑘) 𝜀0 +𝑁3

(𝑘) ∆𝑇)
+ 𝛼4

(𝑘)𝛾0𝑟
2  (44) 

For
 
𝛽(𝑘) = 2: 

𝑈𝑟
(𝑘)
= 𝐷(𝑘)𝑟𝛽

(𝑘)
+ 𝐸(𝑘)𝑟−𝛽

(𝑘)
+ (𝛼2

(𝑘)𝜀0 + 𝛼3
(𝑘)∆𝑇)𝑟 +

𝑁4
(𝑘)

2
𝛾0𝑟

2 𝑙𝑛 (𝑟) 
(45) 

For β(k) ≠ 1 𝑜𝑟 (2): 

𝑈𝑟
(𝑘)
= 𝐷(𝑘)𝑟𝛽

(𝑘)
+ 𝐸(𝑘)𝑟−𝛽

(𝑘)
+ (𝛼2

(𝑘)𝜀0 + 𝛼3
(𝑘)∆𝑇 + 𝛼4

(𝑘)𝛾0𝑟
2  (46) 

The superscript k is such as: k ∈ [1,w] where:  

𝑁1
(𝑘) =

𝐶22
(𝑘)

𝐶33
(𝑘)
;  𝑁2

(𝑘) =
𝐶12
(𝑘) − 𝐶13

(𝑘)

𝐶33
(𝑘)

; 

 𝑁3
(𝑘) =

𝐾3
(𝑘) − 𝐾2

(𝑘)

𝐶33
(𝑘)

 ; 𝑁4
(𝑘) =

𝐶26
(𝑘) − 2𝐶36

(𝑘)

𝐶33
(𝑘)

 ;  

𝛼2
(𝑘)
=

𝑁2
(𝑘)

1 − 𝑁1
(𝑘)
 ; 𝛼3

(𝑘)
=

𝑁3
(𝑘)

1 − 𝑁1
(𝑘)
 ; 𝛼4

(𝑘)
=

𝑁4
(𝑘)

4 − 𝑁1
(𝑘)

 

(42) 

𝐾1
(𝑘) = 𝛼𝑧

(𝑘)𝐶11
(𝑘) + 𝛼𝜃

(𝑘)𝐶12
(𝑘) + 𝛼𝑟

(𝑘)𝐶13
(𝑘) 

 𝐾2
(𝑘) = 𝛼𝑧

(𝑘)𝐶12
(𝑘) + 𝛼𝜃

(𝑘)𝐶22
(𝑘) + 𝛼𝑟

(𝑘)𝐶23
(𝑘)  

 𝐾3
(𝑘) = 𝛼𝑧

(𝑘)𝐶13
(𝑘) + 𝛼𝜃

(𝑘)𝐶23
(𝑘) + 𝛼𝑟

(𝑘)𝐶33
(𝑘)   

𝐾4
(𝑘) = 𝛼𝑧

(𝑘)𝐶16
(𝑘) + 𝛼𝜃

(𝑘)𝐶26
(𝑘) + 𝛼𝑟

(𝑘)𝐶36
(𝑘)

 

(43) 
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𝑤 = 𝑛𝑠 + 𝑛𝑐 + 𝑛𝑠 (47) 

The continuity conditions for the displacements and stresses in the interfaces lead to: 

The radial displacements' continuity is determined by: 

∀ 𝑘 [1, 𝑤 − 1],  𝑈(𝑘)(𝑟𝑒𝑥𝑡
(𝑘)) = 𝑈(𝑘+1)(𝑟𝑒𝑥𝑡

(𝑘)) (48) 

• The continuity of the radial stress gives:  

• The axial equilibrium of a cylinder with closed ends is satisfied by the following 

relation: 

• Because the torque is zero, the expression takes the form:  

• The equations that follow make it possible to express the vectors' deformations and 

stresses in the reference fiber. 

{
𝜀′ = 𝑇𝜀 𝜀

𝜎′ = 𝑇𝜎  𝜎
  

(52) 

Where: 

𝑇𝜎 =

[
 
 
 
 
 
 

𝑐𝑜𝑠2 𝜑 𝑠𝑖𝑛2 𝜑 0 0 0 2𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑

𝑠𝑖𝑛2 𝜑 𝑐𝑜𝑠2 𝜑 0 0 0 −2𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑
0 0 1 0 0 0
0 0 0 𝑐𝑜𝑠 𝜑 −𝑠𝑖𝑛𝜑 0
0 0 0 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 0

− 𝑠𝑖𝑛𝜑 𝑐𝑜𝑠 𝜑 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 0 0 0 𝑐𝑜𝑠2 𝜑 − 𝑠𝑖𝑛2 𝜑]
 
 
 
 
 
 

 

 

(53) 

{
 

 ∀ 𝑘 [1, 𝑤 − 1], 𝜎𝑟
(𝑘)
(𝑟𝑒𝑥𝑡

(𝑘)) = 𝜎𝑒𝑥𝑡
(𝑘+1)(𝑟𝑒𝑥𝑡

(𝑘))

𝜎𝑟
(1)(𝑟𝑖) = −𝑝0

𝜎𝑟
(𝑤)(𝑟𝑜) = 0  

(49) 

2𝜋∑  ∫ 𝜎𝑧
(𝑘)(𝑟)𝑟𝑑𝑟 = 𝜋 𝑟𝑖

2

𝑟(𝑘)

𝑟(𝑘−1)

𝑤

𝑘=1

𝑝0 (50) 

2𝜋∑  ∫ 𝜏𝑧𝜃(𝑟)𝑟
2𝑑𝑟 =

𝑟(𝑘)

𝑟(𝑘−1)

𝑤

𝑘=1

0 (51) 
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And: 

𝑇𝜀 =

[
 
 
 
 
 
 

𝑐𝑜𝑠2 𝜑 𝑠𝑖𝑛2 𝜑 0 0 0 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑

𝑠𝑖𝑛2 𝜑 𝑐𝑜𝑠2 𝜑 0 0 0 −𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑
0 0 1 0 0 0
0 0 0 𝑐𝑜𝑠 𝜑 −𝑠𝑖𝑛𝜑 0
0 0 0 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 0

−2𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 2𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠 𝜑 0 0 0 𝑐𝑜𝑠2 𝜑 − 𝑠𝑖𝑛2 𝜑]
 
 
 
 
 
 

 

 

 

(54) 

 

The Tsai-Wu criterion is introduced in the analytical model in order to evaluate the sandwich 

pipe strength: 

𝐹11(𝜎𝑥
(𝑘))2 + 𝐹22(𝜎𝑦

(𝑘))2 + 𝐹66(𝜎𝑦𝑥
(𝑘))2 + 2𝐹12𝜎𝑦

(𝑘)𝜎𝑥
(𝑘) + 𝐹1𝜎𝑥

(𝑘) + 𝐹2𝜎𝑦
(𝑘) ≤ 1 (55) 

With: 

𝐹11 =
1

𝜎𝑥𝑈  𝜎𝑥𝑈
′  ; 𝐹22 =

1

𝜎𝑦𝑈  𝜎𝑦𝑈
′  ; 𝐹12 = −

1

2
 

1

√𝜎𝑦𝑈  𝜎𝑦𝑈
′  𝜎𝑥𝑈  𝜎𝑥𝑈

′

 

 𝐹66 =
1

𝜎𝑦𝑥𝑈
2   ;  𝐹1 =

1

𝜎𝑥𝑈  
−

1

𝜎𝑥𝑈
′   ; 𝐹2 =

1

𝜎𝑦𝑈  
−

1

𝜎𝑦𝑈
′   

(56) 

 

The solutions are obtained by using the MATLAB numerical code. The results are represented 

as functions of the non-dimensional ratio R: 

II.4.2- Cyclic loading 

II.4.2.1- Thermomechanical analysis 

In a thermomechanical condition, a sandwich pipe with inner and outer radius 𝑅𝑖𝑛  and 𝑅𝑜𝑢𝑡 

respectively, is subjected to cyclic internal pressure and thermal cycling. After a heating period, 

the cyclic internal pressure and temperature are provided with the same frequency 𝑓. The inner 

surface of the cylinder is gradually heated to the typical operating temperature 𝑇𝑚 over a time 

period 𝑡ℎ to reduce thermal stress. The internal pressure and temperature of the cylinder are 

assumed to fluctuate according to the following relations:  

𝑅 =
𝑟 − 𝑟𝑖
𝑟𝑜 − 𝑟𝑖

 
(57) 
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Additionally, it is presumed that: 

We assess the yielding of the isotropic core using the well-known Von Mises criteria, which 

states that core failure occurs when the Von Mises stress (vm) approaches the material's yield 

strength: 

𝑣𝑚 = √
(11 − 22)2 + (22 − 33)2 + (33 − 11)2 + 6 × (𝜎23

2 + 𝜎31
2 + 𝜎12

2 )

2
   

 

(61) 

II.5- CONCLUSION 

Mathematical models formulating the behavior of composites at all levels are presented in this 

second chapter. These formulations are based on elasticity theory, with small deformations, 

without taking into account the visco-behavior of the matrix component. Additionally, no 

damage occurs during loading. 

For the prediction of the material properties of a biocomposite based on natural fibers, the third 

chapter presents a micro-analysis using analytical and numerical models. 

 

{
𝑇(𝑟𝑖,𝑡) = 𝑇𝑖 +

𝑡

𝑡ℎ
(𝑇𝑚 − 𝑇𝑖)                    0 ≤ 𝑡 ≤ 𝑡ℎ

𝑇(𝑟𝑖,𝑡) = 𝑇𝑚 + 𝑇𝑎 𝑠𝑖𝑛(2𝜋𝑓𝑡)                      𝑡 ≥ 𝑡ℎ
             (58) 

{
𝑃(𝑡) = 0                                              0 ≤ 𝑡 ≤ 𝑡ℎ
𝑃(𝑡) = 𝑃𝑚 + 𝑃𝑎 𝑠𝑖𝑛(2𝜋𝑓𝑡)                       𝑡 ≥ 𝑡ℎ

 (59) 

{
0 ≤ 𝑇𝑎 ≤ 𝑇𝑚
0 ≤ 𝑃𝑎 ≤ 𝑃𝑚

  (60) 
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CHAPTER III: MICROMECHANICAL ANALYSIS  

III.1- INTRODUCTION 

The third chapter of this contribution thesis attempts to predict the mechanical properties of 

skin layers using PALF (pineapple leaf fiber), date palm, and Alfa fibers at various volume 

fractions, which are some of the most plentiful plant resources in Algeria. Micromechanical 

analytical and FE models were developed in this order using MATLAB 8.3 and ANSYS 18.1 

software. The impact of the volume fraction of reinforcement on Young’s and shear modulus and 

Poisson’s ratios is examined. 

Some analytical results based on Halpin-Tsai, Chamis, Hashin Vs. Rosen and ROM models are 

compared to experimental data [1]. 

III.2- MATERIALS  

The different material properties of both the matrix and fiber are shown in Table 6 By altering 

the volume fraction of the long fiber, material properties are utilized to establish the mechanical 

properties of the composites, which are longitudinal young's modulus (E11), transverse young's 

modulus (E22), longitudinal shear modulus (G12), and major Poisson's ratio (v12). 

Table 6. Properties of the constituents. 

Material 
Young’s modulus 

[GPa] 
Poisson’s Ratio References 

Epoxy 3.75 0.35 [1] 

PALF 29.3 0.30 

DB date palm tree fiber 6.63 0.152 [52] 

Alfa fiber 19.77 0.34 [233] 

 

Figure 23 shows the different natural fiber plants used in this thesis. 
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(a) (b) (c) 

Figure 23. Natural fiber plants: (a) Pineapple [44], (b) Palm and (c) Alfa [69]. 

 

III. 3- FEM ANALYSIS 

II.3.1- Fiber-reinforced composite numerical homogenization 

Epoxy and one of the fibers (PALF, Palm fiber, or Alfa fiber) are the main components of the 

Particle Reinforced Composite. To accomplish the analysis, the homogenization approach is used 

to a fiber-reinforced composite by selecting continuous fibers as reinforcement. Figure 24 

illustrates a uniform distribution of long fiber in the epoxy, by using the finite element software 

ANSYS 18.1 for solving the problem. 

 
(a) (b) (c) 

Figure 24. (a) Uniform distribution of fibers in the matrix; (b) Isolated Unit cell; (c) One-eighth Model. 
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II.3.2- Element type  

The ANSYS SOLID 186 element shown in Figure 25, which is a higher-order 3D 20-node solid 

element with quadratic displacement behavior, was used in this study. There are 20 nodes in the 

element, each with three degrees of freedom (DOF) (translations in the three nodal directions). 

The SOLID 186 is a 20-node higher-order 3D solid element with quadratic displacement 

behavior. The element has 3 degrees of freedom per node: translations in the x, y, and z 

directions. It can support plasticity, hyper-elasticity, stress stiffening, creep, large deflection, and 

large strain capabilities. Deformation of almost incompressible elastoplastic and completely 

incompressible hyper-elastic materials can be simulated. 

 

Figure 25. The element used for meshing the finite element models, adapted from [234]. 

 

II.3.3- Geometry and Finite element modelling  

The representative volume element (RVE) used for the hybrid analysis has the form of a square 

cube. Due to the symmetry in geometry, loading, and boundary conditions, only one-fourth of 

the RVE's cross-section is modeled and studied. As one-fourth of the unit cell is used for FE 

modeling, the FE model consists of a cube with dimensions x=100 mm, y=100 mm, and z=10 

mm, with an embedded one-fourth portion of continuous fiber (PALF, Palm, or Alfa fiber) of 

radius rf at one of the square cube's corners, which is the center of the tubular fiber, where the 

length of the fiber is taken as 10 mm. As a result, the analysis will be faster and computational 

time will be lowered. 

The radius of the fiber is calculated for various weight percentages of the fibers. The weight 

percentages are converted into volume fractions. Four different volume fractions of fiber have 
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been studied for the analysis, ranging from 15% to 24% with an increment of 3% of the volume 

fraction of the fiber. Thus, the following (62) is obtained:  

𝑟𝑓 = √
V𝑓 × 1002 × 4

π
 

(62) 

 

Figure 26 gives an example of the converged mesh models of a composite at different volume 

fractions of natural fibers. 

 
(a) (b) (c) (d) 

Figure 26. Converged mesh models of composite (RVE dimension) at: (a) 15 %; (b) 18 %; (c) 21 % and (d) 24 % 

of volume fraction of natural fibers. 

 

II.3.4- Loading and Boundary conditions  

The finite element model is subjected to boundary conditions that force it to behave as if it were 

a component of the entire array of composite materials. One-eighth of the unit cell is modeled in 

the analysis due to symmetry in loads, geometry, and boundary conditions. The mentioned 

symmetrical boundary conditions were applied due to the symmetry of the problem. An 

overlapped volume connection is used between the fiber and the matrix. 

A uniform displacement load of 1 mm is applied to the face to establish a uniaxial state of stress 

in that direction, allowing the Young's modulus and Poisson's ratio of the resultant composite to 

be predicted using simple Hook's law. The uniaxial state of displacement on the surface z=10 

mm is used to estimate longitudinal Young's modulus  𝐸11 and Poisson's Ratio 𝑣12. 
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The area at x=100 mm is exposed to a uniaxial displacement condition to predict transverse 

Young's modulus  E22. A uniaxial stress condition is given to the area at y=100 mm to predict 

shear modulus G12. In Figure 27 is possible to see the boundary conditions. 

 

Figure 27. Loading and boundary conditions of the numerical model for predicting  E11. 

 

A mesh convergence is performed on the longitudinal young's modulus of PALF at a 15% 

volume fraction to verify the accuracy of our findings. It's clear that we've arrived at a converged 

solution. The results of the FEA model are independent of mesh size. 

The results of the convergence analyses based on changing the number of elements in the mesh 

are summarized in Figure 28. 

For varied mesh sizes, Figure 28 illustrates a fairly similar study for: longitudinal Young's 

modulus  E11, Transverse Young’s modulus  E22 and shear modulus G12. It demonstrates that the 

FEA model's results are unaffected by the number of elements in the mesh.  
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Figure 28. Mesh convergence analysis for finite elements of:  E11, E22 and  G12 at 15 % of volume fraction of 

natural fiber. 

 

By choosing a unit value of applied strain, and once the problem defined by the boundary 

conditions is solved, it is possible to compute the stress field  σα , whose average gives the 

required components of the elastic matrix, one column at a time, as:  

𝐶𝛼𝛽 = 𝜎𝛼 =
1

𝑉
∫ 𝜎𝛼(𝑥1,𝑥2,𝑥3)𝑑𝑉
.

𝑉
     with          𝜖𝛽

0 = 1 (63) 

 

Where:  α, β = 1. The integral sin (63) is evaluated within each finite element using the Gauss-

Legendre quadrature. Commercial programs, such as ANSYS®, have the capability to compute 

the average stress and volume ,element by element [235]. 

For the elastic domain:  

W = ∫ σdε =
1

2

ε

0

σε =
σ2

2E
 (64) 

III.4- RESOLUTION PROCEDURE 

Flowchart 1 illustrates an elaborate depiction of the analytical (mathematical formulation-

Chapter II) and numerical (Finite Element Method) methodologies employed to assess the 

mechanical properties of the fiber-based biocomposite treated in this work. These two 
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methodologies were carried out using MATLAB and ANSYS 18.1 software platforms, 

respectively. 

 

Flowchart 1. Micromechanical properties estimation steps. 

 

III.5- RESULTS AND DISCUSSION 

The results of the analytical models developed for the fiber reinforced composite are compared 

to the experimental results for the PALF/epoxy unidirectional composite from Rakesh's study 

[1], as shown in figures below. 

The predicted results for all the analyzed models agree with the experimental data for 

composites (PALF/epoxy) with varying volume fractions. To characterize the tensile properties, 

Comparison results and validation with 

previous work. 

Input bio fiber and matrix properties 
VF, EF, VM,, EM, GF, GM, ζη, ζ, η, KM, KF   

Choice of volume fraction 15 %; 18 %; 21 % and 24 % 

Numerical model 

Geometry 

Mesh and 

convergence 

Boundary 

conditions 

Results 

Analytical model 

Hashin and 

Rosen model 

Halpin Tsai 

model 

Rule of 

Mixture 

model 

 

Chamis 

model 

Output micromechanical model  

𝐸11, 𝐸22, 𝐺12 , 𝑣12  
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unidirectional composite specimens were manufactured according to the necessary standard. The 

specimens were 160, 12.5, and 3 mm in size, respectively. For each volume fraction of the fiber, 

five identical samples were manufactured, and all specimens were examined using an electronic 

tensometer at a strain rate of 0.5 mm/min. Single fiber testing was used to characterize the PALF 

fiber's tensile modulus according to the ASTM D3379 standard. A total of 23 specimens were 

evaluated in order to obtain an exact figure for the PALF fiber's property [1].The composites' 

longitudinal Young's modulus increases as the volume fraction of fiber rises, As can be shown 

in Figure 29. 

 

Figure 29. Comparison (analytical vs. experimental) of Longitudinal Young’s modulus  𝐸11 of PALF/epoxy in 

terms of volume fractions. 

 

Figure 30 shows that the transverse young’s modulus 𝐸22 of composites increases along with 

the volume fraction of fiber, but the increment is lower when compared with the magnitude of 

𝐸11. The closest agreement with the experimental results belongs to Halpin Tsai model. 
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Figure 30. Transverse Young’s modulus  𝐸22 of PALF /epoxy in terms of different volume fractions of fiber. 

 

The analytical analysis results are compared to the experimental data in Figure 31. When 

compared to experimental data, the results generated by the analytical model of Chamis offer 

remarkably similar results. 

 

Figure 31. The comparison of shear modulus  𝐺12  of PALF/epoxy in terms of volume fractions. 
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It’s well noticed that the predicted values of the Poisson's ratio 𝑣12 for all tested models are in 

good agreement; this is illustrated in Figure 32. 

 

Figure 32. The Poisson’s ratio of PALF/epoxy in terms of  𝑉𝐹. 

 

The first analytical part permitted to select the analytical method that allows us to have 

mechanical properties that best converge with the experimental results. To forecast 𝐸11 and 𝐸22 , 

the Halpin-Tsai approach was chosen. For 𝐺12, it is Chamis, and for 𝑣12, it is ROM. A FEM 

approach is established and compared with the results of the analytical analysis in order to 

strengthen our prediction. 

The variation of  𝐸11 and  𝐸22 as a function of the volume fraction of natural fibers, obtained 

by Halpin-Tsai and numerical analysis. 

For all composites with varied  𝑉𝐹 , the predicted results of FEM for  E11 are in agreement with 

the analytical results. These examples are depicted in Figure 33. The prediction of the 

longitudinal modulus show that the composite based on PALF fibers presents the best behavior 

in tension. 
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Figure 33. Predicted analytical (Halpin-Tsai model) and numerical results for 𝐸11 in terms of  𝑉𝐹. 

 

The FEM anticipated results are in good correlation with the analytical results. Figure 34 shows 

a comparison of the results obtained for 𝐸22 using the FEM and the analytical analysis. The 

prediction of the transverse modulus show that the composite based on PALF fibers presents the 

best behavior in compression. 

 

Figure 34. Predicted analytical (Halpin-Tsai model) and numerical results for 𝐸22 in terms of  𝑉𝐹. 
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Chamis and numerical analysis were used to determine the variation of 𝐺12 as a function of the 

volume fraction of natural fiber. When compared to analytical results, the numerical approach of 

finite element analysis yields good results this can be found in Figure 35. The prediction of the 

shear modulus show that the composite based on PALF fibers presents the best behavior in shear. 

 

Figure 35. Predicted analytical (Chamis model) and numerical results for Shear Modulus 𝐺12 in terms of  𝑉𝐹. 

 

Concerning the major Poisson’s ratio, the results were obtained only from the ROM model and 

the FEM. Concerning the Poisson’s ratios, the obtained results of the analytical models shows 

that the Alfa/epoxy has the highest Poisson’s ratio compared to PALF/epoxy and palm/epoxy.  

Figure 36 shows that for the major Poisson’s ratio 𝑣12, all analytical and numerical models 

correlate well with each other. 
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Figure 36.Predicted analytical (ROM model) and numerical results of Poisson's ratios 𝑣12 in terms of 𝑉𝐹. 

 

III.6- CONCLUSION 

In this study, the analyzed results for the elastic properties of the analytical micromechanical 

models, as well as FE modeling methods, are compared to available experimental data for 

PALF/epoxy composite. It should be noted that the cases studied include three different kinds of 

natural fiber-reinforced composites: PALF, date palm fiber, and Alfa fiber. The analytical 

micromechanical models are based on four theories which are Halpin-Tsai, Chamis, Hashin vs. 

Rosen and ROM. 

It is observed that the change in volume fraction of fiber has a significant effect on elastic 

properties. 

In this study, the micromechanical approaches are used to predict the mechanical properties of 

bio skins layers based on PALF (Pineapple leaf fiber), date palm and Alfa fibers at different 

volume fractions. The influence of volume fraction of reinforcement on Young’s and shear 

Modulus and Poisson’s ratios is studied.  

In this order, a micromechanical analytical and FEM models are developed with MATLAB 8.3 

and ANSYS 18.1 software. The analytical micromechanical models are based on four theories 

0,14 0,16 0,18 0,20 0,22 0,24

0,30

0,31

0,32

0,33

0,34

0,35
u
12

[G
P

a]

Volume fraction of  fiber

 PALF FEM     Alfa FEM     Palm FEM

 PALF ROM    Alfa ROM       Palm ROM



CHAPTER III: MICROMECHANICAL ANALYSIS 

72 

which are: Halpin-Tsai, Chamis, Hashin vs. Rosen and ROM. The FEM used four RVE 

depending on volume fraction of natural fibers. 

The analyzed results of the models developed for the elastic properties are compared to 

available experimental data for PALF/epoxy composite.  

Summing up the results, it can be concluded that: 

• It is observed that the change in volume fraction of fiber has a significant effect on elastic 

properties. 

• The Young's modulus rises in tandem with the reinforcement weight percentage. 

• The Poisson's ratio decreases as the weight fraction of reinforcement increases. 

• The Shear modulus is calculated using the analytical expression and it is also increasing 

along with the reinforcement. 

• The analytical results of mechanical properties 𝐸11, 𝐸22, 𝐺12, 𝑣12 compared with the 

experimental results and it is found that the analytical results are in good agreement. 

• The analytical micromechanical models permitted us to select the suitable theory that 

allows us to have mechanical properties of PALF fibers that best converge with the experimental 

results. To forecast 𝐸11 and 𝐸22, the Halpin-Tsai approach was chosen. For 𝐺12, it is Chamis, and 

for 𝑣12, it is ROM.  

• The suitable theory was used with the FEM model, to predict the mechanical properties 

of skins layers based on: PALF, date palm and Alfa fibers, where the results are in efficient 

accord. 

• The present work shows the successful prediction of elastic properties of composites by 

Finite Element Analysis. 

• The prediction of the elastic properties of the three fiber-based eco-composites showed a 

dispersion in terms of stiffness, where the composite based on PALF presents the best behavior 

in tension, compression, and shear because of its mechanical properties, followed by the 

composite based on Alfa fibers, and finally that based on Palm fibers. 
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CHAPTER IV: MACROMECHANICAL ANALYSIS 

IV.1- INTRODUCTION 

This part of our contribution focuses on the analysis of the response of eco-sandwich element 

with natural skins, compared to traditional sandwich. The item in question has a stacking 

sequence [−∅ /+∅ / core /+∅ / −∅]. The analytical model is based on the sandwich laminated 

plate theory (SLPT).  

IV.2- MATERIALS AND PROPERTIES 

IV.2.1- Skin materials 

Through this macromechanical analysis, different biomaterials were used for the skin part, 

based on PALF, Alfa, Jute and Palm natural fibers. Glass/epoxy is chosen for the traditional 

sandwich. All the material properties cited before are presented in Table 7. 

IV.2.2- Core material 

The APC-2 PEEK was selected as the core for the eco-sandwich composite based on the 

literature. The APC-2 composites of Cytec Engineered Materials have a thermoplastic polymer 

matrix known as PEEK. With a glass transition temperature of 143°C, the polymer is semi-

crystalline. Due to the semi-crystalline form of the polymer, composites can be employed in 

lightly loaded applications at temperatures up to 260°C [236]. Table 7 presents the material 

properties of the APC-2 PEEK. 

We note that: 𝐸, 𝐺 and 𝜈 are the usual elastic modulus, shear modulus, Poisson’s ratio; 𝑋, 𝑌 are 

tensile or compressive strengths (subscripts ‘𝑡’ and ‘𝑐’).  

Table 7. Mechanical properties of the constituents [36]. 

Properties 𝑬𝒙 
[MPa] 

𝑬𝒚 

[MPa] 

𝒗𝒙𝒚 𝑮𝒙𝒚 

[MPa] 

𝑿𝒕 
[MPa] 

𝑿𝒄 
[MPa] 

𝒀𝒕 
[MPa] 

𝒀𝒄 
[MPa] 

𝑺𝑰 
[MPa] 

Glass/epoxy  40000 10000 0.32 4950 2000 750 60 160 200 

Jute/epoxy 

[237] 

1250 5633 0.3395 7240 55 55 62 62 27.5 

Palm/epoxy  4153.6 4080.7 0.322 1351.6  

- 
Alfa/epoxy  5993 4721.4 0.348 1682.7 

PALF/epoxy 7327 4888.7 0.343 1729.7 

Core APC-2 

PEEK [236] 

4100 0.41 2252.7 
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The geometric model used under Matlab software contained three main elements: the two skins 

(upper and lower skins) and the core as shown in schematic view (Figure 37). 

 

Figure 37. Geometrical model. 

 

IV.3- RESOLUTION PROCEDURE 

The approach for macromechanical analysis regarding the behavior of an element of the tubular 

sandwich structure under biaxial loading, simulating the internal pressure exerted is presented by 

Figure 38.  

 
 

(a)  Stratified element under axial and transverse 

loading. 
(b)  Representation of axial and hoop stress of 

multilayered pipe. 

Figure 38. Macromechanical approach of multilayered tubular structure under pressure. 

The developed macromechanical model adheres to the law of laminates with transverse shear 

effects, excluding bending. This model, seen in Flowchart 2, was constructed using MATLAB. 

Furthermore, failure analysis was conducted for the skin parts, employing the Tsai-Wu criterion. 
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Flowchart 2. Macromechanical steps calculation. 

Strain: 𝜀𝑖𝑗
𝐷𝑃; 𝜀𝑖𝑗 = 𝜀𝑖𝑗 + 𝜀𝑖𝑗

𝐷𝑃 

Stress: 𝜎𝑖𝑗
𝐷𝑃; 𝜎𝑖𝑗 = 𝜎𝑖𝑗 + 𝜎𝑖𝑗

𝐷𝑃 

Results  

Add layer 
No 

 

𝐶𝐻 = 𝐶𝐻 + 𝐷𝑃 

Determining the position of each layer relative to the mean plane W (j) 

Calculation of rigidity matrix C and equation parameters: 

For j =1 :1 :  𝑛𝑠1 , C= 𝐶𝑠1.  For j = 𝑛𝑠1+1, C=𝐶𝑐𝑜𝑟𝑒 . For j = 𝑛𝑠1+2:1:  𝑛𝑠1+ 𝑛𝑠2+1, C=𝐶𝑠2 

Input Data 

 Pr,  𝜑𝑆
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙, 𝜑𝑆

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙  , 𝑛𝑠 , 𝑛𝑐 
Core : 𝐸𝑐 ; 𝜗𝐶, 𝐺𝑐   ; 𝛼𝑐  ; T00 ; 𝑒𝑐. 

Synthetic and biocomposite skin properties: 𝐸𝑥; 𝐸𝑦; 𝐸𝑧; 𝐺𝑥𝑥; 𝐺𝑦𝑦; 𝐺𝑧𝑧;  𝑀𝑢𝑦𝑥; 𝑀𝑢𝑧𝑦 

Loading conditions: 𝑁𝐹𝐷𝑃(1) = 𝑁𝑥1𝐷𝑃;  𝑁𝐹𝐷𝑃(2) = 𝑁𝑦1𝐷𝑃;  𝑁𝐹𝐷𝑃
(3) = 0;  𝑁𝐹𝐷𝑃(4) = 0;  𝑁𝐹𝐷𝑃(5) = 0; 

𝑁𝐹𝐷𝑃(6) = 0;  𝑁𝐹𝐷𝑃(7) = 0;  𝑁𝐹𝐷𝑃(8) = 0;  𝜎𝑥𝑥
𝑎𝑚𝑒 = 0;  𝜎𝑦𝑦

𝑎𝑚𝑒 = 0; 𝜎𝑥𝑦
𝑎𝑚𝑒 = 0; 𝜎𝑧𝑧

𝑎𝑚𝑒 = 0 

Calculation of matrices for Membrane A; Membrane-bending B; C1, 

Bending D, F Transverse shear rigidity 

Calculation of 

the Upper skin 

constitutive 

matrix. 

Calculation of the 

Core 

constitutive 

matrix. 

Calculation of 

the Lower skin 

constitutive 

matrix. 

 

No 

Yes 

Stop 

Transverse shear: 𝛾𝑖𝑗
𝐷𝑃 ; 𝛾𝑖𝑗 

Transverse stress : 𝜏𝑖𝑗
𝐷𝑃; 𝜏𝑖𝑗  

𝜏⬚ 

Von-Mises criteria 

Yes 

 Tsai Wu criteria 

CH=P
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IV.4- RESULTS AND DISCUSSIONS 

The results of the analytical models developed are presented and discussed in this section. 

The symmetrical configuration of the sandwich influenced the magnitude of the stresses and 

strains, which is similar to that of laminate behavior due to the similarity of the constitutive 

equations between the two theories for this type of stacking. 

IV.4.1- Stress analysis in Plate plan X-Y 

The distributions of longitudinal 𝜎𝑥𝑥  and transversal 𝜎𝑦𝑦  stresses across the thickness of the 

sandwich element for a composite made of Glass/epoxy synthetic fibers and biocomposites are 

illustrated in Figure 39 and Figure 40. Figure 41 illustrates the symmetrical shear stress 𝜎𝑥𝑦 

distribution across the thickness of the sandwich elements, with the core part neglected. 

As a general remark, the stress distribution reflects the conditions imposed by the theory of 

sandwich plates, where the longitudinal, transverse, and shear stresses are zero in the core part. 

The magnitude of the transverse stresses is twice the magnitude of the longitudinal stresses, 

aligning perfectly with the distribution of axial and circumferential stresses observed in a 

pressurized tube. 

The material properties play a crucial role in the response of sandwich plates to bi-axial loading.  

The results of the longitudinal 𝜎𝑥𝑥  , transversal 𝜎𝑦𝑦   and shear 𝜎𝑥𝑦 stresses of the stratified 

sandwich reveal a discontinuity of stress between the skins and the core component.  

The primary observations drawn from the stress distributions across the thickness of the 

sandwich plate can be summarized as follows: 

▪ The stress distribution is nearly symmetrical with respect to the mid-plane. 

▪ The effect of stacking sequence is almost negligible for palm and Alfa fiber-based 

materials. 

▪ Access to data regarding tensile, compressive, and shear rupture limits is essential for 

determining the rigidity of each material analyzed during this macromechanical 

approach. 

▪ Due to the significant magnitude of the shear modulus, the jute/epoxy material exhibits 

a different behavior compared to the materials treated during the distribution of 

longitudinal and shear stresses. 
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▪ It is observed that the second layer of the lower skin and the first layer of the upper skin 

record higher stresses compared to the other layers. 

▪ The increase in pressure within the composite tube can lead to the initiation of micro 

cracks at the levels of the most stressed layers.  

 

 

Figure 39. Variation of longitudinal stress across the thickness of the sandwich for five bi-directional types of 

layering materials. 
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Figure 40. Variation of transversal stress across the thickness of the sandwich for five bi-directional types of 

layering materials. 

 

 

Figure 41. Variation of shear stress across sandwich thickness for five bi-directional laminated materials. 
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biocomposite Jute/epoxy. The mechanical properties directly influence the magnitude of the 

longitudinal  𝜎𝐿 , transverse 𝜎𝑇  and shear  𝜏𝐿𝑇 stresses. 

In the longitudinal direction within the fiber plane, Glass/epoxy is more sensitive to 

bidirectional loading applied to the sandwich panel compared to Jute/epoxy. It is observed that 

the ultimate tensile strength in the longitudinal direction is approximately 2000 MPa for 

Glass/epoxy and 55 MPa for Jute/epoxy (refer to Table 7). The stress magnitudes obtained and 

depicted in Figure 42 show that any increase in pressure can be detrimental to Jute/epoxy, based 

on the maximum stress criterion. 

For the distribution of transverse stresses, shown in Figure 43, Jute/epoxy is characterized by a 

stress magnitude of around 98 MPa within the surface layers, potentially leading to damage 

initiation, given that the ultimate tensile strength in the transverse direction 𝑌𝑡 is approximately 

62 MPa. On the other hand, Glass/epoxy is found in a safety zone in the transverse direction. 

For the distribution of shear stresses, Jute/epoxy records a stress magnitude of around 45 MPa, 

which exceeds its SI shear limit estimated at 27.5 MPa, thereby leading to damage. Conversely, 

the Glass/Epoxy composite provides more security for the plate under such biaxial loading 

conditions, with a shear rupture limit of 200 MPa. 

 

Figure 42. Variation of longitudinal stress σL within the fiber plane across the thickness of the sandwich. 
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Figure 43. Variation of transverse stress 𝜎𝑇  within the fiber plane across the thickness of the sandwich. 

 

 

Figure 44. Variation of shear stress 𝜏𝐿𝑇 within the fiber plane across the thickness of the sandwich. 
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Both trends accurately represent the rigidity of each material. To reduce the gap, which is 

evaluated at 78.87%, and enhance the stiffness of the biocomposite, it is essential to 

simultaneously increase the number of layers in both the lower and upper skins. 

 

Figure 45. Variation of Tsai Wu criteria regarding pressure for skin components. 
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▪ Limiting the loading pressure is essential in order to avoid any scenario of creating 

micro cracks, which can lead to the ruin of the sandwich skins.  

▪ The results achieved during this chapter will be a good indicator for the third and last 

analysis scale and it will be covered by the next chapter. 

▪ Based on failure analysis, it is essential to simultaneously increase the number of layers 

in both the lower and upper skins to reduce the gap between the synthetic and 

biocomposite materials, which is evaluated at 78.87%, in order to enhance the stiffness 

of the biocomposite. 
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CHAPTER V: BEHAVIOR OF TUBULAR SANDWICH UNDER STATIC 

AND DYNAMIC LOADING 

V .1- INTRODUCTION 

The current chapter concentrates on the stress and strain of sandwich pipes subjected to static 

and cyclic internal pressure using the three-dimensional anisotropic elasticity model developed 

in Chapter II. The pressure loading is assumed to be symmetrical about the cylinder's axis and 

independent of the axial coordinate. An isotropic material with linearly elastic behavior makes 

up the core layer of sandwich pipes, whereas each layer of the skins—internal or external—is 

composed of a homogenous, anisotropic material characterized by long fibers. The sandwich's 

anisotropic skin and isotropic core are each subjected to an analytical failure using Tsai-Wu and 

Von-Mises, respectively. The major purpose of this chapter is to assess the possible uses of bio-

fibers to replace glass synthetic fibers that are commonly used in sandwich pipes under static and 

cyclic loads. 

V .2- STATIC ANALYSIS OF SANDWICH COMPOSITE PIPE UNDER 

PRESSURE 

In this section, the results of the stress, strain, and displacement distribution of the analytical 

model were compared to the FEM results. Gradual reinforcing tests were performed to enhance 

the rigidity of the biocomposite sandwich and minimize the gap when compared to a synthetic 

sandwich. The model design developed for this thesis was used to estimate the number of 

biocomposite layers, calculate the ultimate pressure, and determine safety factors. 

V .2.1- FE analysis 

In order to validate our analytical approach, finite element simulations with ANSYS 18.1 and 

3D elements are used in our study, which is shown in Figure 46. The numerical model presents 

a uniform mesh of the global geometry, characterized by: 43911 nodes and 8640 quadratic 

elements. Figure 47 illustrates the entire FE model as well as its characteristics. 



CHAPTER V: BEHAVIOR OF TUBULAR SANDWICH UNDER STATIC AND DYNAMIC LOADING 

84 

 

Figure 46. The meshing element used for finite element models. 

 

(a)                                                                                 (b) 

 
(c)                                                                                (d) 

Figure 47. The sandwich pipe structure. (a) The geometry, (b) the mesh, (c) boundary conditions, and (d) loading of 

the numerical model. 



CHAPTER V: BEHAVIOR OF TUBULAR SANDWICH UNDER STATIC AND DYNAMIC LOADING 

85 

V .2.1.1- Geometry, materials and loading 

The sandwich pipe configuration has an inner radius of 60 mm, a core-layer thickness of 10 

mm, a skin-layer thickness of 0.27 mm and a length of 500 mm.  

In the current study, two types of bio-skin material based on long jute and pineapple leaf fibers 

compared to glass fibers were carried out. The skin materials characteristics are shown in Table 

8. The core epoxy is shown in  

 

 

 

 

 

 

 

 

 

 

 

 

Table 9. The used layered skin stacking sequences are listed in Table 10.  

The internal pressure applied to the sandwich pipe is 6 MPa and it is equal to the double pressure 

service of hydrogen transportation. This pressure threshold was chosen in order to remain within 

the elastic range.  

Table 8. Material properties of Jute/epoxy, Glass/epoxy and, PALF/epoxy in the UD orthotropic frame. 

        Materials  

Properties 

Jute/epoxy  

[237] 

Glass/epoxy 

[36] 

PALF/epoxy 

[36] 

𝐄𝟏  [GPa] 12.5 40 7.327 

𝐄𝟐 = 𝐄𝟑  [GPa] 5.633 10 4.888 

𝐆𝟏𝟐 = 𝐆𝟏𝟑 [GPa] 7.24 4.95 1.729 

𝐆𝟐𝟑  [GPa] 2.10 3.34 1.679 

𝒗𝟏𝟐= 𝒗𝟏𝟑 0.3395 0.32 0.343 

𝒗𝟐𝟑 0.3395 0.495 0.455 

∝𝐋 [°C-1] 40 × 10-6 0.006× 10-6  

 

- 
𝐗𝐭 55 2000 

𝐗𝐜 55 750 
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Table 9. Material properties of Epoxy core in the UD isotropic frame [1]. 

         Properties 
  Material 

Young’s modulus 

[GPa] 
Poisson’s Ratio 

Shear modulus 

[GPa] 

Elastic limit 

[MPa][162] 

Epoxy core 4.1 0.41 1.453 102.49 

  

𝐘𝐭 62 60 

𝐘𝐜 62 160 

𝐒𝐈 27.5 200 
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Table 10. Stacking sequences of sandwich pipe parts with Epoxy core.  

Stacking sequence of sandwich pipe parts 

Seq 1 [ [±60]1 / core / [±60]1 ] 

Seq 2 [ [±60]3 / core / [±60]3 ] 

Seq 3 [ [±60] 4,[+60] / core / [±60]4,[+60] ] 

Seq 4 [ [±60]5 / core / [±60]5 ] 

Seq 5 [ [±60]7 / core / [±60]7 ] 

 

To validate the accuracy of our results, we performed a mesh convergence on the hoop stress 

of jute/epoxy along a non-dimensional radial distance. We've clearly arrived at a convergent 

solution. 

V .3- RESOLUTION PROCEDURE 

V .3.1- Static 

Flowchart 3 shows the development stages of the two programs for calculating the behavior of 

the tubular sandwich structure under quasi-static loading with pure internal pressure. The first 

analytical program was carried out in MATLAB with an incremental pressure loading and an 

accumulation of responses in terms of displacement, deformation, and stresses. This 

methodology enabled the verification of pre-failure conditions for the skins and core through the 

Tsai-Wu and Von-Mises criteria, respectively. Additionally, this approach will facilitate the 

incorporation of progressive damage into the behavioral laws of composite skins and the 

plasticization of the core section in the near future. The second numerical program was conducted 

using ANSYS for the identical structure and loading conditions. 

V .3.2- Dynamic 

The consideration of dynamic loading for the sandwich tubular structure was accomplished 

through the adaptation of the program originally established for static loading. The analytical 

program was carried out using MATLAB. Flowchart 4 outlines the various steps involved in 

achieving the behavior of the structure under such conditions. 

  



CHAPTER V: BEHAVIOR OF TUBULAR SANDWICH UNDER STATIC AND DYNAMIC LOADING 

88 

 

Flowchart 3. Flowchart of analytical and numerical steps resolution of sandwich pipe under Quasi-static internal 

pressure. 

Input Data:  𝜑𝑆
𝐼𝑛𝑡𝑒𝑟𝑛𝑎𝑙, 𝜑𝑆

𝐸𝑥𝑡𝑒𝑟𝑛𝑎𝑙  , 𝑛𝑠 , 𝑛𝑐 
Core : 𝐸𝑐 ; 𝜗𝐶, 𝐺𝑐  ; 𝛼𝑐  ; T00 ; 𝑒𝑐. 

Synthetic and biocomposite properties: 𝐸𝑥; 𝐸𝑦; 𝐸𝑧; 𝐺𝑥𝑥; 𝐺𝑦𝑦; 𝐺𝑧𝑧;  𝑀𝑢𝑦𝑥; 𝑀𝑢𝑧𝑦; 

𝛼𝐿 ; 𝛼𝑇 ; 𝑋𝑡  ; 𝑋𝑐  ; 𝑌𝑡 ; 𝑌𝑐  ; 𝑒𝑆, 𝐶𝐻 = 0 , 𝑃0 = 0 , 𝜎𝑖𝑗
(𝑘)
= 0 , 𝜀𝑖𝑗

(𝑘)
= 0 , ∆𝑇 = 0;  𝑛𝑠1 ;  𝑛𝑠2 

Analytical model 

Failure 

criterions 

No 

- TSAI-WU Criterion. 

- VON MISES Criterion. 

Stop  

Add Skins layer 
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Flowchart 4. Flowchart of analytical and numerical steps resolution of sandwich pipe under dynamic loading of 

internal pressure. 
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V .4- ANALYSIS OF A COMPOSITE SANDWICH PIPE UNDER QUASI-

STATIC LOADING 

This section is dedicated to present the results of sandwich pipe behavior under static loading.  

V .4.1- Mesh convergence for F.E.M  

A convergence exercise was undertaken through this section to establish an appropriate mesh. 

Refining element density in three directions concurrently is straightforward. To achieve this, 

increasing numbers of elements (3600, 8640, 18000, and 48000) through the thickness of 

incremental meshes are chosen to make a sensitivity study. 

Figure 48 summarizes the results of the convergence analyses based on adjusting the number 

of elements in the mesh, where good convergence was achieved, and we limit our mesh to 8640 

elements through the sandwich wall. 

 

Figure 48. Analysis of mesh convergence for finite elements of hoop stress distributions versus R. 
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Figure 49 represents the comparison between both analytical (developed using Matlab) and 

numerical results obtained by means of commercial software (ANSYS 18.1) for the radial 

displacement, hoop, and axial stress. This comparison shows a very good agreement and 

demonstrates that the responses of the structures are relatively well anticipated. 
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(c)  

Figure 49. Comparison of analytical and numerical results of Jute/epoxy. (a) Radial displacement, (b) Hoop stress 

and (c) Axial stress distributions versus R. 
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The inner skin The core  The outer skin 

 

 

 

 

 

  

Figure 50. The evolution of Hoop stress distribution for the sandwich pipe parts (inner, outer skins and the core) 

through thickness. 

 

V .4.4- Analysis of eco-sandwich pipe compared to synthetic sandwich 

A comparison of stress, strain and radial displacement distributions through the wall thickness 

in the sandwich pipes is established, between synthetic and natural composite materials design 

as Glass/epoxy, PALF/epoxy and Jute/epoxy for the same stacking sequence as shown in Table 

10. 

V .4.4.1- Radial displacement analysis 

Figure 51 shows a quasi-linear behavior of the variation of radial displacement through the 

radius. The structure's stiffness allows for a progressive decrease in radial displacement from one 

layer to another, which is determined by the material properties of the composite used as well as 

the stacking sequence of the lower and upper skins. The passage from one layer to another for 
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skins or from skin to core translates the continuity of displacement imposed by the model. The 

magnitudes of radial displacement show that synthetic structures based on glass/epoxy undergo 

lower radial swelling compared to that of biocomposite. 

 

Figure 51. The evolution of radial displacement distributions versus R of Seq 1. 
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stress which is about ten reflects the internal pressure applied to the structure, and it can lead to 

a discontinuity between the core and the upper layer of the lower skin and the inner layer of the 

upper skin, (Figure 52 (c)). 
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(c) 

Figure 52. The evolution of: (a) Radial stress, (b) Hoop stress and (c) Axial stress distributions versus R of Seq 1. 
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Figure 53. The evolution of shear stress distributions of the three composites versus R of Seq 1.  
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V .4.4.4- Analytical response of sandwich pipe under pure internal pressure 

Figure 55 shows the analytic response of sandwich pipe under pure internal pressure which is 

in good agreement with the evolution of hoop stress versus axial and hoop strains.  

The Jute/epoxy has the best results (i.e., having the smallest values of hoop stress, axial and 

hoop strains) followed by the PALF/epoxy and the Glass/epoxy.  

 

Figure 55. The evolution of hoop stress versus hoop and axial strains. 

 

 
(c) 

Figure 54. The evolution of (a) Axial strain, (b) Hoop strain and (c) Radial strain distributions versus R of Seq 1. 
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V .4.5- Failure analysis 

The Tsai-Wu criterion allows us to determine the rupture limit of the most stressed internal 

layers according to the increment of the loading pressure for the material configurations chosen 

in this work. Sandwich pipes composed of Glass/epoxy and biocomposite: Jute/epoxy, are 

compared, (See Figure 56). 

In this part, since there isn't any experimental data available regarding the fracture limits of 

PALF/epoxy, Palm/epoxy, and Alfa/epoxy biocomposites, we limit ourselves to comparing the 

failure behavior of the synthetic Glass/Epoxy with the Jute/Epoxy biocomposite. 

It is noticed that gradually reinforcing biocomposite sandwich by increasing the number of 

layers from Seq 1 to Seq 4 (see Table 10) increases their rigidity. The results show that for 

biocomposite sandwich pipe Jute/epoxy, the ultimate pressure is around 33 bars for Seq 1, 60 

bars for Seq 2, 80 bars for Seq 3, and finally 85 bars for Seq 4.  

The limit pressure for a sandwich tube based on biocomposite reaches 85 bars for Seq4, 

allowing for a safety factor of 2.66 for Jute/epoxy. It is noticed that the overall process is operated 

at 30 bar of high pressure for hydrogen transportation pipelines [238]. The safety factors obtained 

for biocomposites are larger than 2.25 reported by Nghiep et al. for storage composite pressure 

vessels [183]. 

In other words, these results obtained allow us to have confidence in the substitution of synthetic 

fibers by natural ones while optimizing the number of layers. 



CHAPTER V: BEHAVIOR OF TUBULAR SANDWICH UNDER STATIC AND DYNAMIC LOADING 

101 

 

Figure 56. Variations of Tsai-Wu criterion versus internal pressure for various layer counts. 

 

Figure 57 shows that the rupture threshold is not reached for the three materials, and it remains 

low compared to the elastic limit of the epoxy core of size 102.49 MPa [162]. The contribution 

of Jute/Epoxy with layered reinforcement guarantees the safety and reliability of the hydrogen 

transport structure.  

 

Figure 57. Variations of Von-Mises criterion of the three composites versus core radius.  
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V .5- ANALYSIS OF SANDWICH COMPOSITE PIPE UNDER CYCLIC 

LOADING 

The current section illustrates the stress and strain of a sandwich pipe subjected to only cyclic 

pure internal pressure. Analytically, the time-dependent displacement, stress, strain, and 

deformation distributions are determined. 

V .5.1-Analysis of Jute/Epoxy pipe behavior 

In the present section, an examination is conducted on the behavior of a sandwich pipe 

composed of Glass/Epoxy material. This analysis involves the presentation of radial 

displacement, stress, and strain distribution across the thickness of the structure, specifically 

focusing on the stacking sequence Seq1: [ [±60] / core / [±60] ].  

V .5.1.1- Radial displacement analysis 

Radial displacement and radial coordinates are demonstrated to be inversely related. Through 

the thickness direction, the solution provides a continuous displacement field along interfaces. 

The rigidity of the structure allows for a gradual reduction in radial displacement from one layer 

to the next, which is governed by the material properties of the composite employed in addition 

to the stacking sequence of the bottom and top skins. The transition between layers for skins or 

between skins and cores translates into the displacement continuity that the model requires, (See 

Figure 58).  

 

 

Figure 58. Radial Displacement distribution under cyclic internal pressure. 
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V .5.1.2- Stress analysis 

The time history of radial stress over the thickness of the cylinder under cyclic internal pressure 

is shown in Figure 59 (a). When the cyclic internal pressure is present, a temporal discontinuity 

arises, and the radial stress exhibits harmonic oscillations, which may be attributed to the 

harmonic characteristics of mechanical loads. The continuity of the radial stress concerning the 

radius can also be observed. This is consistent with the continuity conditions initially imposed 

on the problem. The compressive radial stress progressively -increases from the inner skin to the 

outer skin through the core of the sandwich pipe. The inner skin has the highest radial stress of -

12 MPa, which drops to zero at the outer skin due to the boundary conditions applied. 

The hoop stress distribution appears in Figure 59 (b). The amount of hoop stress increases when 

fiber orientation tends to be in a circumferential direction. 

Figure 59 (c) below shows the inverse correlation between axial stress and the absolute value 

of the ply angle. The amount of axial stress reduces when fiber orientation tends in a 

circumferential direction. Also, there are discontinuities at the interfaces of layers with various 

absolute values of orientation angle (there is continuity between layers with +60 and -60). The 

stress on the inner skin is greater than on the outer skin, with a compression state being recorded 

in the core.  
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(b)  

 

 
(c)  

Figure 59. Time history of: (a) Radial stress, (b) Hoop stress and (c) Axial stress distribution through the thickness 

of the pipe under cyclic internal pressure. 
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it is worth mentioning that there is discontinuity at the interfaces of different layers for shear 

stress. The shear stress jump occurs between layer fibers orientations of 60 and -60, where in the 

core layer it is nearly zero. The sandwich core's primary role is to transfer mechanical activities 

from one skin to the other by shearing. 

 

 

Figure 60. Distribution of the shear stresses under cyclic internal pressure. 
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Consequently, the radial strain of a biosandwich pipe experiencing simultaneous cyclic internal 

pressure is significantly influenced by the primary amplitudes of internal pressure. 
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(c)  

Figure 61. Time history of: (a) Axial strain, (b) Hoop strain and (c) Radial strain distribution through the thickness 

of the pipe under cyclic internal pressure. 
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indispensable to increase the number of skin layers to converge to the results of the glass/epoxy 

sandwich. In this final section, sequence 5 (Seq 5 in Table 10) of biosandwich is selected. 

➢ Radial displacement comparison 

The biocomposite structures exhibit less radial swelling than the synthetic Glass/epoxy 

structures, as indicated by the magnitudes of radial displacement in Figure 62. 
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Figure 62. The effect of different materials on radial displacement distribution under cyclic internal pressure. 

 

➢ Stress comparison 

Figure 63 (a) shows that the distribution of radial stress through the thickness of a composite 

sandwich pipe is not influenced by the type of material but rather by the boundary conditions 

applied. 

The Jute/epoxy and PALF/epoxy sandwich configurations exhibit lower sensitivity compared 

to glass/epoxy, with lower magnitudes of stress. This observation holds for both radial and axial 

stress distributions (Figure 63 (b) and (c)). 
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(b)  

 
(c)  

Figure 63. Effect of different materials on: (a) Radial stress, (b) Hoop stress and (c) Axial stress distribution. 

 

Concerning the shear behavior, the stress magnitudes obtained for the biocomposite are better 

than those for the synthetic materials (See Figure 64). 
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Figure 64. Distribution of the shear stresses under cyclic internal pressure for the 3 materials. 

➢ Strain comparison 

The skin's material determines the axial strain; Glass/epoxy provides the highest values, 

followed by PALF/epoxy, and Jute/epoxy provides the lowest values (See Figure 65 (a)). 

The results of this comparison can influence material selection for this application, allowing 

engineers to choose materials that demonstrate better durability and performance under cyclic 

internal pressure loading. Analyzing variations in hoop strains provides a full understanding of 

the materials' behavior and aids in designing structures with increased fatigue resistance. As 

illustrated in Figure 65 (b), biocomposites have the greatest hoop strain amplitude when 

compared with synthetic ones. 

Figure 65 (c) depicts the distribution of radial strain via the thickness of the sandwich pipe 

under cyclic internal pressure for the three materials, with the Glass/epoxy having the largest 

amount of radial strain, followed by the Jute/epoxy, and the PALF/epoxy having the least. 
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(c)  

Figure 65. Effect of different materials on: (a) Axial strain, (b) Hoop strain and (c) Radial strain distribution. 

➢ Failure comparison 

The highly stressed material configurations selected for this study can have their rupture limit 

determined using the Tsai-Wu criteria, where the stress used in this criterion are obtained in plane 

fiber, such as (longitudinal  σL, transverse σT  and shear  τLT  stresses). Under cyclic internal 

pressure, sandwich pipes made of glass/epoxy and biocomposite (Jute/epoxy) are examined (see 

Figure 66). Reinforcing biocomposite sandwich up to Seq 5 (7 layers of biocomposite layers) 

increases their rigidity. Compared to the static loading (see Figure 56), the Seq 4 with 5 layers in 

each skin provides security for sandwich pipelines under 85 bars. These results show the effect 

of dynamic loading on the security of structures compared to static loading. 
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Figure 66. Variations of Tsai-Wu criterion versus time for various skin materials. 

 

Figure 67 depicts the distribution of the Von Mises criteria as a function of the time loading of 

the epoxy core component in synthetic and biocomposite materials, where the core is considered 

an isotropic material and the stress equivalent is obtained in a cylindrical plane structure. The 

addition of biocomposite layer skins enhances the rigidity of the epoxy core and enables it to stay 

better than the core of a synthetic composite sandwich. The Von Mises criteria findings are below 

the elastic limit, estimated 102.49 MPa [162], providing credibility to the model created using 

the linear elastic approach. 

 

Figure 67. Variations of Von-Mises criterion versus time. 
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V .6- ECONOMIC APPROACH 

This section, which concludes the last chapter, aims to develop a comparative approach to 

estimating the cost of tubes made from synthetic fibers (Glass) compared with those made from 

natural fibers (PALF and Jute). 

A synoptic economic analysis for all types of Glass/epoxy, PALF/epoxy, and finally Jute/epoxy 

materials is given in the table below. The price of each of the components is expressed together 

with its percentage by volume. The results obtained show that, for the same thickness of the layer, 

the price of a biocomposite pipe is four times lower than that of a pipe based on Glass/epoxy. 

The specificity of biocomposite recycling and the environmental specificity reinforce this 

advantage of using biocomposite in manufacturing hydrogen pipeline transport in this a range of 

internal pressure. 

 

Table 11. Economic comparative approach between synthetic and biocomposites pipe solutions. 

 Glass 

fiber 

Natural fibers 
Epoxy Glass/epoxy 

Biocomposite 

PALF Jute PALF/epoxy Jute/epoxy 

Volumetric 

mass 

[Kg/m3] 

2400 953 1300 1200 1620 1162 1215 

Volume 

fraction 
0.35 0.15 0.15 0.65 – 

0.85 

- 

Pipe Volume: Thickens = 0.27×10-3m, 

Diameter = 66×10-3 m, Length =1 m. 
35.64×10-3 L 

Mass [Kg] 577×10-4 414×10-4 433×10-4 

Material 

Price [$ /Kg] 

[239]  

‘12-02-2024’ 

 

2.90 

 

0.75 

 

0.90 

 

0.50 

(2.9×0.35×2

400)+(0.5×

0.65×1200)

= 2826 

 

617.21 

 

685.5 

A layer pipe price (Liter) 100.71 23.93 24.43 

Price Synthetic/Biocomposite pipe comparison  201.42 =  

2 Layers 

8.41 Layers 8.24 Layers 
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V .7- CONCLUSION 

Chapter V is based on analytical and numerical methods established to evaluate the potential 

applications of eco-composites sandwich pipes under pure internal pressure in order to replace 

synthetic composites (Glass/epoxy). The present chapter focuses on two types of analysis: static 

and dynamic behavior. 

For the section of static analysis: 

➢ A substantial level of concurrence is observed between the analytical and Finite Element 

Method (FEM) results, notably for radial displacement, stress, and strain. 

➢ As the internal pressure loading on the sandwich pipe increases, the Tsai-Wu criterion is 

applied to prevent its failure. The progressive reinforcement of bio-composite sandwiches 

through the augmentation of layer count enhances their overall rigidity. 

For the section of dynamic analysis:  

➢ When it comes to the radial displacement and radial stress of composite sandwich 

pipelines, the analytical method developed can handle complicated time-dependent and 

integral boundary conditions related to internal pressure and continuity. 

➢ The analytical solution developed can be effectively employed for the dynamic analysis 

of functionally graded pipes and pressure vessels subjected to cyclic loads. 

➢ The distributions of time-dependent stress, strain, and deformation were obtained. 

➢ In the case of a sandwich pipe subjected to simultaneous cyclic internal pressure, the sign 

of axial strain is significantly influenced by the mean amplitude of the cyclic loading and 

reflects the imposed boundary conditions. 

➢ The Tsai-Wu criterion is used to avoid failure of the three different sandwich pipes. The 

gradual reinforcement of bio-composite sandwiches by increasing the number of layers 

increases their rigidity. 

The main results for both static and cyclic analysis lead to the following conclusions: 

➢ The results highlight that hoop and axial stresses are highly dependent on the properties 

of the materials involved. 

➢ Hoop and axial stress demonstrate that the inner skins are substantially strained compared 

to the outer layer. This may result in the commencement of progressive damage to the inner 
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wall of the sandwich tube, necessitating an augmentation in the number of layers for the 

internal skin as compared to the external one. 

➢ Shear stress findings demonstrate that the core part of the sandwich pipe does not 

contribute to the shearing state resistance, which is only supported by the skin parts. 

➢ When it comes to hoop strain, the biosandwich responds better in terms of stiffness 

compared to the synthetic sandwich since it has more layers of natural fiber-based skins. 

➢ Optimizing the number of layers of natural fiber-based skins is crucial for achieving a 

favorable quality/price ratio. 

➢ The findings of axial strain indicate that the structure is compressed in the axial direction. 

In this context, the jute/epoxy combination exhibits favorable behavior compared to 

glass/epoxy. 

➢ The hoop strain results demonstrate swelling in the sandwich pipe, which is more 

noticeable for the natural fiber composite in comparison to the synthetic fiber composite. 

➢ With a concentration in the core, the radial strain values show a condition of compression 

of the sandwich pipe wall through its thickness. 

➢ The pressure examined in this study is three times the anticipated service pressure, which 

is expected to be 30 bars. This provides a substantial safety margin when utilizing 

biocomposites in the production of sandwich tubes. 

➢ By increasing the number of layers, substituting bio-fibers for synthetic fibers produces 

suitable results and can play the same role at this point of analysis.  

➢ Taking into account a dynamic loading that reflects the reality of the behavior of a gas 

transport tube has influenced the integrity of the tubular structure compared to a quasi-static 

loading (with a number of 10 layers for each skin). In order to remedy this, additional 

reinforcement of layers in the lower and upper skins was suggested, increasing the total 

number of layers to 14 for each skin. 

➢ A comparative economic analysis was conducted, revealing that the price of the synthetic 

fiber-based solution is four times higher than that of the natural fiber-based solution. 
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CONCLUSIONS AND FUTURE DEVELOPMENTS  

The present thesis focuses on the dimensioning of eco-sandwich tubular structures with a 

comparison of results with tubes based on synthetic fibers (Glass), using natural fibers (PALF 

and Jute), Two models were developed to achieve this objective: the analytical model under 

Matlab software and the FEM model under Ansys. The developed models were used for the 

deterministic analysis of composite sandwiches under static internal pressure. To simulate the 

fatigue phenomenon, the analytical dynamic analysis is developed under cyclic loading of 

internal pressure. 

The multilevel structure of the composite sandwich and the effect of the behavior of the 

components of the composite material as fibers and matrix must be developed through micro- 

and macro-analysis before reaching the behavior of the sandwich tubular structure under different 

loadings. 

The initial contribution of this thesis was provided in Chapter 3, where analytical 

micromechanical models were developed using MATLAB and FE modeling methods using 

ANSYS Software, and the results were compared to existing experimental data. During this first 

contribution, three different natural fiber-reinforced composites were studied: Pineapple leaf 

fiber, Date palm fiber, and Alfa fiber. The analytical micromechanical models are based on four 

theories, which are: Halpin-Tsai, Chamis, Hashin vs. Rosen, and ROM. 

The micromechanical models developed allow for the prediction of the elastic properties of the 

three fiber-based eco-composites, which showed dispersion in terms of stiffness, where the 

composite based on PALF fibers presents the best behavior in tension, compression, and shear, 

followed by the composite based on Alfa fibers, and finally that based on Palm fibers. 

The second contribution of this thesis is focused on the macro-mechanical analysis of the 

element of the tubular composite sandwich, represented by stratification under loading, which 

represents the static internal pressure. The objective of this level of analysis is to develop an 

analytical model of sandwich element behavior with natural skins. A comparison was made 

between natural and synthetic fiber composites. The results obtained are significant in favor of 

replacing synthetic composites with natural ones, but more research is needed to decide on this 

solution. So, the structure-level analysis is important, and it is the objective of the last chapter. 
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▪ The forces applied to the sandwich plate simulate the internal pressure load that the 

tubular sandwich structure undergoes. 

▪ Macromechanical analysis assists in pinpointing the highly stressed layer, whether it 

pertains to the upper or lower skin, there by aiding in failure analysis and suggesting 

potential reinforcement measures. 

▪ The results obtained have illustrated that the mechanical properties play a significant 

role in influencing the behavior of composite sandwiches constructed from either 

synthetic or natural fibers. 

In the third part of this present study, a three-dimensional elasticity analytical model design for 

eco-sandwich pipes has been employed to evaluate the performance of composite pipes under 

the influence of both static and cyclic internal pressure. This comprehensive dynamic solution 

appears to be particularly effective with cyclic mechanical loadings and may be used as an 

accurate model in numerous engineering applications. The principal results allow for the 

following conclusions: 

❖ Improving the quality/price ratio requires optimizing the number of natural fiber-

based skin layers. 

❖ To protect the sandwich pipe against failure under static or cyclic loads, the 

current study reveals that gradually strengthening bio-composite sandwiches by increasing the 

number of layers increases their rigidity.  

❖ The pressure analyzed for the static and cyclic analyses is a factor of three of the 

service pressure, which is expected to be 30 bars. This provides a very significant safety 

margin when integrating biocomposites for designing sandwich tubes under static or cyclic 

loads. 

❖ Substituting synthetic fibers with bio-fibers produces suitable results by raising 

the number of biocomposite layers. 

❖ The tubular structure's integrity is impacted by dynamic loading, similar to that of a gas 

transport tube, rather than quasi-static loading with 10 layers of each skin. To address 

this, additional layers of reinforcement were proposed for the lower and upper skins, 

increasing the total number of layers to 14 for each skin. 

❖ The natural fiber-based alternative solution is four times less expensive than the 

synthetic fiber-based, according to a comparative economic analysis. 
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Future developments 

Considering the work carried out in this thesis, some future developments will be presented, 

including the following: 

❖ Further investigations are required for the new research axis of incorporating 

natural fibers into sandwich tubes using the filament winding process. 

❖ For the development of an optimal analytical and numerical tool design, it is 

crucial to integrate the potential damage behavior that may occur in both the skin and the core 

into the macro and structure levels. This behavior will be treated in the forthcoming study. 

❖ Propose a numerical model that integrates coupled mechanical and thermal 

analysis. Conducting a thermo-mechanical analysis is expected to yield different results in 

comparison with the findings from previous investigations, 

❖ Carry out various experiments for both mechanical and thermal behavior to 

correlate the findings with the analytical and numerical analysis. 

❖ Pipeline sandwich manufactured deals with leakages due to the porosity of the 

composite. To overcome this drawback, the internal skins filaments must be coated on a metal 

liner. This transport media conception can provide several advantages, and must be taken into 

account by the analytical and numerical developed. 

❖ The development of an optimization model for the parameters of biocomposite 

layers based on stochastic methods is essential to guaranteeing value for money for this 

replacement solution for synthetic composites. 

❖ The fatigue behavior of the composite structure requires the introduction of matrix 

damage and fiber laws into the developed micro model. The damage creates a plasticity 

behavior that leads to the loss of material properties. Using the dynamic model developed in 

this contribution, the fatigue behavior of the present solution can predict fatigue life and 

durability. 

❖ Taking into account the energy stored following a cyclic loading. 
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ANNEX A: 

 1- QUASI STATIC LOADING 

1.1- Analytical analysis 
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2- CYCLIC LOADING 
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