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Abstract 

Worldwide the construction industry uses more than three billion tons of raw materials every 

year, which represents approximately 40% of global raw material consumption, and is also 

responsible for 30% of global greenhouse gas emissions. Pipeline services are an unceasingly 

growing market, with commonly utilised pipes being manufactured from non-sustainable 

sources. Increasing worldwide environmental consciousness continuously pushes governments 

and corporations to look at new construction materials, with reduced consumption of raw 

materials via the use of renewable or waste materials being considered as a significant step to 

achieving a more sustainable construction industry. Natural fibres are readily available in many 

countries, and there is considerable potential for their application as a sustainable construction 

material, with flax fibre having shown substantial potential as an alternative material to replace 

synthetic fibres in polymer composites. Flax fibre-reinforced epoxy (FFRE) has been shown to 

have close similarity in specific tensile modulus with glass fibre-reinforced epoxy (GFRE) 

composites, and research on different structural components reinforced with or manufactured 

from FFRE have shown a substantial potential for FFRE composites to be used in structural 

components. This study provides a comprehensive understanding of the design and 

characterisation of FFRE composite pipes. Initially, a methodology that was based on manual 

fabric winding technique was developed to manufacture FFRE pipes. The application of FFRE 

pipes presents many advantages over the use of conventional pipe products namely, corrosion-

resistance and convenience for pipe transportation and installation when compared to steel and 
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concrete pipe counterparts and more sustainability when compared to plastic pipes. Buried 

pipelines are subjected to significant lateral compression due to the weight of the soil above 

the pipe (dead load) or resulted from the trucks or other vehicles traversing the pipeline at the 

ground surface (live loads).  In the next chapter physical and mechanical properties of flax fibre 

and FFRE composites with varying fabric layers were investigated and then the structural 

performance of FFRE pipes with varying diameters and fabric layers that were subjected to 

lateral compression loading was discussed. The FFRE pipes showed higher strength, flexibility, 

and specific energy absorption when compared to pipes manufactured from different natural 

fibre composites, while demonstrating comparable strength, specific strength, and specific 

energy absorption to synthetic and hybrid fibre composite pipes. Bending action can arise 

within elevated aboveground pipelines due to the weight of the pipe material and the containing 

fluid, from wind and earthquake loadings, and from pipe foundation subsidence. For 

aboveground pipes resting on the ground, pipe free spanning, which may be developed over 

time due to soil erosion or scouring, can lead to bending actions on pipelines. In underground 

pipelines, seismic shaking, liquefaction, fault movement, lateral ground movement, and ground 

differential settlement due to excessive traffic loading lead to bending actions on pipelines. The 

structural performance characteristics of FFRE pipes of varying diameters and flax fabric 

layers when subjected to bending were investigated, with the results demonstrating that the 

FFRE pipes had deformation capability that was greater than for pipes manufactured from 

synthetic fibre composites while FFRE pipes showing maximum bending moment that was 

comparable to the maximum bending moments of synthetic fibre composite pipes. External 

interferences are identified as a primary reason for the failure of pipelines. Contact of pipe wall 

with remaining pieces of rock within a buried pipe trench and earthmoving operations, 

specifically digging by excavators, are considered potential sources of external interferences 

to pipelines that may cause indentation or piercing of the pipelines. Indentation and piercing 

experiments were performed on the FFRE pipes using varying indenter nose shapes, and the 
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effect of fabric layers and pipe diameters on stiffness, strength, deformation, and service and 

structural failure mechanism of the FFRE pipes was established. Internal pressure is considered 

one of the primary stress sources in pipelines, and the ability of a pipe to safely sustain service-

level internal pressure is considered one of the major features of pipe engineering design and 

integrity assessment. In the next chapter FFRE pipes that had varying diameters and numbers 

of flax fabric layers were subjected to internal pressure loading, with the results showing that 

the pipe internal pressure that was associated with pipe leakage and pipe bursting exceeded the 

typical pipe pressure range for domestic use, for water distribution, and for long-distance water 

transmission by a wide margin based on current practice. Pipelines subjected to dynamic 

excitations fail in the pipe body due to tension, compression, and bending actions. Therefore, 

determining stresses in the straight segments of pipelines when subjected to dynamic ground 

motions is crucial concerning pipe safety design and seismic risk assessment. In chapter 8, 

dynamic and seismic performance characteristics of a free-spanning FFRE pipe that had 

varying extent of water content when subjected to harmonic and earthquake ground motions of 

varying characteristics were investigated. The pipe remained below yield limits of the material 

for all the ground motions tested, and no service or structural failure was detected in the pipe. 

Overall, FFRE pipes were effective in transmitting water and represented a significant potential 

as a viable alternative to the use of pipes constructed from conventional materials. 
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 Introduction 

1.1 Motivation 

The construction industry is one of the predominant and most active sectors worldwide, and is 

responsible for the consumption of 50% of European natural resources c. To build a sustainable 

construction industry, the European Union has announced that raw materials consumption must 

be reduced by 30% and waste production must be reduced by 40% [1–3], with the reduction in 

raw materials consumption by using renewable materials being considered as an important step 

to achieve a sustainable construction industry. International Council for Research and 

Innovation in Building and Construction called for more sustainable construction practices 

through the application of products derived from agricultural waste and other biological 

materials [4]. This strategy provides a great opportunity for new construction materials while 

preserving natural resources without changing conventional construction methods [3,5,6]. 

Pipelines perform vital functions in modern life by serving as arteries that bring life-dependent 

supplies such as water, petroleum products, and natural gas to consumers, and as veins by 

transporting life-threatening waste (sewage) produced by households and industries to waste 

treatment plants for processing [7]. 

Pipeline services are an unceasingly growing market [5]. In the U.S. water and wastewater 

sector, the need for developing new pipelines is growing at approximately 7.7% per year. Apart 
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from this growth, ageing is a big issue facing current vast pipeline systems. For example, over 

50% of the 1,000,000 km USA oil and gas pipeline system is more than four decades old [8]. 

Additionally, millions of people still struggle to access safe drinking water and sewer systems. 

It is estimated that 663 million people still lack access to “improved” drinking water sources 

[9]. Of them, 80% live in remote rural areas [10]. People spend an estimated 200 billion hours 

per year collecting water worldwide [11]. Piped water services are simply unaffordable in many 

communities in low-income regions or countries, particularly in remote rural areas [12]. 

Corrosion is one of the serious challenges facing steel and concrete pipelines. Concrete pipes 

are bulky and heavy, and both steel and concrete pipes are costly to handle, transport and install. 

Although plastic and synthetic fibre-reinforced polymer (FRP) pipes are corrosion-resistant 

and lightweight, they have the disadvantage of being manufactured from non-sustainable 

sources [13,14]. 

Humankind has used natural fibres (bio-fibres) since prehistoric times, with evidence having 

been found in Georgia in the form of wool and dyed flax that was manufactured up to 30,000 

years ago [15–18]. In 1997, approximately 45 million tonnes of fibres were produced, of which 

20 million tonnes were natural fibres [17]. In Europe  in 2003, approximately 43,000 tonnes of 

all the natural fibres produced were utilised as reinforcement in FRP composites [19], with this 

amount was estimated to reach 830,000 tonnes by 2020, which would account for 28% of the 

total reinforcement fibres (synthetic and natural) in FRP composites [16,20–22]. Natural fibres 

can be classified according to their origin into three categories, namely, plant (cellulous) fibres, 

animal fibres, and mineral fibres. Generally, the availability of animal fibres is lower than plant 

fibres, which makes animal fibres more expensive for normal applications [23]. Plant 

(cellulous) fibres are extracted from bast (see Figure 1.1) or the stem, seed hair, leaf, or fruit of 

a plant and are classified into several groups, as shown in Figure 1.2. Bast fibres are extracted 

from the bast or skin which surrounds the stem of plants, with these fibres offering higher 

http://www.wssinfo.org/fileadmin/user_upload/resources/JMP-Update-report-2015_English.pdf
http://www.ipsnews.net/2012/08/women-spend-40-billion-hours-collecting-water/
http://www.ipsnews.net/2012/08/women-spend-40-billion-hours-collecting-water/
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tensile strength when compared to fibres extracted from other parts of the plant. Therefore, bast 

fibres are used for yarn and fabric production [24]. 

 

Figure 1.1. Bast fibres in stem cross-section [25]. 

 

Figure 1.2. Classification of plant (cellulous) fibres [15]. 

Flax is one of the most used plant fibres worldwide (see Figure 1.3). Flax is cultivated in many 

countries (see Figure 1.3), and it has a short growing cycle, with only 100 days occurring 

between seeding and harvesting in Europe [26]. The carbon footprint associated with 

manufacturing one tonne of flax fibre is 99% lower than that for carbon fibre and is 84% lower 

than for glass fibre, is also 36% lower than jute fibre, 13% lower than kenaf fibre, and 7% 
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lower than hemp fibre [27]. S.W. Beckwith [28] and Dittenber and Ganga Rao [29] compared 

the physical and mechanical properties of glass fibre to various commonly used natural fibres 

such as sisal, ramie, kenaf, jute, hemp, flax, coir, and cotton, and found that of the tested fibres, 

flax fibre offered the best potential combination of low mass, low cost, high specific strength, 

and high specific stiffness to replace glass fibre in FRP composites. Flax fibre is a sustainable, 

biodegradable, and non-abrasive material. The density of flax fibres is lower than glass and 

carbon fibres [16] while the damping ratio of flax fibre is larger than the carbon and glass fibres 

[30]. 

 
Figure 1.3. Worldwide production of flax [31]. 

In FRP composites a polymer matrix holds the fibres together to provide a shape to the structure 

and to transfer the stresses to the fibres and protects fibres from physical damage, chemicals 

and corrosion [32]. There are two types of polymer materials in FRP composite manufacturing, 

namely thermosets and thermoplastics. The application of thermoset resin in natural fibre 

composites as a matrix has been gaining popularity compared to thermoplastics, mainly 

because thermosets out-perform thermoplastics in mechanical properties, chemical resistance, 

https://www.substech.com/dokuwiki/doku.php?id=thermosets
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thermal stability, and durability [33]. Also, thermosets allow for more flexibility in structural 

fibre configurations and can be processed at room temperature or temperatures comfortably 

within the safe range of natural fibres. Thermoset polymers are divided into three groups, 

including epoxy, polyester, and vinyl ester. Among these groups, epoxy is the most widely 

used resin. Epoxies out-perform most other thermoset resin types in tensile strength, tensile 

modulus, compressive strength, and resistance to environmental degradation. The increased 

adhesive properties, as well as increased resistance to water degradation of epoxy resins, make 

them ideal for applications such as boat building and pipes [34]. 

The increased adhesive properties, as well as increased resistance to water degradation of 

epoxy resins, make them ideal for applications such as boat building and pipes [34]. Flax 

fabric/fibre-reinforced epoxy (FFRE) composite offers many advantages over conventional 

materials. FFRE is corrosion-resistant [16] and therefore no special protective coating is 

required for corrosion protection of both internal and external surfaces of the pipes. 

Additionally, the unit weight of FFRE composite is significantly less than steel and concrete. 

Hence, FFRE pipes are expected to be more convenient for transportation and installation 

compared to steel and concrete counterparts. Moreover, the lower mass of FFRE means lower 

inertia forces will be attracted in the case of dynamic loading, e.g., earthquake excitations. 

Another advantage of utilising FFRE includes its remarkable ability to be moulded into desired 

shapes [13,14]. 

In recent years, the use of flax fibres to replace synthetic fibres as reinforcement in composite 

construction and building materials has gained popularity. Assarar et al. [35] compared the 

tensile properties of FFRE and glass FRE (GFRE) composites manufactured using the hand 

lay-up process and found that FFRE and GFRE had similar tensile strengths. Structural and 

dynamic performance characteristics of structural and mechanical components manufactured 

or reinforced with FFRE have been widely investigated in the literature. The results were 
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largely encouraging and show a significant potential for the application of FFRE in 

construction and manufacturing industries, especially in developing countries, where such flax 

fibres are often available in abundance [13,14,36–46]. 

With the motivation of facilitating the widespread introduction of FFRE as an alternative to 

traditional pipe manufacturing materials, a more sustainable composite structure with natural 

fibre reinforcements, i.e., FFRE for future pipe applications has been developed. In the 

presented study a systematic investigation of the manufacture and design of FFRE pipes was 

undertaken. The application of these pipes will promote development of the construction 

industry with greater energy efficiency and lower carbon footprint. 

1.2 Research objectives  

The study reported herein is part of a comprehensive investigation to assess the structural and 

seismic performance characteristics of FFRE pipes subjected to varying pipe loading scenarios 

to establish whether FFRE pipes have the potential to replace pipes manufactured from non-

sustainable materials. This study had the following detailed objectives: 

• To develop convenient methodologies to manufacture FFRE pipes using hand lay-up and 

vacuum bagging techniques. 

• To investigate the structural performance characteristics of FFRE pipes with varying 

diameters and varying fabric layers subjected to lateral compression loading and compare 

the FFRE pipe response with the counterpart pipes manufactured from conventional 

materials  

• To establish the effect of diameter and the number of fabric layers on the bending response 

of empty and water-filled FFRE pipes and to compare the bending response of FFRE pipes 

with the response of counterpart pipes manufactured from conventional materials.,  
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• To study the indentation and puncturing response of FFRE pipes with varying diameters 

and fabric layers when subjected to indenter load with varying nose shapes, and to compare 

the indentation and puncturing response of FFRE pipe with counterpart pipes constructed 

from conventional materials. 

• To establish the effect of pipe diameter and number of fabric layers on the service and 

structural failure of FFRE pipes when subjected to internal water pressure. 

• To study the dynamic and seismic response characteristics of FFRE pipes with varying 

diameters and thickness that had varying extent of water content. 

1.3 Structure of dissertation  

This thesis is structured into eight chapters, of which six chapters representing a stand-alone 

paper, either published or submitted for journal publication, and the remaining two chapters, 

i.e., chapters 1 and 8, are Introduction and Conclusion/Recommendations, respectively. 

Therefore, there is naturally an element of replication in each chapter, particularly in the 

methodology section of each chapter. All chapters are replicas of the papers which have been 

modified for consistency throughout the thesis. In each chapter an individual introduction is 

provided, which includes a literature review and motivations for the research, the methodology 

that was employed is outlined, the results are discussed, and the conclusions are presented. A 

complete bibliography is presented at the end of the thesis. The following outlines briefly the 

contents of the dissertation: 

Chapter 1. Introduction: In this chapter the motivation and objectives of this research are 

presented. Research gaps are identified, and the novelty/originality of the research are 

highlighted, and then the details of the structure of the thesis are presented.  

Chapter 2. Manufacture of flax fabric-reinforced epoxy pipes-A technical note: This 

chapter presents two step by step techniques to manufacture FFRE pipes, namely, manual 
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fabric winding and vacuum bagging techniques. Composite physical properties of the pipe 

material are evaluated in this chapter. 

Chapter 3. Flax fabric-reinforced epoxy pipes subjected to lateral compression: In this 

chapter the tensile properties of flax yarn, tensile and bending properties of FFRE composites 

with varying fabric layers are presented. This chapter also establishes experimentally the effect 

of pipe diameter and number of fabric layers on the strength, energy absorption capability, 

strains, and failure mechanism of the FFRE pipes when subjected to lateral compression 

loading. Additionally, in this chapter the structural performance characteristics of FFRE pipes 

are compared to the characteristics of pipes that are manufactured from natural and synthetic 

fibre composites or from metal. 

Chapter 4. Bending behaviour of flax fabric-reinforced epoxy pipes: The objective of the 

chapter is to establish the effect of diameter and number of flax fabric layers on the bending 

stiffness, maximum pipe bending moment, deformation mode, longitudinal and hoop strains, 

pipe service failure (seepage) and pipe structural failure mechanisms. Additionally, in this 

chapter, bending strength and associated curvature of FFRE pipes are compared to counterpart 

pipes that are manufactured from synthetic fibre composites.  

Chapter 5. Indentation and piercing behaviour of flax fabric-reinforced epoxy pipes: This 

chapter discusses indentation and puncture experiments that were performed on the FFRE pipes 

using conical nose, hemispherical nose, and wedge nose indenters. The objective of this chapter 

is to establish the effect of pipe diameter, number of flax fabric layers and indenter nose shape 

on the stiffness, strength, deformation, and failure mechanism of the FFRE pipes. Another 

objective of this chapter is to compare the indentation and puncture response of FFRE pipes 

with counterpart glass fibre-reinforced polymer (GRP) pipes. 
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Chapter 6. Flax fabric-reinforced epoxy pipes subjected to internal pressure: This chapter 

evaluates the experiments conducted on FFRE pipes to establish the effect of pipe diameter 

and the number of fabric layers on the pipe strains associated with pipe leakage and bursting 

when subjected to internal pressure. The obtained results are compared with the typical pipe 

pressure range for domestic use, for water distribution, and for long-distance water 

transmission based on current practice to explore the potential for FFRE pipe application. 

Another objective of this chapter is to compare the bust pressure of the FFRE pipes with that 

for counterpart GRP pipes. 

Chapter 7. Dynamic and seismic response characteristics of free-spanning flax fabric-

reinforced epoxy pipes: This chapter investigates the dynamic and seismic response 

characteristics of an above-ground free-spanning FFRE pipes that had varying extent of water 

content and was subjected to harmonic excitations of varying shaking frequencies and peak 

accelerations and the 22nd February 2011 Christchurch earthquake. Pipe acceleration, pipe 

displacement along the span, pipe strain in both circumferential and longitudinal direction 

along the pipe span, pipe acceleration and water pressure during the shaking are evaluated. 

Chapter 8. Conclusions and recommendations for future research: A summary of the main 

conclusions of the thesis and recommendations for future research are presented. 
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 Manufacture of flax fabric-reinforced epoxy 

pipes: A technical note 

2.1 Introduction 

Estimates indicate that 785 million people around the world have no access to safe drinking 

water sources; of them 80% live in remote rural areas [9]. Piped water services are unaffordable 

in low-income regions of many countries, particularly in remote rural areas [47]. In developing 

countries people spend 40 billion hours annually on collecting drinking water [11]. 

Global demand for building water pipelines is forecast to grow 7.5% annually through 2017 

[48], and this sector represents a significant potential for the use of more sustainable materials 

in pipe manufacture. Natural fibres are low cost and renewable, have relatively high specific 

strength, specific stiffness and low density and do not cause skin irritation [16]. Flax fibre 

offers the best potential option to substitute glass fibre in FRP composites compared to other 

natural fibres when considering the cost, and properties of the fibres [29]. Climatic conditions 

in many regions around the world are perfect for flax cultivation, with the growing cycle of 

flax being short (100 days) between sowing and harvesting [16]. Carbon footprint associated 

with manufacturing one-tonne of flax fibres is approximately 99% lower than carbon fibre, is 

84% lower than glass fibre, and is 36%, 13%, and 7% lower than Jute, kenaf, and hemp fibres, 

respectively [27]. The response of different structural elements manufactured or reinforced 
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with flax fabric-reinforced epoxy (FFRE) composites has been thoroughly investigated, and 

the FFRE composites demonstrated substantial potential to be utilised as structural members 

of different configurations [13,41,44,49]. 

The authors have developed a more sustainable composite for pipe manufacture using FFRE, 

featuring many advantages over the use of conventional pipe products. While steel and concrete 

are vulnerable in corrosive conditions [50], FFRE is corrosion-resistant [16], and does not 

require a protective coating for corrosion protection of the internal and external surfaces of 

FFRE pipes. All commonly used pipes are produced from non-sustainable resources, while flax 

fibre in FFRE composite is a sustainable material. Furthermore, the density of FFRE composite 

is approximately 50% of the density of concrete and 16% of the density of steel [13], thus 

FFRE pipes are more convenient for transportation and installation than counterpart concrete 

and steel pipes. 

Utilising locally available labour and simple techniques in the construction and preservation of 

water infrastructure is considered an effective strategy towards progressing regional economic 

development and providing security of water supply in some less industrialised and remote 

regions. Current composite pipe manufacturing processes, i.e., filament winding or pultrusion 

processes, are highly advanced, with the implementation of these manufacturing technologies 

in remote and less-industrialised areas being difficult to achieve. Utilising locally available 

labour and simple techniques in the construction and preservation of water infrastructure is 

considered an effective strategy towards progressing regional economic development and 

providing security of water supply in some less industrialised and remote regions. In the 

reported study, two techniques were adopted to manufacture pipes using FFRE composite, 

namely (1) the manual fabric winding technique and (2) the vacuum infusion method. The 

adaptation of the manual fabric winding technique for the FFRE pipe manufacture was inspired 

by previously-reported success when this technique was used to retrofit pipes [51,52] and 
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structural elements such as columns [53,54], and the adaptation of the vacuum infusion method 

for pipe manufacture was inspired by previously-reported success when this technique was 

used for the structural rehabilitation of buried pipes [55]. In Refs. [56–58] several primary 

factors that are involved in the composite manufacturing process via manual fabric winding 

(akin to hand layup), vacuum infusion, filament winding, and pultrusion methods were 

analysed and the impact of each factor was scored and is given in Table 2.1 and Figure 2.1. 

The manual fabric winding and vacuum infusion techniques were employed for FFRE pipe 

manufacture because these techniques outperformed pultrusion and filament winding 

techniques in tooling cost, operating cost, and purchase price of equipment which makes these 

techniques more suitable for pipe manufacture in remote and less developed regions, as 

presented in Figure 2.1. The manual fabric winding technique would be more advantageous to 

implement in remote and less developed regions where FFRE pipes can be manufactured 

without requiring advanced manufacturing technologies. Another reason for the adaptation of 

manual fabric winding and vacuum winding techniques for the FFRE pipe manufacture was 

that the Faculty of Engineering at the University of Auckland lacked the high-tech gear to 

produce pipes using either pultrusion or filament winding techniques. While supplying the 

high-tech gear for the pipe production was beyond the budget of the reported research project, 

the manufacture of FFRE pipes with varying geometries was attainable via the manual fabric 

winding and vacuum infusion methods considering the project budget.  
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Table 2.1. Comparison of composite pipe manufacturing techniques. 

  Vacuum 

Infusion 

Manual fabric 

Winding 
Pultrusion 

Filament 

Winding 

Process 
Process score  

(higher is better) 
4.0 2.5 8.0 6.3 

Cleanliness Messy 0 <---> 10 clean 5 1 9 7 

Difficulty/skill level Difficult 0 <---> 10 Easy 3 4 4 4 

Controlled resin 

content 
None 0 <---> 10 Controlled 7 2 9 6 

Production speed Low 0 <---> 10 High 1 3 10 8 

Results 
Results Score 

(higher is better) 
7.3 2.3 7.3 6.8 

Complexity of part None 0 <---> 10 Best 5 4 6 7 

repeatability None 0 <---> 10 Best 8 2 8 7 

Void content High 0 <---> 10 Low 7 2 6 5 

Fibre Orientation 

control 
None 0 <---> 10 Best 8 1 7 8 

Repeatable 

mechanical properties 
Low 0 <---> 10 High 7 2 8 6 

Controlled weight Low 0 <---> 10 High 9 3 9 8 

Materials 
Materials Score 

(higher is better) 
5.3 8 5.3 5.7 

Consumable cost High 0 <---> 10 Low 2 7 2 3 

Cost of materials High 0 <---> 10 Low 8 9 8 8 

Shelf life of materials Low 0 <---> 10 High 6 8 6 6 

Tooling cost 
Tooling Score 

(higher is better) 
5.0 7.0 0.0 0.0 

Operating cost 
Operating Score 

(higher is better) 
5.5 5 4 3.5 

Facility cost High 0 <---> 10 Low 6 9 0 0 

Labour intensity High 0 <---> 10 Low 5 1 8 7 

Equipment 
Equipment Score 

(higher is better) 
8.0 9.3 1.3 2.0 

Equipment expense High 0 <---> 10 Low 8 9 0 0 

Dedicated unique 

equipment 
High 0 <---> 10 Low 7 10 2 2 

Part limited to 

equipment size 
None 0 <---> 10 High 9 9 2 4 
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Figure 2.1. Comparison of composite pipe manufacturing methods. 

2.2 Pipe manufacture 

2.2.1 Materials 

The application of thermoset resins as a matrix in natural fibre composites has been gaining 

popularity compared to thermoplastic resins, mainly because thermoset resins outperform 

thermoplastic resins in mechanical properties, chemical resistance, thermal stability, and 

durability [33]. Thermoset resins can be processed at room temperature [59] without requiring 

composite curing ovens, making them suitable for use in less industrialised regions and the 

regions far from developed areas. Another factor why thermoset matrix composites generally 

have better mechanical performance than thermoplastics is the development of stronger 

interfacial bonding between natural fibre and polymer matrix by using thermoset resins when 

compared to thermoplastic resins [60]. Thermoset polymers are categorised into four groups: 

epoxies, polyesters, vinyl esters, and polyurethane. Of the thermoset resin category, the epoxy 

resin type was selected for pipe manufacture because epoxies generally outperform other 

thermoset resins in tensile strength, tensile modulus, compressive strength, and resistance to 

environmental degradation [34]. In the case of manual fabric winding technique, plain weave 
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flax fabric (areal density of 550 g/m2), 105 West System epoxy resin (which is a suitable resin 

type for manual composite manufacturing processes with the most affordable price in the New 

Zealand market at the time of the project), and its 209 extra slow hardener were used for pipe 

manufacture. In the case of FFRE pipes, the vacuum infusion technique, plain weave flax fabric 

(areal density of 550 g/m2), Gurit PRIME™ 27 epoxy resin (which is a suitable resin type for 

the vacuum infusion process with the most affordable price in the New Zealand market at the 

time of the project), and its PRIME™ slow hardener were utilised for the pipe manufacture. 

2.2.2 Manual fabric winding technique 

PVC pipes were employed as mandrels to manufacture FFRE pipes. Mould oil was applied on 

the external surface of the mandrel (Figure 2.2a), and then polyethylene strips were placed 

along the axial direction of the mandrel and held tightly using strong rubber bonds at both ends 

of the mandrel (Figure 2.2b). Then a polyethylene sheet was tightly taped around the mandrel 

(Figure 2.2c and Figure 2.2d). The use of mould oil along with polyethylene strips substantially 

facilitated FFRE pipe demoulding after curing the FFRE composite. 

Liquid resin was spread on the flax fabric using a spatula and the fabric was impregnated via 

rubbing the resin, rolling, and squeezing the fabric. The impregnated flax fabric was then 

wound around the mandrel while with one hand the fabric was held and with the other hand 

the fabric was stretched in both circumferential and axial directions, with the warps oriented 

parallel to the pipe axial direction and the wefts oriented in the pipe circumferential direction 

(Figure 2.2e). This step was repeated until the targeted number of fabric layers was achieved 

(Figure 2.2f). Stretching the impregnated flax fabric during wrapping increased the fibre 

volume fraction of the flax leading to greater structural integrity of the pipe. The mandrel was 

occasionally spun within the next hour to prevent any resin dripping and fabric layers sagging. 

The pipe specimens were cured for ten days at a constant temperature of 29°C after which the 
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polyethylene strips were removed (Figure 2.2g), and the pipe specimens were easily demoulded 

(Figure 2.2h). 

  

(a) Rubbing of mould oil on mandrel external surface  
(b) Aligning polyethylene strips along mandrel axial 

direction 

  
(c) Wrapping polyethylene sheet around mandrel (d) Taping polyethylene sheet around mandrel 

  
(e) Wrapping resin-impregnated flax fabric   (f) Wrapping finished 

  
(g) Removing polyethylene strips (h) FFRE pipe after demoulding 

Figure 2.2. Manufacturing process of FFRE pipes using manual fabric winding technique. 

2.2.3 Vacuum bagging technique 

Cardboard tubes were used as mandrels to manufacture FFRE pipes through the vacuum 

bagging technique because cardboard tubes could be easily removed from the composite when 

they were exposed to water whilst removal of composite pipes from PVC or steel mandrels 

was impractical. Several layers of thin plastic film were tightly wrapped around the mandrel 

with the length of the wrapped film exceeding the length of the composite pipe (Figure 2.3a). 
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The film separated the resin from the cardboard tube, consequently facilitating pipe 

demoulding and reducing the amount of resin required for pipe manufacture. Flax fabric was 

then tightly wound around the mandrel to avoid forming composite ripples on the pipe by the 

application of vacuum (Figure 2.3b). A layer of peel-ply which was fractionally bigger than 

the pipe tightly covered the flax fabric layer to leave a consistent pipe surface after peeling off 

from the cured FFRE pipe (Figure 2.3c). A layer of flow media covered the peel-ply to ensure 

that the resin flowed through the pipe and then two spiral plastic tubes were wrapped around 

the mandrel at the pipe ends for resin feed in and resin out (Figure 2.3d). To avoid any punctures 

in the vacuum bag by the edge of the mandrel while applying vacuum, two bolt-shaped wooden 

shafts were fabricated, with the diameter of the grip being smaller than mould internal diameter 

and the diameter of the shaft head being larger than the mould external diameter to avoid the 

shaft being pulled into the cardboard tube during the application of vacuum. The edges of the 

shaft head were filleted and covered with a soft cloth to avoid cutting the vacuum bag during 

the application of vacuum PVC tubes were used to connect the resin feed spiral tube to the 

resin pot and to connect the vacuum spiral tube to the catch-pot (Figure 2.3e). The entire mould 

was sealed using a vacuum bag having 150% larger area than the mould with the aid of very 

sticky gum tape (tack-pack, see Figure 2.3f). Sealing of the bag against any air leakage was 

checked prior to resin application by clamping the resin feed PVC tube, vacuuming the sealed 

bag, and then turning off the pump for one hour and controlling the pressure inside the vacuum 

bag. The plastic bag was repositioned during the vacuum phase to avoid forming any bridging 

gap, which trapped air bubbles and formed ripples on the pipe surface. The epoxy resin was 

prepared, and the air bubbles were evacuated from the resin using the vacuum pump, and then 

the resin was applied to the flax fabric while the volume of the liquid resin passing through the 

PVC tube was controlled using the line clamp (Figure 2.3g). The PVC tube was clamped once 

the resin in the composite reached the vacuum spiral tube on the other side of the mould. The 
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vacuum pump was left on until the composite pipe was fully rigid, and the pump was then 

removed from the composite pipe. The bagging stack was removed from the composite pipe 

after curing the pipe (Figure 2.3h). The cardboard tube was filled with water to allow the 

cardboard to soak in the water (Figure 2.3i) and be easily removed from the FFRE pipe (Figure 

2.3j). 

2.2.4 Pipe liner and external coat 

The external surface of the pipes was cleaned off using abrasive metal wire brushes and 

compressed air pressure. Two circular wooden blocks having a diameter equal to the FFRE 

pipe internal diameter and 20 mm thickness were screwed to the pipe ends. One of the wooden 

blocks was equipped with a hole at the centre and the liquid epoxy resin was poured inside the 

pipe through the hole. The liner and external coat were achieved by immediately positioning 

the FFRE pipes in a rotating machine (Figure 2.4) spinning the pipes slowly and continuously 

while adding some liquid epoxy resin on pipe external surface until the epoxy resin evenly 

spread and covered the pipe internal and external surfaces. The rotating machine was operated 

a minimum of 10 hours to ensure that the epoxy resin was completely dried. The wall of the 

FFRE pipes was composed of three layers namely, an external coat of epoxy resin, an internal 

layer (liner) of epoxy resin and a structural layer of FFRE composite located between the 

external coat and liner (see Figure 2.5). The major functions of the liner were to provide a leak-

free pipe and to improve pipe durability by insulating the FFRE composite layer from the fluid 

in the pipe. The external layer was necessary to construct in order to protect the structural layer 

from ultraviolet (UV) radiation for aboveground pipe applications and to protect the pipe's 

structural layer from mechanical damage caused by external interferences [61]. Another reason 

for constructing the external layer was to protect the flax fibre from degradation by insulating 

the structural layer from moisture in the environment surrounding the pipe and adding extra 

resistance to pipe functional failure (leakage). 



Chapter 2                                                                  Manufacture of flax fabric-reinforced epoxy pipes 

20 
 

  

(a) Wrapping thin plastic film around cardboard tube  (b) Flax fabric wrapped around mandrel 

  

(c) Peel-ply covered flax fabric 
(d) Flow media covered peel-ply and bolt-shaped shafts 

positioned at ends of mandrel  

  

(e) Spiral plastic tubes wrapped around the mandrel  (f) Vacuum bag covered mandrel 

 

 

(g) Vacuuming bag and applying resin (h) Removing bagging stack, flow media and peel-ply 

 

 

(i) Filling cardboard tube with water (j) FFRE pipe after demoulding 

Figure 2.3. Manufacturing process of FFRE pipes using vacuum bag process. 
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Figure 2.4. Rotating machine. 

The role of the structural layer was to provide pipe structural and mechanical strength against 

the loadings. The average values for the thickness of liner and external coat for the 

manufactured pipes are given in Table 2.2. 

 

 

(a) Pipe cross-section (b) Close up view of pipe wall thickness 

Figure 2.5. Details of FFRE pipe wall thickness. 

Water transmission inside the pipes leaches the pipe compounds that could potentially affect 

water quality [62]. Therefore, the FFRE pipe specimens shall be subjected to chemical and 

biological tests specified in BS 6920-2.1:2014 [63] or in AS/NZS 4020:2018 [64] to establish 

the suitability of these pipes for carrying potable water. A thin layer of hygienic lining, such as 

a layer manufactured from organic polymers, could be applied to the FFRE pipe internal 

surface if the quality of the water could not meet the specifications provided in BS 6920-
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2.1:2014 [63] or in AS/NZS 4020:2018 [64].   

Table 2.2. FFRE pipe geometric properties. 

Specimen 

type 
Technique 

Structural 

layer 

thickness 

(mm) 

Liner 

thickness 

(mm) 

External 

coat 

(mm) 

Pipe 

mass 

(gm) 

Void content 
Fibre 

mass 

fraction 

Fibre 

volume 

fraction 
Buoyancy Microscopic 

D38-N2 

M
an

u
al

 f
ab

ri
c 

w
in

d
in

g
 

3.02 1.68 1.12 28.32 0.05 0.06 0.42 0.37 

D38-N3 4.35 1.80 1.75 47.04 0.06 0.05 0.40 0.38 

D38-N4 5.51 1.49 1.73 54.16 0.06 0.06 0.42 0.40 

D60-N2 3.22 1.27 1.32 73.82 0.05 0.05 0.41 0.38 

D60-N3 4.93 1.68 1.27 131.94 0.05 0.06 0.42 0.38 

D60-N4 6.16 1.39 1.62 146.09 0.06 0.06 0.43 0.41 

D100-N2 3.32 1.25 1.09 205.57 0.05 0.06 0.43 0.37 

D100-N3 4.87 1.68 1.54 303.59 0.06 0.06 0.44 0.39 

D100-N4 6.42 1.74 1.69 433.28 0.06 0.07 0.44 0.42 

D160-N4 5.40 1.77 1.71 752.04 0.06 0.06 0.43 0.42 

D205-N4 5.61 1.57 1.76 1414.30 0.05 0.06 0.43 0.41 

D60-N2 Vacuum 

bagging 

2.22 1.55 1.72 59.52 0.04 0.05 0.55 0.48 

D60-N3 3.21 1.62 1.48 93.21 0.04 0.06 0.53 0.46 

D60-N4 4.14 1.49 1.57 115.54 0.04 0.06 0.53 0.46 

Note: ‘D’ indicates pipe internal diameter and ‘N’ indicates the number of fabric layers. For example, D100-N2 indicates a 

pipe with 100 mm internal diameter and two layers of flax fabric. 

2.3 FFRE composite physical and mechanical properties 

The pipes manufactured using the manual fabric winding technique had 2, 3, and 4 fabric 

layers, had pipe diameters ranging from 38 mm to 205 mm and had pipe lengths up to 5500 

mm. For the vacuum bagging technique, the manufactured pipes had 2, 3, and 4 fabric layers, 

pipe diameters were equal to 60 mm, and the pipe lengths were up to 1500 mm. The void 

contents of FFRE pipes were determined using a buoyancy (Archimedes) technique, according 

to ASTM D2734 [65], as well as an optical digital microscopy technique combined with image 

analysis software. In Figure 2.6, micrographs for a 4-layer pipe manufactured using manual 

fabric winding technique and a 3-layer pipe manufactured using vacuum bagging technique are 

shown. The flax fibre volume fractions and the void contents in the FFRE pipes were 

determined and are listed in Table 2.3. The results showed that the FFRE pipes had relatively 

small values for composite void contents and had relatively large values for the fibre volume 

fraction, indicating that the manual fabric winding technique employed for the pipe 

manufacture was satisfactory when considering FFRE composite physical properties.  
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Figure 2.6. Micrograph pictures of structural pipe wall thickness. 

Table 2.3. Physical and mechanical properties of FFRE composites produced using hand layup 

technique. 

No. of flax 

fabric layers 

Structural 

layer thickness 

(mm) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Tensile 

strain at 

failure 

Void content Fibre 

volume 

fraction 
Buoyancy Microscopic 

2-layer 2.96 34.51 3.38 0.013 0.05 0.05 39% 

3-layer 4.49 43.87 3.98 0.016 0.06 0.05 41% 

4-layer 5.80 49.77 3.51 0.021 0.05 0.06 43% 

Note: ‘N/A’ indicates ‘not applicable’. 

2.4 Structural performance of FFRE pipes 

Forty-two FFRE pipes were manufactured, of them, 33 pipes were manufactured using manual 

fabric winding, and nine pipes were manufactured using the vacuum bagging technique. The 

pipes had various internal diameters of Dint = 38, 60, 100, 160, and 205 and the number of 

fabric layers of 2, 3, and 4. The length of the pipes was 1.5 times the pipe external diameter. 

Three pipes were manufactured for each specific pipe group. Parallel plate loading was 

conducted with a constant loading rate of 2 mm/min, according to ASTM D2412 [66]  (see 

Figure 2.7). A companion paper of this study that investigates the structural behaviour of FFRE 

pipes when subjected to parallel plate loading has been already published [13]. FFRE pipes 

showed a vertical displacement-to-internal diameter ratio (δv/Dint) larger than 0.02 without 

significant structural damage, such as cracking. Therefore, FFRE pipes are categorised as 

flexible pipes and could be designed for a maximum vertical pipe displacement of δv = 0.05~0. 

075Dint . The stiffness of FFRE pipes was measured at δv/Dint = 0.05 with the averaged 

values of pipe stiffness and peak pipe load given in Figure 2.8. Pipe stiffness’s ranged from 

0.17 to 12.71 MPa, and the pipe peak load ranged from 8.07 to 48.52 kN·m-1, depending on 
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the pipe diameter and the number of fabric layers. The stiffness and the peak load of vacuum 

bagging pipes were smaller than the pipes manufactured using manual fabric winding 

technique because of the smaller wall thickness of vacuum bagging pipes when compared to 

the counterpart manual fabric winding pipes and subsequently smaller circumferential bending 

strength. Thus, the parallel plate loading tests for vacuum bagging pipes were limited to the 

pipes with an internal diameter of 60 mm.  

The mechanical properties of FFRE composites not only depend on the properties of the 

compound materials, i.e., flax fibre and epoxy resin, but also on the manufacturing process of 

the composite. FFRE pipe specimens that are manufactured differently are not expected to 

achieve the same results because the implementation of different composite manufacturing 

techniques leads to variations in fibre and resin volume fractions, void contents, Young’s 

moduli, tensile strengths, and pipe wall thicknesses [67,68], subsequently leading to different 

pipe structural performances. Advanced pipe manufacturing techniques for FFRE composite 

pipes are expected to generate superior structural and mechanical properties when compared 

to the results obtained when testing pipes manufactured using manual techniques. Similar 

structural performance characteristics are expected to be achieved for FFRE pipes derived 

using different manufacturing methods if advanced technologies are employed for the pipe 

manufacture, through which the precise control of the fibre and resin volume fraction, void 

content, fibre orientation, and pipe wall thickness is attainable. 

The limitations of implementing the manual fabric winding technique for pipe manufacture 

included low fibre volume fraction of the composite, nonuniform quality of the composite 

leading to uneven pipe thickness, and nonuniform distribution of fibre and matrix. Other 

limitations were the longer production time, lower production rate, and high demand for 

composite manufacturing skills, which made the process unsuitable for producing large size 

pipe geometries. Additionally, the laminate was normally achieved with the incorporation of 
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excessive quantities of voids when compared to composites manufactured using advanced 

methods. The resin used in the manual fabric winding technique had a high viscosity, and 

therefore, the reduced workability of the resin could compromise the mechanical properties of 

the pipe material, depending on the dimensions of the manufactured composite pipe. The major 

limitation for implementing the vacuum infusion technique was slower cycle times of pipe 

production when compared to the manual fabric winding technique. Vacuum infusion is usually 

not worth considering for applications requiring high production rates where another 

manufacturing solution is feasible. Additionally, the vacuum infusion process had higher 

consumable costs when compared to the manual fabric winding technique and caused 

considerable waste material such as vacuum bag film, resin tubing, vacuum tubing, flow media, 

and peel ply. The vacuum infusion process was a relatively complex process to perform well 

when compared to the manual fabric winding technique, and therefore trained technicians were 

needed to oversee the process. 

The reason for the decision to adopt the manual fabric winding and the vacuum infusion 

techniques was to provide simple procedures for pipe manufacture by local people using local 

materials (flax fibre), minimum machinery, and minimum supervision in remote and less-

industrialised areas where the implementation of highly advanced pipe manufacturing 

processes is difficult to achieve. 

 

Figure 2.7. Details of parallel plate loading test set-up. 
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(a) Pipe stiffness (b) Peak pipe load 

Figure 2.8. FFRE pipe structural response. 

Flax fibre offers comparable stiffness, tensile strength, and cost to glass fibre [29]. Therefore, 

it is estimated that industrially manufactured FFRE pipes offer comparable costs to GFRE 

pipes. A systematic investigation is required to compare the cost of FFRE pipes with the 

conventional pipe products by considering material and manufacturing costs, pipe strength for 

various loadings, pipe service life, pipe transportation and installation costs, and carbon 

footprint. 

2.5 Conclusions 

In this study, two techniques were described to manufacture composite pipes with varying 

numbers of fabric layers, diameters and lengths using flax fabric and epoxy resin, namely, 

manual fabric winding and vacuum bagging techniques. The proposed techniques provide 

simple procedures for pipe manufacture using minimum machinery while the manufactured 

pipes showed satisfactory physical and mechanical properties. The manual fabric winding 

technique would be more advantageous in remote and less developed regions where flax fibres 

are found in abundance.  
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Jason M. Ingham. Flax fabric-reinforced epoxy pipes subjected to lateral compression. 

Composite Structures. Volume 244, 15 July 2020, 112307. 

https://doi.org/10.1016/j.compstruct.2020.112307. 

3.1 Introduction 

Natural fibres are readily available in many countries, and there is considerable potential for 

their application as a sustainable construction material [69,70] due to increasing environmental 

concern [71,72]. In order to achieve a more sustainable construction industry, the United States 

(US) Department of Agriculture and the US Department of Energy have set goals of having at 

least 10% of all basic chemical building blocks to be created from renewable and plant-based 

sources by 2020, increasing to 50% by 2050 [73,74]. Additionally, the International Council 

for Research and Innovation in Building and Construction (CIB) published its Agenda 21 on 

Sustainable Construction (CIB Report Publication 237) in 1999, placing emphasis on the use 

of agricultural waste products and other biological materials as building products for further 

sustainable construction practices [4]. 

https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://doi.org/10.1016/j.compstruct.2020.112307
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The substitution of synthetic fibres for natural fibres has recently become a focus in composite 

research [16,17,29,37,42,75–77]. For example, Dittenber and Ganga Rao [29] compared the 

physical and mechanical properties of glass fibre to more than 20 commonly used natural fibres 

such as sisal, ramie, kenaf, jute, hemp, flax, coir, and cotton, and found that of the various 

natural fibres tested, flax fibre offered the best potential combination of low mass, low cost, 

high strength, and high stiffness. 

The behaviour of structural members of various configurations made or strengthened with flax 

fabric-reinforced epoxy (FFRE) laminates has been widely studied previously [35,41,78,79]. 

Such research shows close similarity in tensile strength between FFRE and glass fibre 

reinforced epoxy (GFRE) composites [35], indicating the substantial potential for FFRE 

composites to be used in structural components, especially in developing countries where flax 

fibres are often available in abundance [41,49,78].  

GFRP composites used in pipes, tanks and corrosion-resistant applications represent the third 

largest group of glass fibre applications in Europe [70,80], such that this industry sector 

provides many potential opportunities for the application of flax fibres in composite pipe 

manufacture. FFRE offers many advantages for manufacturing pipes when compared to 

conventional pipe materials such as polyvinyl chloride (PVC), glass fibre reinforced plastic 

(GRP), steel, and concrete. FFRE resists corrosion [16,81] and no protective coating is required 

on the internal and external pipe surfaces when compared to their steel counterparts. PVC and 

GRP pipes are commonly used to address the corrosion issue, and these alternative pipe 

systems are manufactured from non-sustainable resources. The application of synthetic fibres 

for the manufacture of water pipes may be a health hazard if any synthetic fibre debris causes 

contamination of the water passing along the pipe, whereas natural fibre debris may result in 

such health hazards being avoided [55]. Additionally, FFRE composites are approximately 

16% the density of steel and 50% the density of concrete [53], such that FFRE pipes are 
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expected to be more convenient for transportation and installation when compared to their steel 

and concrete counterparts. Furthermore, the reduced mass of FFRE results in lower inertia 

forces being attracted during dynamic loadings such as earthquake excitations when compared 

to their steel and concrete counterparts. 

Although FFRE composites have the potential to be used in pipe manufacture, several 

challenges for practical application of FFRE pipes still exist. One major concern is the 

durability of FFRE composites [82,83], with the shortage of existing data related to the 

durability of FFRE being one major challenge that needs to be overcome prior to widespread 

acceptance of FFRE for pipe manufacture. The durability of FFRE composites subjected to 

ultraviolet and water spray ageing cycles for 1500 hours was studied by Assarar et al. [35] and 

Yan and Chouw [84], with the results showing that the reduction in the tensile strength of FFRP 

composites was 29%, the reduction in Young’s modulus was 37%, the reduction in ultimate 

tensile strain was 31%, the reduction in bending strength was 10%, the reduction in bending 

modulus was 11%, and the reduction in ultimate bending strain was 14%. Chemical, physical, 

and physiochemical treatment of fibres is considered to be an effective method to improve the 

durability of the natural fibres, by decreasing the hydrophilic nature of the fibres [85,86].  FFRE 

composites have relatively poor moisture resistance because of the presence of polar groups 

such as hydroxyl groups (R-OH), amines (R-NH2), and sulfhydryl group (R-SH) in the fibres 

when compared to glass or carbon FRP composites [60,87], and flax fibres with a high moisture 

uptake have weak fibre/matrix interfacial bonding which may compromise the mechanical 

properties of the FFRE composites [87,88]. It is therefore necessary to enhance the 

hydrophobicity of the natural fibres by treating them with suitable coupling agents or by 

coating the fibres with an appropriate resin matrix to generate FFRE composites having better 

mechanical properties and superior durability performance [16,89]. Fibre hydrophobic 

modification methods are categorised into three groups: (a) physical treatments to improve the 

https://www.sciencedirect.com/topics/engineering/civil-engineering
https://www.sciencedirect.com/topics/engineering/moisture-resistance
https://www.sciencedirect.com/topics/engineering/interfacial-bonding
https://www.sciencedirect.com/topics/engineering/coupling-agent
https://www.sciencedirect.com/topics/engineering/resin-matrix
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mechanical properties of natural fibres, such as tensile strength, Young’s modulus, and 

elongation; (b) chemical treatments to improve the interfacial properties of fibre-matrix and 

the durability of the natural fibre; and (c) physicochemical treatments that provide clean and 

fine natural fibre or fibrils that have very high cellulose content [85]. While fibre modification 

increases the strength and durability of the natural fibre composites, research to achieve 100% 

eradication of the hydrophilic nature of the natural fibre is not yet achievable [90]. A more 

comprehensive analysis should involve potential fracture mechanics and the fatigue behaviour 

of FFRE pipes. Other issues to be considered are that the void ratio and void behaviour may be 

different for gravity flow when compared to low, moderate, and high-pressure pipe flow, and 

that the life span of FFRE pipes will merit attention and comparison against the performance 

of existing pipe materials. Also, the pressure requirements for different pipe applications will 

vary and the design requirements will be dependent on the application. By properly defining 

the required specification, the performance of the FFRE composite pipes can be properly 

benchmarked and assessed. 

Environmental pollution caused by plastics has raised global concern about the urgent need to 

promote plastic waste recycling. Whilst some recycling methods have already been developed 

to decompose thermoplastic resins, a method for recycling epoxy resins has yet to be developed 

[91]. Reducing raw materials consumption using non-recyclable waste materials is considered 

a practical step to reduce waste disposal. FFRE pipes could be broken up at the end of their 

service life and used to produce various industrial and domestic products, such as furniture, 

doors, kitchen cabinets, industrial floors, and fences [92], or the broken FFRE pieces could be 

used as a filling material in the production of sandwich boards or decking boards used in the 

construction projects [93]. 

Lateral compression can arise within buried pipelines during their operation from the weight 

of the soil above the pipe (dead load) or by vehicles traversing the pipeline on the ground 
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surface [94,95]. Tubes are also commonly used as energy-absorbing devices that are subjected 

to lateral compression during impact events. For example, tubes are used to improve the 

crashworthiness of vehicles such as cars, lifts, aircraft, and ships [96,97], crash barriers [98], 

road bridges, offshore structures, and oil tankers [97], or tubes are used to confine concrete 

columns or soil, with the application of that being associated with reinforcement of concrete 

columns or soil in infrastructure applications [41,78]. In this study the term ‘tube’ is used to 

refer to cylindrical hollow sections used for structural purposes such as energy-absorbing 

devices or concrete filled steel/composite tubes used in infrastructure applications, whereas the 

term ‘pipe’ is used to refer to a hollow tubular section that transmits fluids or gasses. 

The aim of the study reported herein was to address the feasibility of FFRE pipes to replace 

pipes manufactured from non-sustainable resources, such as GRP and PVC pipes, from 

structural performance perspective. If so, FFRE pipes would have a substantial potential to be 

used especially in developing countries where flax fibres are available in abundance. In this 

study, the response of FFRE pipes with varying diameters and fabric layers when subjected to 

lateral compression loading was investigated. A complete explanation of the pipe fabrication 

and testing methodology is provided, and pipe crown vertical deformation, pipe springline 

horizontal deformation, strength, circumferential strain at different locations, and pipe failure 

mechanisms are evaluated. Additionally, energy absorption and specific energy absorption 

(SEA: energy absorbed per unit mass) characteristics of FFRE pipes presented herein are 

compared to energy-absorbing tubes with different materials. 

Parallel-plate loading is a standardised test for ensuring that the stiffness and strength of a pipe 

subjected to lateral compression meets specified levels of performance [66,99]. There are many 

studies in the literature which focus on steel pipe/tube lateral compression, with the main 

concerns of these studies being the effect of different geometric parameters on the energy 

absorption properties of the tubes [100–105]. Research on lateral compression of composite 
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pipes/tubes has been previously undertaken by many researchers [106–114]. Faria [109], 

Sebaey and Mahdi [110], Park et al. [111], Gupta and Abbas [107], and Abdewi et al. [108] 

investigated the lateral compression behaviour of composite pipes manufactured from glass-

fibre resins, and showed that inter-layer delamination and fibre breakage were the main pipe 

damage mechanisms. El-Sobkhy and Singace [106] experimentally investigated the 

deformation of double-skin profiled polyethylene pipes subjected to lateral compression and 

concluded that increasing the pipe diameter improved the pipe energy absorbed and pipe 

specific energy absorption. Niknejad et al. [112], Moeinifard et al. [113], and Rouzegar et al. 

[114] performed experimental studies to investigate the effect of pipe geometric properties on 

structural behaviour of E-glass fibre composite tubes when subjected to lateral compression, 

with the results showing that the total energy absorption capacity of the larger specimens is 

more than for smaller tubes. 

3.2 Experimental procedures  

3.2.1 Materials 

Commercial balanced plain-woven (bidirectional) flax fabric with a mass per unit area of 

550 g/m2 manufactured by Lineo located in France [115], see Figure 3.1a, and 105 West 

System epoxy and its 209 extra slow hardener with the mixture ratio being 3.5:1 by mass, 

respectively [115], were used to manufacture pipe specimens. The moisture content of the flax 

fabric before composite manufacture was measured using oven-drying tests on 10 flax fabric 

samples according to ASTM D2495 [116], with the tests showing an average moisture content 

of 6.25% with a standard deviation of 0.87. Tensile properties of flax yarn were determined 

using a universal Instron 5567 at a constant temperature of 23 °C, with the gauge length set to 

100 mm and the crosshead displacement rate set to 2 mm/min. The mean diameter of each dry 

yarn sample was calculated as the average of five measurements along the yarn using an optical 

microscope (see Figure 3.2). An axial pre-tension equal to 25 MPa was applied to the yarn 
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samples before starting the tensile test to alleviate the effect of yarn tightness on the measured 

strain. The pre-tension value was taken into account for calculating the mechanical properties 

of the flax yarn by adding the pre-tension value (25 MPa) to the tensile strength obtained from 

the experiments. Twenty tests were conducted, and the average of strength, failure strain, and 

Young’s modulus are given in Table 3.1. A typical stress-strain curve for flax yarn is given in 

Figure 3.3a, with the curve showing that the stress-strain response can be divided into three 

phases: (i) a non-linear phase extending from 0 to 0.015 strain; (ii) a linear phase extending 

from 0.015 to 0.02 strain, and (iii) a linear phase extending from 0.02 strain until rupture of the 

yarn. 

  
(a) Close-up view of flax fabric (b) Wall thickness of a 4-layer FFRE composite 

Figure 3.1. Micrograph pictures. 

 
Figure 3.2. Measurement of yarn diameter using microscopic image. 

The mechanical properties of flax fibres obtained from tensile tests on dry flax yarn may differ 

from the equivalent fibre properties when used in composites. Recent studies on fibre tensile 
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properties showed that impregnated composite yarn samples more accurately represented the 

fibre tensile properties within a composite when compared to dry yarns [117,118]. 

Fifty flax yarns were cut from the flax fabric and fully immersed in the Gurit PRIME™ 27 

epoxy resin and its PRIME™ slow hardener with the mixture ratio being 100:28 by mass, 

respectively [119], at an environment temperature of 21 oC, degassed in 2 millibars for 10 

minutes, and then the excess resin was removed from the yarn external surface and the yarns 

were elongated and cured at 21 oC for 5 days. The tensile properties of the impregnated flax 

yarns were determined according to ASTM D3039 [120] at a constant temperature of 23 °C 

and with the crosshead displacement rate set to 2 mm/min. For the case of tensile tests on resin-

impregnated yarns, there was no need for measuring the yarn diameter to determine the yarn 

mechanical properties. In this method, the stiffness and strength of the flax yarn were back 

calculated from the composite properties via the rule of mixtures without a requirement to 

calculate the diameter of the flax yarns. The fibre volume fraction Vf was calculated using the 

following equation [117]: 

𝑉𝑓 =  

𝑚𝑓

𝜌𝑓

𝑚𝑓

𝜌𝑓
+

𝑚𝑐 − 𝑚𝑓

𝜌𝑚

× 100 (3.1) 

where mf is the mass of flax fibres, ρf is the density of the flax fibres, mc is the mass of FFRE 

composite, and ρm is the density of the matrix. From the measured composite properties of the 

impregnated fibre yarn, the flax fibre properties were calculated using the following formulae 

[117]: 

𝐸𝑓 =
𝐸𝑐 − 𝐸𝑚 × (1 − 𝑉𝑓)

𝑉𝑓
 (3.2) 

𝜎𝑢,𝑓 =
𝜎𝑐 − 𝜎𝑚

′ × (1 − 𝑉𝑓)

𝑉𝑓
 (3.3) 
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where Ef is the tensile modulus of the fibre, Ec is the tensile modulus of FFRE composite, Em 

is the tensile modulus of the matrix, σu,f is the ultimate tensile strength of the fibre, and σ’
m is 

the stress in the matrix at the failure strain, which can be calculated assuming linear elastic 

deformation of the matrix up to the instant of fibre (and hence composite) failure. 

𝜎𝑚
′ =  𝐸𝑚 × 휀𝑢,𝑐 (3.4) 

in which εu,c is the ultimate strain of the fibre (and hence composite). The average results of 

elastic modulus, ultimate tensile strength and tensile strain at break are given in Table 3.1. The 

mechanical properties of Gurit PRIME™ 27 epoxy resin and its PRIME™ slow hardener and 

105 West System epoxy and its 209 extra slow hardener were determined according to ASTM 

D638 [121] by conducting tensile tests on 10 samples of both group of resins at a constant 

temperature of 23 °C and with the crosshead displacement rate set to 2 mm/min, with the 

average results given in Figure 3.3b and Table 3.1. The Young’s modulus of impregnated flax 

fibre was less than that for dry flax yarn (see Table 3.1), with the main reason for this behaviour 

being attributed to the change in the microfibril orientation of dry yarns when subjected to 

tensile stresses (see Figure 3.4) and consequently increased stiffness of the dry yarn when 

compared to resin-impregnated yarns where the microfibrils were held in place by the resin 

matrix. The wet/hand layup procedure was used to manufacture fifteen coupon samples for 

each fabric-layer configuration for both tensile and flexural tests (see Figure 3.5). The tensile 

properties of FFRE composite were determined according to ASTM D3039 [120], and the 

flexural properties of the FFRE composite were determined according to ASTM D790 [122] 

at a constant temperature of 23 oC, with the average mechanical properties of these tests listed 

in Table 3.2. 
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(a) Flax yarn tensile test (b) Epoxy tensile test 

Figure 3.3. Example of typical stress-strain curves of a flax yarn and an epoxy sample. 

Table 3.1. Mechanical properties of flax yarn and epoxy. 

Material 
Diameter 

(mm) 

Density 

(g/cm3) 

Tensile Modulus 

(GPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain at 

break (%) 

Flax fibre (dry 

yarn) 
0.63 1.45 16.40 (4.65) 152.67 (28.70) 3.78 (1.23) 

Flax fibre (based 

on impregnated 

yarn) 

0.63 1.45 3.80 (0.20) 224.58 (105.47) 1.75 (0.55) 

West system 

epoxy 
N/A 1.18 3.09 (0.45) 58.26 (6.07) 5.27 (0.92) 

Gurit epoxy N/A 1.08 3.58 (0.846) 50.67 (8.52) 4.65 (1.33) 

Note: Values inside parenthesis show standard deviation. 

  

(a) Before loading (b) Before yarn breakage 

Figure 3.4. Fibre orientation when subjected to tensile stresses. 

The void contents of the FFRE pipes were determined using a buoyancy (Archimedes) 

technique, according to ASTM D2734 [65], and also using an optical digital microscopy 

technique combined with image analysis software. Fifteen samples for each specific pipe group 

were tested using the buoyancy technique. For the microscopic analysis of FFRE, fifteen micro-

Tensile 
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sections were made using a cold mounting method by embedding FFRE pieces from various 

parts of the pipes in an epoxy resin, followed by grinding and polishing according to ASTM 

E3-11 [123]. A micrograph of an FFRE composite with 4-layers is given in Figure 3.1b. The 

average values of the void contents for each specific pipe group and for both techniques are 

given in Table 3.3. 

 

 

(a) Tensile test (b) Flexural test 

Figure 3.5. Mechanical tests on FFRE coupons. 

Table 3.2. Physical and mechanical properties of FFRE composites. 

No. of flax 

fabric layers 

Thickness 

(mm) 

Tensile 

strength 

(MPa) 

Tensile 

modulus 

(GPa) 

Tensile 

strain at 

failure 

Flexural 

strength (MPa) 

Flexural 

modulus 

(GPa) 

Strain at 

flexural 

strength 

Void content Fibre 

volume 

fraction 
Buoyancy Microscopic 

2-layer 2.96 34.51 3.38 0.013 41.43 (5.87) 
1.83 

(0.311) 

0.073 

(0.009) 
0.052 0.055 39% 

3-layer 4.49 43.87 3.98 0.016 50.80 (2.53) 
2.11 

(0.139) 

0.061 

(0.004) 
0.056 0.053 41% 

4-layer 5.80 49.77 3.51 0.021 58.02 (4.20) 
2.81 

(0.0403) 

0.046 

(0.006) 
0.055 0.056 43% 

Note 1: Values inside parenthesis show standard deviation. 

Note 2: ‘N/A’ indicates ‘not applicable’. 

After obtaining the density and void content for FFRE composites with a specific number of 

fabric layers, the fibre volume fraction for the composite was derived from the fibre-to-epoxy 

resin weight ratio and the densities of both fibre and epoxy resin matrix [124]. The fibre volume 

fraction Vf was calculated using the following equation: 
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𝑉𝑓 = 1 −
1

1 +
𝑉𝑓

𝑉𝑚

− 𝑉𝑣 
(3.5) 

where Vv is the void content of composite and Vm is the volume of epoxy resin. The calculated 

fibre volume fractions of the FFRE composites with different fabric layers are listed in Table 

3.2. 

3.2.2 Manufacture of specimens 

Steel tubes were used as mandrels to manufacture the FFRE pipes (Figure 3.6), with the steel 

tube surface rubbed with mould release, and plastic sheet then taped tightly around the tube. 

The application of mould release combined with the plastic sheet greatly facilitated removal of 

the FFRE pipes from the mandrel. The impregnated flax fabric was wrapped around the 

mandrel until the targeted number of fabric layers had been achieved (Figure 3.6b). The warp 

orientation relative to the pipe axial axis was θ = 90o and the weft orientation was θ = 0o 

(Figure 3.6a). The specimens were consolidated for 10 days by curing the specimens at a 

constant temperature of 29 oC, after which the pipes were easily demoulded (Figure 3.6c). 

 

(a) Wrapping impregnated FFRE  (b) Wrapping finished 
(c) FFRE pipe after curing and 

demoulding 

Figure 3.6. Manufacturing process of FFRE pipe specimens. 

Thirty-three pipe specimens were produced, with three specimens manufactured for each 

specific configuration of fabric layers and internal diameter. The pipes had different internal 

diameters of Dint = 38, 60, 100, 160, and 205 mm, which are within the typical range for pipe 

applications [125]. The number of fabric layers was 2, 3, and 4, while the specimen lengths 

 

Steel mandrel 

Impregnated 

flax fabric 

Rolling 
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were equal to 1.5 times the external diameter (L = 1.5Dext). Pipes with Dint = 160 and 205 mm 

were fabricated with only four fabric layers because for 2 and 3 fabric layers the pipes would 

have an impractical D/t ratio. Specimen geometric configurations are given in Table 3.3. FFRE 

pipe geometric properties., with an identifier ‘Dx-Ny-Sz’ assigning for each specimen, in 

which the designation ‘Dx’ indicates the internal diameter (38, 60, 100, 160, and 205), ‘Ny’ 

indicates the number of fabric layers (2 to 4), and ‘Sz’ indicates the number of the specimen in 

each group (1 to 3). For example, D60-N4-S2 indicates the second specimen of the three 

manufactured pipes having Dint = 60 mm and composed of 4 fabric layers. The length of each 

pipe specimen was measured at six locations, the thickness was measured at 12 locations, and 

the internal diameter was measured at 3 locations, according to AS 3572.10 [126], with the 

averaged values given in Table 3.3. 

3.2.3 Test set-up and instrumentation  

Lateral compression testing was conducted with a constant loading rate of 2 mm/min at a 

constant temperature of 230 C, with the pipe specimen placed between parallel rigid plates at 

the pipe top and bottom, according to ASTM D 2412 [66] and BS EN 1226 [127]. The width 

of the top and bottom rigid plates was larger than the half-perimeter of the pipe cross-sections 

to ensure that full rigid plate contact was maintained throughout the displacement process 

[128–131]. The experimental configuration designed, as shown in Figure 3.7, to specifically 

replace the mechanical model and failure mechanism of the pipe subjected to lateral 

compression, as clearly illustrated in Figure 3.8. Details of the test set-up are provided in Figure 

3.7. For each specimen, eight circumferential strain gauges were used (Figure 3.8), with the 

strain gauges placed on the internal surfaces of the pipes at the crown (S-C-I, in which the letter 

‘S’ indicates a strain gauge, ‘C’ shows crown, ‘I’ indicates the internal surface) and invert (S-

I-I, in which the first I indicates invert) and internal and external surfaces of the east springline 

(S-ES-I and S-ES-E, in which ‘ES’ shows east springline and the letter ‘E’ indicates external 
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surface) and west springline (S-WS-I and S-WS-E, in which ‘WS’ shows west springline), and 

internal and external surfaces of west haunch (S-H-I and S-H-E, in which ‘H indicates haunch). 

Vertical displacement of the specimens at the load location was measured by the Instron 

machine while the pipe horizontal displacement in the springline was measured manually using 

digital Vernier callipers with an accuracy of ±0.02 mm. 

3.3 Results and discussion 

3.3.1 Monotonic versus cyclic characteristics 

The deformation control loading method was used to conduct lateral compression loading on 

FFRE pipes to track the post-peak load-displacement relationship of the pipes where a 

reduction in the load and an increase in the displacement occurred. The x-axis readings 

(displacement) were identical, and the y-axial readings (load) were averaged over three tested 

specimens. The deformation control loading method was replaced with the force control 

loading method when the pipe was unloaded. The average lateral compression load-

displacement relationships for the D60 pipes with 2, 3, and 4 fabric layers when subjected to 

monotonic and cyclic loadings were compared in Figure 3.9. The vertical displacement 

normalised by pipe internal diameter (δv/Dint). The load-vertical displacement relationships 

show that the monotonic results provided an approximate envelope to the cyclic response, and 

therefore monotonic tests were conducted to investigate the lateral compression response of 

FFRE pipes. 

 



Chapter 3                                        Flax fabric-reinforced epoxy pipes subjected to lateral compression 

42 
 

Table 3.3. FFRE pipe geometric properties. 

Specimen 

type 

Avg. internal diameter 

(mm) 

Nom. 

of 

layers 

Avg. thickness 

(mm) 

Avg. 

length 

(mm) 

Pipe mass 

(gm) 

Void content 
Fibre mass 

fraction 

Fibre volume 

fraction Buoyancy Microscopic 

D38-N2 

38.1 

2 3.0 68 28.3 0.05 0.06 0.42 0.37 

D38-N3 3 4.3 74 47.0 0.06 0.05 0.40 0.38 

D38-N4 4 5.5 77 54.1 0.06 0.06 0.42 0.40 

D60-N2 

60.4 

2 3.2 103 73.8 0.05 0.05 0.41 0.38 

D60-N3 3 4.9 110 131.9 0.05 0.06 0.42 0.38 

D60-N4 4 6.1 100 146.0 0.06 0.06 0.43 0.41 

D100-N2 

100.1 

2 3.3 167 205.5 0.05 0.06 0.43 0.37 

D100-N3 3 4.8 174 303.5 0.06 0.06 0.44 0.39 

D100-N4 4 6.4 174 433.2 0.06 0.07 0.44 0.42 

D160-N4 160.5 4 5.4 229 752.0 0.06 0.06 0.43 0.42 

D205-N4 208.3 4 5.6 320 1414.3 0.05 0.06 0.43 0.41 

D60-N2(VI) 

60.3 

2 2.2 90 59.5 0.04 0.05 0.55 0.48 

D60-N3 (VI) 3 3.2 100 93.2 0.04 0.06 0.53 0.46 

D60-N4 (VI) 4 4.1 100 115.5 0.04 0.06 0.53 0.46 

Note: ‘VI’ indicates pipes fabricated using vacuum infusion technique. 
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Figure 3.7. Details of lateral (transverse) compression test set-up. 

 
Figure 3.8. A schematic view of strain gauge locations on a pipe cross-section. 
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(a) Specimens D60-N2 (b) Specimens D60-N3 (c) Specimens D60-N4 

Figure 3.9. Averaged load-vertical displacement response of FFRE pipes subjected to monotonic and 

cyclic lateral compression. 

3.3.2 Deformation characteristics 

Load–vertical displacement relationships of the pipes with the same number of fabric layers 

and internal diameters along with the associated average load-vertical displacement are given 

in Figure 3.10, with the results showing that there was a high level of consistency (low 

variability) between the pipe responses and the average response (shown with bold black lines 

in Figure 3.10) in each particular group. The average lateral compression load-vertical 

displacement relationship for each specific pipe group was to compare the response of the pipes 

with various diameters and fabric layers. The displacement response of the pipes can be 

classified by three phases i.e., elastic displacement, inelastic displacement, and failure phases 

(Figure 3.11a): 

3.3.2.1 Elastic displacement 

The vertical displacement is elastic up to the “elastic limit load” (i.e., the load at which large 

inelastic deformation is initiated, Figure 3.11b- Nom. 2). Table 3.4 gives elastic limit load data 

for the pipes and their corresponding normalised displacements. At a given cross-section, the 

basic deformation was circumferential bending (shown with yellow arrows in Figure 3.11b- 

Nom. 2), and therefore, as listed in Table 3.4, the elastic limit load for the pipes increased with 

an increasing number of fabric layers or a decrease in the diameter. The pipe vertical 
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displacement at the elastic limit load decreased with increasing the number of fabric layers or 

decreasing the pipe diameter. 

Elastic vertical and horizontal displacement of a thin-walled pipe at the crown and the 

springline when subjected to lateral compression is a classic engineering problem that has been 

solved in Refs. [132,133], with the vertical displacement being equal to: 

𝛿𝑣 = 0.149
𝑃𝑅3

𝐸𝐼
 (3.6) 

where E is the modulus of elasticity of the pipe wall material (MPa) presented in Table 3.2, I 

is the moment of inertia of a unit length of pipe which is equal to t3/12 where t is the wall 

thickness, and R is the pipe nominal radius (half mean internal diameter plus half mean wall 

thickness). The springline horizontal displacement being equal to: 

𝛿ℎ = 0.137
𝑃𝑅3

𝐸𝐼
 (3.7) 

The results from Eqs. 3.6 and 3.7 were compared with the average response of specimens 

D160-N4 (i.e., D160-N4-S1, S2, and S3) as shown in Figure 3.12a, with the equations 

providing a close estimation of the experimental results in the elastic range (δ/Dint ≤ 0.08). The 

vertical and horizontal displacements up to δv/Dint = δh/Dint = 0.06 were the same, beyond which 

the change in the vertical diameter was greater than the change in the horizontal diameter. This 

behaviour reflects that beyond the elastic displacement, the vertical stiffness was lower than 

the horizontal stiffness due to pipe ovalisation, which produced a larger section modulus with 

respect to the vertical axis than when compared to response about the horizontal axis. Average 

normalised vertical versus horizontal displacement of specimens D160-N4 and D205-N4 are 

compared in Figure 3.12b, with the figure showing that response of both pipes was similar. The 

diameter changes were linear up the δv/Dint = 0.08, beyond which a nonlinear response occurred 

due to the cross-sectional deformation and consequently a reduction in the pipe stiffness. The 

vertical displacement was approximately 1.10 times the horizontal displacement at the start of 



Chapter 3                                        Flax fabric-reinforced epoxy pipes subjected to lateral compression 

46 
 

loading, which closely correlates with the value calculated by Eqs. 3.6 and 3.7 [132] in the 

elastic range, i.e. δv/δh = 1.08, and was 1.70 times the horizontal displacement at the limited 

crush load (Figure 3.11a). For δv/Dint = 0 to 0.15, the ratio between vertical displacement to 

horizontal displacement was δv/δh = 1.20~1.28, which is consistent with the displacement 

pattern of SRHDPE pipes [134] (Figure 3.12b), flexible metal (e.g. corrugated steel and ductile 

iron) pipes [135], and HDPE pipes [136]. 

Pipe stiffness (PS) and stiffness factor (SF) can be calculated by a closed-form formula for 

structural analysis of the pipes [137,138]: 

𝑃𝑆 =  
𝐸𝐼

0.149𝑅3
 (3.8) 

PS can also be found by conducting lateral compression testing on a section of pipe at δv/Dint = 

0.05 using the formula below, as defined in ASTM D2412 [66] and ASTM D3262 [125]: 

𝑃𝑆 =  
𝑄

𝛿𝑣
⁄                   in kPa (3.9) 

The averaged values of PS of each specific pipe group were measured and compared with Eq. 

3.9 as shown in Figure 3.13. The experimental values were slightly greater than the theoretical 

values except for D38-N3 and D38-N4 pipes, for which the theoretical values over-predicted 

the PS, with the reason for this response being attributed to the relatively poor quality of FFRE 

in the D38 pipes due to the manufacturing difficulties associated with small diameter pipes.  
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(a) Specimens D38-N2 (b) Specimens D38-N3 (c) Specimens D38-N4 

   
(d) Specimens D60-N2 (e) Specimens D60-N3 (f) Specimens D60-N4 

   
(g) Specimens D100-N2 (h) Specimens D100-N3 (i) Specimens D100-N4 

  

(j) Specimens D160-N4 (k) Specimens D205-N4 

Figure 3.10. Load-displacement response of pipes with different diameters and number of fabric layers. 
Note: ‘Avg.’ shows average lateral compression-normalised vertical displacement of three specimens in each 

specific pipe group. 
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(a) Typical lateral compression load–vertical displacement relationship 

   

  

(b) Photographs 

Figure 3.11. Typical load-vertical displacement of an FFRE pipe when subjected to lateral 

compression and photographs of deformation at start and end of each deformation phase.  
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Table 3.4. Elastic limit load and peak pipe load of pipes and their associated normalised displacement. 

Specimen 
Elastic limit 

load (kN.m-1) 

δv/Dint at 

elastic limit 

load 

Peak pipe 

load (kN.m-1) 

δv/Dint at peak 

pipe load 

Peak pipe load 
(Eq. 3.10, kN.m-1) 

Error 

D38-N2-S1 7.92 0.058 15.13 0.54 

14.92 0.05 
D38-N2-S2 5.60 0.096 15.30 0.55 

D38-N2-S3 6.09 0.058 16.61 0.53 

Average 6.53 0.071 15.68 0.54 

D38-N3-S1 16.69 0.074 28.21 0.40 

38.08 0.19 
D38-N3-S2 17.63 0.073 32.96 0.42 

D38-N3-S3 15.72 0.057 30.82 0.40 

Average 16.68 0.068 30.66 0.406 

D38-N4-S1 23.02 0.046 49.22 0.44 

68.11 0.29 
D38-N4-S2 26.20 0.052 48.93 0.38 

D38-N4-S3 25 0.060 47.43 0.47 

Average 24.74 0.052 48.52 0.43 

D60-N2-S1 5.71 0.070 12.91 0.64 

10.88 0.12 
D60-N2-S2 4.89 0.069 12.44 0.56 

D60-N2-S3 5.09 0.058 11.59 0.60 

Average 5.23 0.065 12.31 0.60 

D60-N3-S1 17.64 0.066 29.16 0.28 

31.48 0.08 
D60-N3-S2 17.59 0.058 26.18 0.17 

D60-N3-S3 17.46 0.058 31.54 0.18 

Average 17.56 0.061 28.96 0.21 

D60-N4-S1 19.11 0.038 36.11 0.17 

55.74 0.34 
D60-N4-S2 21.05 0.050 37.40 0.33 

D60-N4-S3 17.86 0.037 36.21 0.19 

Average 19.34 0.042 36.57 0.23 

D100-N2-

S1 
2.32 0.076 8.39 0.65 

7.18 0.11 

D100-N2-

S2 
2.44 0.076 8.04 0.64 

D100-N2-

S3 
2.63 0.076 7.78 0.66 

Average 2.46 0.076 8.07 0.65 

D100-N3-

S1 
5.605 0.054 15.90 0.57 

19.27 0.18 

D100-N3-

S2 
5.87 0.055 16.03 0.51 

D100-N3-

S3 
5.94 0.054 15.77 0.49 

Average 5.80 0.054 15.90 0.52 

D100-N4-

S1 
15.49 0.047 27.48 0.40 

37.94 0.27 

D100-N4-

S2 
11.57 0.048 28.75 0.40 

D100-N4-

S3 
11.82 0.047 26.32 0.40 

Average 12.96 0.047 27.51 0.40 

D160-N4-

S1 
4.27 0.082 12.51 0.60 

17.24 0.29 

D160-N4-

S2 
4.25 0.082 11.86 0.55 

D160-N4-

S3 
4.26 0.081 12.20 0.57 

Average 4.26 0.082 12.19 0.57 

D205-N4-

S1 
2.91 0.089 10.745 0.68 14.39 0.26 
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D205-N4-

S2 
2.96 0.089 10.23 0.67 

D205-N4-

S3 
2.79 0.089 10.86 0.69 

Average 2.88 0.089 10.61 0.67 

D60-N2-S1 

(VI) 
3.52 0.057 10.65 0.28 − − 

D60-N2-S2 

(VI) 
3.87 0.059 10.48 0.31 − − 

D60-N2-S3 

(VI) 
3.79 0.058 9.93 0.29 − − 

Average 3.73 0.058 10.35 0.29 − − 

D60-N3-S1 

(VI) 
7.29 0.047 16.52 0.20 − − 

D60-N3-S2 

(VI) 
7.32 0.054 16.15 0.19 − − 

D60-N3-S3 

(VI) 
7.67 0.055 15.71 0.18 − − 

Average 7.43 0.052 16.13 0.19 − − 

D60-N4-S1 

(VI) 
12.06 0.035 26.52 0.13 − − 

D60-N4-S2 

(VI) 
9.69 0.037 24.26 0.14 − − 

D60-N4-S3 

(VI) 
11.77 0.042 25.94 0.15 − − 

Average 11.17 0.038 25.57 0.14 − − 

 

  
(a) Averaged load-displacement response of specimen 

D160-N4  

(b) Averaged vertical vs. horizontal displacement of 

specimens D160-N4 and D205-N4, and SRHDPE pipe 

[134]  

Figure 3.12. Comparison of theoretical and experimental vertical and horizontal displacement of pipes 

at crown and springline. 

 
 

(a) Effect of pipe diameter (b) Effect of number of fabric layers 

Figure 3.13. Experimental and theoretical pipe stiffness. 
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3.3.2.2  Inelastic displacement 

Resin micro-cracking appeared on the internal surface of the pipes at the crown and the invert 

and shortly afterwards appeared on the external surface at the springline. The vertical 

displacement increased at a greater rate when compared to the elastic phase due to the 

development of additional micro-cracks, thus decreasing the FFRE secant modulus of elasticity 

and reducing the pipe section modulus due to cross-sectional ovalisation (Figure 3.11b- Nom. 

3) with the pipe reaching the peak pipe load at the end of this phase. The load-vertical 

displacement relationships in Figure 3.14 show that for the same value of vertical displacement, 

by decreasing the diameter or by increasing the number of fabric layers the lateral compression 

load increased. Peak pipe load and the associated displacement were measured and are given 

in Table 3.4, with the measurements showing that by increasing the number of fabric layers or 

by decreasing the pipe internal diameter the peak pipe load increased while the displacement 

associated with the peak pipe load decreased. The rate of increase of peak pipe load with pipe 

fabric layers was greater for tubes of smaller diameter. 

By assuming that the failure of the pipes started by developing fracture lines at the springline, 

crown, or invert (Figure 3.11b- Nom. 3), the peak pipe load can be calculated by: 

𝑄𝑝𝑒𝑎𝑘 =  
𝜎𝑢𝑡2

𝑅
 (3.10) 

Peak pipe load is compared with Eq. 3.10 in Table 3.4, with results showing that the predictions 

deviated from the experiments by a maximum value of 34%. For each specific pipe group, the 

deviation increased by increasing the number of fabric layers, attributed to the development of 

debonding between the layers which reduced the peak pipe load (Figure 3.15a). 
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(a) Specimens D38 (b) Specimens D60 (c) Specimens D100 

   
(d) 2-layer pipes (e) 3-layer pipes (f) 4-layer pipes 

Figure 3.14. Effect of number of fabric layers (a, b, and c) and diameter (d, e, and f) on load-

displacement relationships of FFRE pipes. 

  
(a) Delamination between fabric layers; specimen 

D100-N4-S3. 

(b) Relocation of contact points between top and 

bottom plates and pipe; specimen D60-N4-S2. 

Figure 3.15. Deformation of FFRE pipes within failure phase. 

FFRE pipes started showing nonlinear response within the range of δv/Dint = 0.033~0.07. This 

range is close to that obtained for yielding of steel-reinforced high-density polyethylene pipes 

[134,135], but smaller than for corrugated steel pipes (CSP) [137] and SRHDPE pipes [134], 

which were within δv/Dint = 0.06. The FFRE pipe displacement at peak pipe load (δv/Dint = 

 1 

Progressive failure 

(D100-N3) 
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0.21~0.67, Table 3.4) was much larger than for the CSP [137] and SRHDPE pipes [134], which 

were within δv/Dint = 0.10, and for GFRE tubes [110] which were within δv/Dint = 0.06. 

Although there is no sharp criterion for a flexible pipe definition, the value of δv/Dint = 0.02 is 

often noted in the literature as the boundary between flexible and rigid pipes [135,139]; i.e. a 

flexible pipe should be capable of withstanding a vertical displacement of δv/Dint = 0.02 without 

significant structural damage, such as cracking. Visual observation of the tested pipes (made 

with the unaided eye, according to ASTM D2412 [66] and ASTM D3262 [125]) showed that 

any pipe structural damage occurred after δv/Dint > 0.02, and thus FFRE pipes can be classified 

as flexible pipes. Design standards for flexible pipes allow vertical pipe displacements to be as 

large as δv/Dint = 0.05~0.075 [140,141]. Regarding the displacements of FFRE pipes associated 

with elastic limit load and peak pipe loads given in Table 3.4, similar vertical pipe 

displacements can be considered for FFRE pipe design. 

3.3.2.3 Failure phase 

Four fracture lines were developed at the crown, invert, and springline, with the phase angle α 

≈ 90o (Figure 3.11b- Nom. 3, four-fracture line cross-sectional model). These fracture lines 

functioned as hinges, allowing the damaged pipes to deform further. In some specimens, 

delamination occurred between the fabric-layers (Figure 3.15a) and the pipe strength dropped. 

Further delamination and cross-sectional ovalisation occurred with no significant change in 

loading. Beyond peak pipe load and the subsequent drop in pipe strength, the lateral 

compression load began to increase as the points of contact between the plates and the pipe 

continuously relocated away from the crown and invert (Figure 3.15b). This behaviour resulted 

in a shorter moment arm, which therefore required greater loading to continue the deformation 

process. The increase in pipe lateral compression load continued until the inner surfaces of the 

pipe at the crown and invert were in contact, which resulted in a sharp rise in the load 
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magnitude. This condition is called limited crush load [142] (Figure 3.11b- Nom. 4). The pipe 

was unloaded (force control loading method), with some recovery of deformation taking place 

(Figure 3.11b- Nom. 5). 

Progressive failure is distinguished by several strength drops in the load-displacement 

relationship during the failure (Figure 3.14c). It is assumed that there was considerable 

variation in the strain across the wall thickness of 3 and 4-layer pipes, leading to delamination 

between the fabric layers (Figure 3.15a), which prevented sudden fracture across the thickness. 

The fracture initiated from the most internal fabric layer (tensile surface) at the crown or invert 

and continued towards the external layer, while at the springline the fracture developed from 

the most external layer towards the internal layer. 

In the case of GFRE tubes [108] and FFRE tubes reported by Yan et al. [42], the phase angle 

between the fracture lines depended upon the D/t ratio. For D/t > 10 the phase angle was 900, 

while for tubes with D/t < 10, two fracture lines were developed in the contact regions with the 

parallel plates and the two other fracture lines were developed at a phase angle of 600 from the 

crown and invert in an anticlockwise direction. For E-glass fibre reinforced epoxy (EGFRE) 

tubes [97], only two plastic hinges were produced at the springline. 

3.3.3 Comparison to pipes manufactured using vacuum infusion technique 

Gurit PRIME™ 27 epoxy resin and its PRIME™ slow hardener with the mixture ratio being 

100:28 by mass, respectively [119], were used to manufacture pipe specimens using the 

infusion vacuum technique. The flax fabric was heated in an oven at 96 oC for 12 hours before 

composite manufacture. Nine pipe specimens were manufactured, with all pipes having Dint = 

60 mm and fabric layers of 2, 3, and 4, with three specimens manufactured for each specific 

configuration of fabric layers. The length of the specimens was equal to 1.5 times the external 

diameter (L = 1.5Dext). The void content and fibre volume fraction of the pipes was determined 
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and is given in Table 3.3. The load-displacement and specific load-displacement relationships 

of series D60 FFRE pipes manufactured using the manual fabric winding and vacuum infusion 

techniques are compared in Figure 3.16. The elastic limit and peak pipe loads and the associated 

displacement are calculated and given in Table 3.4. The response of the FFRE pipes 

manufactured using the vacuum infusion technique when subjected to lateral compression is 

characterised by several sudden drops in the load-displacement relationship, with the elastic 

limit and peak pipe loads occurring at smaller displacements when compared to the FFRE pipes 

manufactured using the manual fabric winding technique. The reason for this response was the 

smaller wall thickness of the vacuum infusion pipes, which led to a smaller section modulus 

and, therefore, smaller circumferential bending strength when compared to their counterpart 

pipes manufactured using manual fabric winding technique (see Table 3.3).  

   
(a) Specimens D60-N2 (b) Specimens D60-N3 (c) Specimens D60-N4 

   

(d) Specimens D60-N2 (e) Specimens D60-N3 (f) Specimens D60-N4 

Figure 3.16. Effect of pipe manufacturing process on (a, b, and c) load-displacement relationships and 

(d, e, and f) specific load-displacement relationships of pipes. 

Note: ‘VI’ shows vacuum infusion technique and ‘MFW’ shows manual fabric winding technique. 
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3.3.4 Comparison to tubes with different materials 

The load-displacement relationships of FFRE pipes are compared with FFRE [42], kenaf fibre 

reinforced polyester resin (KFRP) [140], GFRE [107,108], E-glass fabric-reinforced vinylester 

(EGFRV), and E-glass fabric-reinforced polyester (EGFRP) [114] tubes in Figure 3.17. The 

geometric specifications of comparable tubes are listed in Table 3.5. The compared tubes either 

had similar internal diameters and fabric layers (Figure 3.17a~d) or similar internal diameters 

and wall thicknesses (Figure 3.17e). FFRE tube response to lateral compression reported in 

Ref. [42] is characterised by several sudden drops in the load-displacement relationship, with 

the peak pipe load occurring at smaller displacements when compared to the tested FFRE pipes 

reported in the current research, and for the case of 4-layer tubes, the strength was significantly 

lower than the measured strength of FFRE pipes reported in the current research (Figure 3.17a). 

Although KFRP tubes [140] had a smaller diameter than FFRE pipes, the strength of FFRE 

pipes was considerably higher than measured strength of the KFRP tubes reported in Ref. 

[140], with the peak pipe load of FFRE pipes occurring at larger displacements (Figure 3.17b). 

The EGFRV tubes c had more fabric layers (N = 6 and 8, Figure 3.17a and c) and the tube 

strength was less than for D60-N4 and comparable with for D38-N4. The EGFRP tube [114] 

had four fabric layers (Figure 3.17c) and the tube strength was considerably less than for D38-

N4, but the displacement associated with the peak pipe load was slightly larger than D38-N4. 

FFRE pipes showed comparable peak pipe load to GFRE tubes [107,108], with the 

displacement associated with peak pipe load being larger than that for GFRE tubes [107,108],  

(Figure 3.17d and e). 
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(a) Pipes D60, D64 [42], and D66 

[112] 
(b) Pipes D50 [140] and D60 

(c) Pipes D38, D40 [114], and D50 

[114] 

  

(d) Pipes D160 [108] (e) Pipes D38 [107] 

Figure 3.17. Qualitive comparison of FFRE pipe load-displacement relationships with tubes made of 

different materials. 

By taking into account pipe mass, the specific load-displacement relationships of the FFRE 

pipes tested in the current research are compared with the specific load properties of FFRE 

[42], GFRE [107,108], E-glass fabric-reinforced vinylester (EGFRV), and E-glass fabric-

reinforced polyester (EGFRP) [114] tubes in Figure 3.18. The geometric and composite 

properties of the compared pipes are listed in Table 3.5. The compared pipes had different 

diameters within each graph in Figure 3.18, and therefore this figure represents a qualitative 

comparison through which the response of FFRE pipes is estimated relative to synthetic fibre 

composite pipes. The specific load of the FFRE pipes tested in the current research was greater 

than for the FFRE tubes reported in Ref. [42] and for GFRE [107,108] and EGFRP tubes [114], 

while the EGFRV tubes [114] had a specific load that was comparable to that obtained for the 

FFRE pipes tested in the current research. Previously reported testing of EGFRV, EGFRP, and 

GFRE pipes [107,108,114] considered samples that had different pipe geometric properties, 
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different fibre stacking sequences to FFRE pipes, and were produced using an advanced pipe 

manufacturing technique.  

The fibre volume fraction of the compared synthetic fibre-reinforced composite pipes was not 

provided in the associated literature [42,107,108,114]. Therefore, the normalisation of specific 

load versus displacement relationships by fibre volume fraction in order to compare the specific 

load values of pipes with various composite materials was not achievable. Additionally, the 

pipe structural response depended not only on the fibre volume fraction of the composite but 

also on the pipe wall thickness and the composite's stacking sequences. Therefore, normalised 

specific load-displacement graphs by fibre volume fraction would not provide an ideal 

comparison for the structural response of the pipes with various composite materials. For an 

ideal comparison, the compared pipes should have similar geometric properties, i.e., wall 

thickness and diameter, and similar composite properties, including fibre volume fractions, 

composite void contents, composite stacking sequences, and resin type. 

 
  

(a) Pipes D60, D64 [42], and D66 

[112]  

(b) Pipes D38, D40 [114], and D50 

[114] 
(c) Pipes D160 [108] 

Figure 3.18. Qualitative comparison of specific load-displacement relationships for FFRE pipes and 

tubes made of different materials. 
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Table 3.5. Geometric properties of tubes with different materials. 

Composite Internal diameter (mm) 
Wall thickness 

(mm) 

Nom. of 

layers 
Fibre orientation Reference 

FFRE 
38.11, 60.98, 100.08, 

160.52, and 208.33 
2.98~6.37 2, 3, and 4 

Woven fabric (00 

and 90o) 

Current 

study 

FFRE 64.00 and 86.00 N/P 2, 4, and 6 
Woven fabric (00 

and 90o) 
[42] 

KFRP 50.00 N/P 1, 2, and 3 0o, 5o, 10o [140] 

JFRE 110.00 2.15 and 3.94 2, 4, and 6 ±45 o [143] 

 CTFRE 100.00 1.30  
Woven roving 

fibre 
[144] 

GFRE 110.00 2.46 and 4.13 2, 4, and 6 ±45 o [143] 

GFRE 160.00 3.70 6 
Woven roving 

fibre  
[108] 

 GTFRE 100.00 1.30 N/P 
Woven roving 

fibre 
[144] 

GFRE 39.60, 50.00, and 38 
3.20, 3.50, and 

1.00 
7, 7, and 3 

Random 

orientation 
[107] 

CFRE 100.00 1.30 N/P 
Woven roving 

fibre 
[144] 

EGFRV 40.00, 50.00, and 60.00 N/P 8 ±30 o [114] 

EGFRV 
40.00, 51.00, 66.00, and 

80.00 
N/P 6 and 7 ±30 o [112] 

EGFRP 40.00, 50.00, and 60.00 N/P 4 ±30 o [114] 

J-GFRE 110.00 6.41 2, 4, and 6 ±45 o [143] 

CT-CFRE 100.00 1.30 N/P 
Woven roving 

fibre 
[144] 

 CT-GTFRE 100.00 1.30 N/P 
Woven roving 

fibre 
[144] 

GT-CFRE 100.00 1.30 N/P 
Woven roving 

fibre 
[144] 

 GT-CT-

CFRE 
100.00 1.30 N/P 

Woven roving 

fibre 
[144] 

Aluminium 30.30~149.00 1.48~3.34 N/A N/A [145] 

Brazen 35.00 1.00 N/A N/A [114] 

Note: ‘N/P’ indicates ‘not provided’. 

3.3.5 Strain characteristics 

Closed-form formulae for structural analyses of a pipe have been used to calculate the 

distribution of internal forces (Nθ) and moments (Mθ) developed by opposite linear distributed 

load at crown and invert (Figure 3.8) [132,146]: 

{
𝑁𝜃 =  −

𝑄

2
cos 𝜃                  

−𝜋

2
 ≤  𝜃 ≤  

𝜋

2
                                 

𝑁𝜃 =  
𝑄

2
cos 𝜃                   

𝜋

2
≤  𝜃 ≤  

3𝜋

2
                                      

 (3.11) 

and 
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{
𝑀𝜃 =  

𝑄𝑅

2
(

2

𝜋
− 𝑐𝑜𝑠𝜃)              −

𝜋

2
 ≤  𝜃 ≤  

𝜋

2
    

𝑀𝜃 =  
𝑄𝑅

2
(

2

𝜋
+ 𝑐𝑜𝑠𝜃)                    

𝜋

2
≤  𝜃 ≤  

3𝜋

2

 (3.12) 

where Q is the distributed load and θ is the orientation angle defined in Figure 3.8. From the 

circumferential bending moment given in Eq. 3.12 and using EI, the curvature radius of the 

pipe wall is obtained as shown: 

𝜌 =  
𝐸𝐼

𝑀𝜃
 (3.13) 

where the extreme fibre strain on the pipe external or internal surface is calculated from the 

curvature radius by [142]: 

휀 =
𝑡

2𝜌
   (3.14)    

Pipe strain vs. load per unit length relationships for D160-N4-S1 and D160-N4-S2 pipes at 

different locations are given in Figure 3.19a and b. Positive values reflect tensile strains while 

negative values show compressive strains. S-ES-E, S-WS-E, S-C-I, S-I-I, and S-H-E were 

subjected to tensile strains while S-ES-I, S-WS-I, and S-H-I recorded compressive strains. 

These recorded strains are consistent with the classic pipe ovalisation pattern reported for tested 

FFRE pipes in section 3.2.1, and with flexible pipes e.g. corrugated steel and iron pipes [136]. 

Generally, maximum strain ranged from 0.015 to 0.025. Beyond Q = 6 kN.m-1 in specimen 

D160-N4-S1 and Q = 4 kN.m-1 in specimen D205-N4-S2 the circumferential strains increased 

with greater gradient due to a steady decrease in the secant modulus of the pipes. The maximum 

strain on the pipe external surface occurred at the springline while the maximum strain on the 

pipe internal surface occurred at the invert, followed by the crown, and was likely attributable 

to stress concentrated at the crown and invert which were in direct contact with the loading 

plates. Strains measured at the haunch were substantially lower than the strains measured at 

the crown, invert, and springline, indicating a conventional hourglass strain distribution, 
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because the circumferential bending moments changed sign between the springline and the 

invert at an angle of θ = 230o, calculated from Eq. 3.12 (Figure 3.8). 

Figure 3.19c and d show that peak extreme fibre strains occurred at the crown and invert, and 

then occurred at the springline, such that it is not necessary to monitor FFRE pipes in the 

vicinity of the haunches up to the normalised displacement of δv/Dint 0.65. Beyond δv/Dint = 

0.65, the peak moment might move toward the haunch regions for more flexible pipes such as 

the 2-layer specimens. 

  
(a) Strain-load relationships of specimen D160-N4-S1 (b) Strain-load relationships of specimen D205-N4-S2 

  
(c) Strain-displacement relationships of specimen D160-

N4-S1 

(d) Strain-displacement relationships of specimen 

D205-N4-S2 

Figure 3.19. Developed strains in D160-N4-S2 and D205-N4-S1 pipes. 

Strains on the internal surface of the pipes were calculated using Eq. 3.14 and in Figure 3.20 

are compared with the experiments for δv/Dint = 0.03, 0.05, and 0.07, with the results showing 

that strains can be effectively estimated up to the elastic limit load. 
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Strain-pipe vertical displacement recorded by S-I-I for the pipes with the same diameter but a 

different number of fabric layers are compared in Figure 3.21, with the results showing greater 

strain development for the same vertical displacement with increasing fabric layers due to the 

greater distance of the extreme fibre from the neutral axis of the wall thickness for the pipes 

with more fabric layers. 

  

(a) Specimen D160-N4-S1 (b) Specimen D205-N4-S3 

  

(c) Specimen D160-N4-S1 (d) Specimen D205-N4-S3 

Figure 3.20. Experimental and theoretic strain distribution on pipe internal (a and b) and external 

surfaces (c and d). 
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(a) Specimens D38 (b) Specimens D60 (c) Specimens D100 

Figure 3.21. Effect of number of layers on strain-vertical pipe displacement relationships. 

3.3.6 Energy absorbed and specific energy absorption characteristics 

Pipe energy absorbed (EA) at the instant of each particular displacement was measured by the 

area under the load-displacement curve from δv = 0 to the displacement considered. EA and 

SEA-normalised vertical displacement relationships for pipes with the same diameter but a 

different number of fabric layers are given in Figure 3.22, and corresponding relationships for 

pipes with the same number of fabric layers but different diameters are given in Figure 3.23. 

The vertical displacement normalised by pipe nominal diameter (mean internal diameter plus 

one time the mean wall thickness, δv/Dnom). An increase in the number of fabric layers or 

decrease in diameter resulted in a significant increase in EA and SEA, with the gradient of the 

curves decreasing beyond the peak pipe load. This observation is contrary to that reported by 

Yan et al. [42] who noted that an increase in the diameter of FFRE tubes produced larger SEA. 

The increase in the EA (energy absorbed) with increasing fabric layers was due to the greater 

amount of material across the section of the tube, which effectively absorbed the energy and 

required greater energy to deform. The EA-displacement relationships for FFRE and GFRE 

pipes with similar diameters are compared in Figure 3.24, with the results showing comparable 

EA of FFRE pipes to counterpart GFRE pipes for an equal vertical displacement. 
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(a) Specimens D38 (b) Specimens D60 (c) Specimens D100 

   
(d) Specimens D38 (e) Specimens D60 (f) Specimens D100 

Figure 3.22. Effect of number of fabric layers on energy absorbed and specific energy absorption as a 

relationship of pipe displacement. 

   
(a) 2-layer specimens (b) 3-layer specimens (c) 4-layer specimens 

   
(d) 2-layer specimens (e) 3-layer specimens (f) 4-layer specimens 

Figure 3.23. Effect of diameter on energy absorbed and specific energy absorption as a relationship of 

pipe displacement. 

Pipe peak load 
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(a) Pipes with Dnom = 38.11~41.80 and t = 2.98~4.30 

[107] 

(b) Pipes with Dnom = 53.50~60.98 and t = 3.18~4.86 

[107] 

 

(c) Peak energy absorbed by pipes [42,114] 

Figure 3.24. Comparison of EA-displacement relationships for FFRE pipes (current study and study 

by Yan et al. [42]), EGFRP [114] and GFRE tubes [107]. 

Different materials are used to fabricate energy absorbing hollow tubes for applications such 

as vehicle collision protection or ships impact protection [96,97], with the geometric 

specification of comparable hollow tubes listed in Table 3.5. In Figure 3.25a, FFRE pipe SEA 

is compared to that for hollow tubes made of already available materials with similar nominal 

diameters and fabric layers and in Figure 3.25b FFRE pipes SEA is compared with the hollow 

tubes with similar nominal diameters and wall thicknesses. The comparison of SEA values 

shows that the SEA of FFRE pipes is superior to that for natural composite hollow tubes i.e., 

KFRP tubes [140], FFRE hollow tubes reported in Ref. [42], and jute FRE hollow tubes [143] 

and comparable to that for synthetic composite hollow tubes i.e., GFRE [105], glass tissue FRE 

(GTFRE) [144], EGFRV [114], aluminium hollow tubes [145], and hybrid composite i.e., jute-
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GTFRE (JGTFRE), cotton-carbon FRE (CT-CFRE), cotton-glass tissue FRE (CT-GTFRE), 

glass tissue-carbon FRE (GT-CFRE), and glass tissue-cotton-carbon FRE (GT-CT-CFRE) 

hollow tubes [144]. These conclusions are applicable specifically for hollow FFRE pipes and 

composite tubes as found in the literature. 

  
(a) FFRE pipes and tubes with different nominal diameters and fabric layers 

  
(b) FFRE pipes and tubes with different nominal diameters and wall thicknesses 

Figure 3.25. SEA comparison of FFRE pipes with hollow tubes of different materials 

[42,107,108,112,114,140,143–145]. 
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SEA is also defined as energy absorbed per unit volume of the tube [104], and herein to 

differentiate it with SEA per unit mass, SEA* (SEA asterisk) is used as an alternative 

abbreviation to define SEA per unit volume of the tube. Gupta et al. [104] proposed an 

expression to predict the SEA* of mild steel and aluminium tubes subjected to lateral 

compression: 

SEA∗ = 0.0106𝑒4.0633𝛿𝑣/𝐷𝑛𝑜𝑚 . (
𝐷𝑛𝑜𝑚

𝑡
)

−1.22

 (3.15) 

in which e is Napier's constant and equals to 2.718 and SEA is in J/mm3. In Figure 3.26 the 

Gupta et al. equation (Eq. 3.15) [104] is compared with the SEA-normalised vertical 

displacement of FFRE pipes, and by increasing the diameter and decreasing the number of 

fabric layers the consistency of experimental results and the prediction increased. The Gupta 

et al. relationship (Eq. 3.15) [104] is an empirical equation, which was obtained from the lateral 

compression loading on mild steel and aluminium tubes, with the discrepancy between the 

experiments and the prediction by Eq. 3.15 being attributed to the difference in the material 

properties of mild steel or aluminium and FFRE composite. 

Mean pipe crushing load (Qavg) is the average of the lateral compression load through complete 

deformation. This parameter is useful for measurement of the performance of the energy 

absorbers and plays an important role in their design. It can be calculated as [107]: 

𝑄𝑎𝑣𝑔 =  
𝐸𝑡𝑜𝑡

𝐿𝑐
 (3.16) 

where Etot is the total absorbed energy and Lc is the crush length, which is equal to pipe vertical 

displacement at the limited crush load (Figure 3.11a and b. Nom- 4). Stroke efficiency (Se) is 

considered as a good indicator for describing the amount of material that can be used during 

the energy absorber failure. This indicator is very useful in the applications which have 

restrictions on the energy absorber space. Stroke efficiency for a pipe subjected to lateral 

compression loading is calculated as [99,107]: 
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𝑆𝑒 =  
𝐿𝑐

𝐷𝑒𝑥𝑡
 (3.17) 

The energy efficiency indicator is given by [146]: 

𝐸𝑒 =  
𝐸

𝑄𝑝𝑒𝑎𝑘. 𝐿𝑜
 (3.18) 

where Lo is the initial length of the pipe. The work effectiveness is a combination of the specific 

energy absorption capacity with the stroke efficiency indictor and is defined as follows [146]: 

𝑊𝑒𝑓𝑓 =  𝑆𝐸𝐴 × 𝑆𝑒 (3.19) 

The work effectiveness indicator is very useful indictor for applications in which there are 

restrictions on both weight and space of the energy absorbers [146]. 

  
(a) Specimens D38 (b) Specimens D60 

  
(c) Specimens D100 (d) Specimens D160 and D205 

Figure 3.26. Experimental and analytical specific energy absorption-displacement relationships. 

The variations in mean pipe crushing load, stroke efficiency, energy efficiency, and work 

effectiveness for FFRE pipes with different diameters and fabric layers are shown in Figure 

3.27. It can be inferred from this figure that by increasing the fabric layers and decreasing the 

diameter mean pipe crushing load and work efficiency increased. 
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(a) Effect of number of fabric layers on mean pipe 

crushing load 
(b) Effect of pipe diameter on mean pipe crushing load 

  
(c) Effect of number of fabric layers on stroke 

efficiency 
(d) Effect of pipe diameter on stroke efficiency 

  
(e) Effect of number of fabric layers on energy 

efficiency 
(f) Effect of pipe diameter on energy efficiency 

  
(g) Effect of number of fabric layers on work efficiency (h) Effect of pipe diameter on work efficiency 

Figure 3.27. Energy absorption characteristics of FFRE pipes. 
Note: Error bars indicate standard deviation. 
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3.4 Conclusions 

Lateral compression of flax fabric-reinforced epoxy (FFRE) pipes with different flax fabric 

layers and internal diameters were investigated. Pipe invert vertical deformation, pipe 

springline horizontal deformation, strength, energy absorbed, specific energy absorption and 

failure mechanism were investigated, alongside circumferential strain measured on the internal 

surface of the crown and invert, as well as strain measured on both internal and external 

surfaces of the springline and haunch. Conclusions drawn are listed as follows: 

The non-elastic phase of deformation was extended when the pipe diameter increased and the 

number of fabric layers decreased. 

• FFRE pipes showed an ability to withstand a vertical pipe displacement-to-internal 

diameter ratio greater than 0.02 without structural damage and hence can be classified 

as flexible pipes. The vertical pipe displacement-to-internal diameter ratio at elastic 

limit load was within 0.042–0.089, while at failure was within 0.21–0.67, depending 

on pipe diameter and the number of fabric layers. 

• Pipe elastic limit load and peak pipe load and the associated displacements, energy 

absorbed, and specific energy absorption increased with a decrease in the diameter or 

an increase in fabric layers. 

• Failure of the FFRE pipes was accompanied by formation of longitudinal fracture lines 

at the crown, invert and springline. Fractures initiated under the loading plates at the 

invert. The phase angle between the fracture lines was 90°. Pipes with smaller diameter-

to-thickness ratios were more susceptible to failure through delamination. 

• FFRE pipes with 3 and 4 fabric layers experienced progressive failure due to 

considerable variation in the strain across the wall thickness, leading to delamination 

between the fabric-layers which prevented sudden fracture across the thickness. 
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• FFRE pipes showed the potential to be used as energy absorbing devices. The specific 

energy absorption of FFRE pipes was superior to that of natural fibre composite hollow 

tubes i.e., kenaf FRP and jute FRE based on available literature and was comparable to 

that for glass fibre reinforced epoxy hollow tubes, hybrid composite hollow tubes of 

synthetic and natural fibres, and aluminium hollow tubes as found in the literature. 

• Maximum strain occurred on the internal surface of the crown and the invert and then 

at both internal and external surfaces of springlines. Strains measured at the haunch 

were minimal because the circumferential bending moments changed sign around the 

haunch. 

• Classic analytical models for the calculation of pipe circumferential bending, peak pipe 

load, and circumferential strains were compared with the experiments, with the results 

showing a close correlation between the calculations and experiments. 

• The behaviour of buried pipes might be different from that observed in this study, and 

further research is required to evaluate the effect of soil on the lateral compression 

response of FFRE pipes. Further investigations are required to explore the response of 

FFRE pipes subjected to a variety of pipeline loads. 
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 Bending behaviour of flax fabric-reinforced 

epoxy pipes 

Related journal article: 

Saeed Eyvazinejad Firouzsalari, Dmytro Dizhur, Krishnan Jayaraman, Jason M. Ingham. 

Bending behaviour of flax fabric-reinforced epoxy pipes. Composites Part A: Applied 

Science and Manufacturing. Volume 140, January 2021, 106179. 

https://doi.org/10.1016/j.compositesa.2020.106179.  

4.1 Introduction 

Increasing worldwide environmental consciousness continuously pushes governments and 

corporations to look at new construction materials [147,148]. For example, Agenda 21 on 

Sustainable Construction emphasised the application of agricultural waste products and other 

biological materials as building products to achieve more sustainable construction practices 

[4]. Dittenber and GangaRao [29] established that of the twenty most commonly used natural 

fibres, flax fibre has the greatest potential to replace glass fibre when considering a combination 

of fibre cost and fibre specific tensile properties (tensile properties per unit mass). Flax fibre is 

renewable, biodegradable, light-weight, has a short life cycle, is readily available in many 

countries, and the manufacture of flax fibre causes minimal carbon footprint with lower cost 

[147,148] when compared to counterpart synthetic and natural fibres [27]. The mechanical and 

structural performance characteristics of different structural elements manufactured or 

https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
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reinforced with flax fabric/fibre-reinforced epoxy (FFRE) composites have been investigated, 

with the results showing a substantial potential for the application of FFRE composites in 

structural elements as an alternative to conventional synthetic FRE composites [13,39–42]. 

Whilst corrosion is one of the major challenges facing steel and concrete pipes, FFRE pipes 

are corrosion-resistant [16] and therefore no special corrosion protection is required to be 

applied on the internal and external surfaces of FFRE pipes. Although polyvinyl chloride 

(PVC) and glass fibre reinforced thermosetting resin (GFRE) pipes do not corrode in the same 

manner as do steel and concrete pipes, they are manufactured from non-sustainable resources. 

Additionally, FFRE pipes offer comparable specific energy absorption (energy absorbed per 

unit mass) to GFRE pipes [12]. Furthermore, the density of FFRE is approximately 16% of the 

density of steel and 50% of the density of concrete [13], such that FFRE pipes are expected to 

be more convenient and cost-effective to transport and install than for their steel and concrete 

counterparts. 

Bending action can arise within elevated aboveground pipelines due to the weight of the pipe 

material and the containing fluid, from wind and earthquake loadings [149], and from pipe 

foundation subsidence [130]. In underground pipelines seismic shaking, liquefaction, fault 

movement [150], lateral ground movement [151], and ground differential settlement due to 

excessive traffic loading [135] can cause bending actions on pipelines. Corona and Rodrigues 

[152] theoretically investigated the failure mechanism of Kevlar and E-glass epoxy composite 

pipes, with the results revealing that the pipe failure mechanism depended on the pipe diameter-

to-wall thickness ratio (D/t) and on the composite stacking sequence. Rodriguez and Ochoa 

[153] experimentally investigated the bending performance of GFRE and carbon fibre-

reinforced epoxy (CFRE) pipes, with the results showing that GFRE pipes had lower maximum 

pipe bending moment and smaller curvature associated with maximum pipe bending moment 

when compared to CFRE pipes. Derisi et al. [154] developed a strain-controlled method that 
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enabled a composite pipe to sustain large deformation, which matched the targeted bending 

stiffness and load-bearing capability via strategic location of the fibre layers across the pipe 

wall thickness. Bai et al. [155] investigated the bending response of reinforced thermoplastic 

pipes, with the results showing that the maximum pipe bending moment increased with D/t 

ratio while the associated curvature decreased with D/t ratio. 

Plastic pipes (PVC, GRP, etc.) constitute approximately 54% of in-service water and 

wastewater pipes, with this industry market sector anticipated to expand by 5% CAGR 

(compound annual growth rate) from 2019 till 2029 [156]. The study reported herein is part of 

a comprehensive investigation to assess the structural and seismic performance characteristics 

of FFRE pipes subjected to varying pipe loading scenarios to establish whether FFRE pipes 

have the potential to replace pipes manufactured from non-sustainable materials. In this study 

a comprehensive explanation of the FFRE pipe manufacturing process and the four-point load 

testing methodology is provided, and an evaluation is performed regarding the mechanical 

properties of the pipe material and the influence of changes in pipe internal diameter and 

number of flax fabric layers on pipe bending stiffness and maximum pipe bending moment, 

pipe deformation, the longitudinal and hoop strains developed at different locations on the pipe 

cross-section, pipe service failure (defined herein as water seepage through the pipe wall) and 

pipe structural failure mechanisms. 

4.2 Experimental procedure 

4.2.1 Materials 

Plain-woven flax fabric having a mass per unit area of 550 g/m2 [115] and 105 West System 

epoxy resin and its 209 extra slow hardener [157] were used to manufacture FFRE composites 

using the wet/hand layup technique and to manufacture FFRE pipes using the manual fabric 

winding technique. The moisture content of flax fabric was measured before the composite 
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manufacture by conducting 10 oven-drying tests on flax patches separated from the fabric, 

according to ASTM D2495 [116], with the averaged results given in Table 4.1. The tensile 

properties of flax yarns were determined by conducting 20 tensile tests on flax yarns extracted 

from flax fabric, with an axial pre-tension equal to 25 MPa was applied to the yarn samples 

before starting the tensile test to alleviate the effect of yarn tightness on the measured strain. 

The pre-tension value was taken into account for calculating the mechanical properties of the 

flax yarn by adding the pre-tension value (25 MPa) to the experimentally-measured peak tensile 

stress to obtain the ultimate tensile strength of the flax yarn (see Table 4.2 and Figure 4.1).  

 
Figure 4.1. Stress-strain relationships of a flax yarn sample before and after adding pre-tension (25 

MPa). 

The tensile properties of 105 West System epoxy resin and its 209 extra slow hardener were 

measured by performing 10 tensile tests on resin matrix specimens, according to ASTM D638 

[121], with the average results for the tensile properties of flax yarn and matrix listed in Table 

4.1. The tensile and bending properties of FFRE composites having 2, 3, and 4 fabric layers 

were determined by conducting 15 coupon tests for each fabric layer configuration of tensile 

and bending samples, according to ASTM D3039 [120] and ASTM D790 [122] respectively, 

with the average results listed in Table 4.3. The tensile properties of the FFRE composite 

reported in the current study were lower than the tensile properties for FFRE composites 

reported by Mahboob et al. [158], with the difference in properties being attributed to the 



Chapter 4                                                        Bending behaviour of flax fabric-reinforced epoxy pipes 

77 
 

different techniques employed by Mahboob et al. [158] to manufacture and cure their 

composites, which resulted in the production of composites with larger fibre volume fraction 

and lower void contents. The void contents (Vv) for fifteen samples extracted from FFRE pipes 

of each specific pipe group and for five samples extracted from each group of coupon tensile 

samples were determined using a buoyancy (Archimedes) technique, according to ASTM 

D2734 [65], and using the equation below: 

𝑉𝑣 =  100 − 𝜌𝐹𝐹𝑅𝐸 (
𝑚𝑚

𝜌𝑚
+

𝑚𝑓

𝜌𝑓
) (4.1) 

where mm is the mass fraction of matrix in composite simplified to the percentage value, ρm is 

the density of the matrix, mf is the mass fraction of flax fibres simplified to the percentage 

value, and ρf is the density of the flax fibres provided by the manufacturer as 1.45 g/cm3 [115]. 

The fibre volume fraction (Vf) was calculated using the following equation: 

𝑉𝑓 =  

𝑚𝑓

𝜌𝑓

𝑚𝑓

𝜌𝑓
+

𝑚𝑐 − 𝑚𝑓

𝜌𝑚

× 100 − 𝑉𝑣 (4.2) 

where mc is the mass of FFRE composite. 

4.2.2 Pipe specimen manufacture 

Steel and PVC pipes were used as mandrels to manufacture the FFRE pipes, with the mandrel 

external surface rubbed with mould release (Figure 4.2a), with polyethylene strips aligned in 

the mandrel axial direction (Figure 4.2b), and with polyethylene sheet taped tightly around the 

mandrel (Figure 4.2c). A continuous piece of flax wrap of the desired size was cut from the 

flax fabric roll, impregnated with epoxy resin, and tightly wrapped around the mandrel until 

the targeted number of fabric layers was achieved. The mandrel was then rotated to ensure that 

the resin was distributed uniformly until the resin hardened enough to hold the layers together. 

The warps were oriented parallel to the pipe axial direction and the wefts were oriented 

perpendicular to the pipe axial direction (see Figure 4.2d and e). The pipe specimens were 
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consolidated for 10 days by curing at a constant temperature of 29oC, after which the 

polyethylene strips were pulled out, which allowed the FFRE pipes to be easily demoulded 

(Figure 4.2f). A pipe support span length-to-external diameter ratio of 12 was adopted for 

testing the FFRE pipes, corresponding with prior recommendations that the minimum length 

subjected to pure bending should be no less than 4Dext [159–162]. 

   

(a) Rubbing of mould oil on mandrel 

external surface  

(b) Aligning polyethylene strips in 

axial direction of mandrel 

(c) Tapping polyethylene sheet 

tightly around mandrel 

   

(d) Wrapping flax fabric impregnated 

with epoxy resin 
(e) Wrapping finished (f) FFRE pipes after demoulding 

Figure 4.2. Manufacturing process of FFRE pipes. 

4.2.3 Geometric characteristic of the pipe specimens 

Thirty-three pipe specimens were manufactured, with three specimens fabricated for each 

configuration of fabric layers and pipe internal diameter, of which two pipes from each pipe 

group were tested when empty and the third specimen was tested when fully filled with water. 

The pipes had different internal diameters of Dint = 38, 60, 100, 160, and 205 mm, which are 

within the typical range for pipe applications [125], and the number of fabric layers was 2, 3, 

and 4. Pipes with Dint = 160 mm and 205 mm were fabricated with only 4 fabric layers because 

for 2 and 3 fabric layers the pipes would have an impractical Dext/t ratio.  
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Table 4.1. Tensile properties of flax yarn and epoxy resin. 

Material 
Diameter 

(mm) 

Density 

(g/cm3) 

Young’s Modulus 

(GPa) 

Ultimate tensile strength 

(MPa) 
Tensile strain at break Moisture content 

Flax yarn 0.63 1.45 11.08 (18%) 152.67 (19%) 0.04 (32%) 0.063 (14%) 

West system epoxy resin N/A 1.18 3.09 (14%) 58.26 (10%) 0.05 (17%) N/A 

*Values inside parenthesis show coefficients of variation. 

*‘N/A’ indicates ‘not applicable’. 

 

Table 4.2. Mechanical properties of flax yarn before and after adding pretension value (25 MPa). 

Material 
Tensile Modulus 

(GPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain at 

break (%) 

Before adding 

pre-tension 
16.40 127.67 3.78 

After adding pre-

tension 
16.40 152.67 3.78 

 

 

Table 4.3. Physical and mechanical properties of FFRE composites. 

No. of flax 

fabric layers 

Thickness 

(mm) 

Poisson’s 

ratio 

Ultimate tensile 

strength (MPa) 

Young’s 

modulus (GPa) 

Tensile 

strain  

Bending 

strength (MPa) 

Bending 

modulus (GPa) 

Bending 

strain 

Void content 

(Eq. 4. 1) 

Fibre volume 

fraction (Eq. 4.2) 

2-layer 3.46 (0.08) 0.26 (0.03) 21.22 (0.06) 2.04 (0.11) 0.024 (0.14) 41.43 (5.87) 1.83 (5.87) 
0.07 

(0.01) 
0.080 0.40 (0.03) 

3-layer 4.94 (0.05) 0.25 (0.07) 30.49 (0.03) 2.41 (0.09) 0.021 (0.10) 50.80 (2.53) 2.11 (0.14) 
0.06 

(0.00) 
0.051 0.42 (0.02) 

4-layer 6.56 (0.04) 0.22 (0.01) 31.40 (0.04) 2.50 (0.08) 0.028 (0.06) 58.02 (4.20) 2.81 (0.05) 
0.05 

(0.01) 
0.038 0.45 (0.02) 

Note: Values inside parenthesis show coefficient of variations. 
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An identifier ‘Dx-Ny-Sz’ was assigned for each specimen, where the designation ‘Dx’ 

indicates the internal diameter (38, 60, 100, 160, or 205 mm), ‘Ny’ indicates the number of 

fabric layers (2, 3, or 4), and ‘Sz’ indicates the number of the specimen in each group (1, 2, or 

3).For water-filled specimens, the letter ‘F’ was added at the beginning of the identifier to 

distinguish from the empty specimens, which were characterised with the letter ‘E’ at the 

beginning of the identifier. For example, FD100-N3-S1 indicates the first specimen of the three 

manufactured pipes having Dint = 100 mm, composed of 3 fabric layers, and fully filled with 

water. The geometric properties of the pipes were measured according to AS 3572.10 [126], 

with the averaged values for each pipe group (without showing the designation “F” or “E”) 

listed in Table 4.4. 

Table 4.4. FFRE pipe geometric properties. 

Specimen type 

Internal 

diameter 

(mm) 

No. 

of 

layers 

Thickness 

(mm) 
Do/t 

Support 

span 

(mm) 

Void 

content 

(Eq. 4.1) 

Fibre 

mass 

fraction 

Fibre 

volume 

fraction 

(Eq. 4.2) 

D38-N2* 

38.04 

(0.03)** 

2 3.39 (0.13) 12.22 

471 

0.041 
0.37 

(0.03) 
0.44 

D38-N3 3 4.61 (0.06) 9.25 0.055 
0.41 

(0.01) 
0.46 

D38-N4 4 6.08 (0.06) 7.26 0.075 
0.42 

(0.02) 
0.48 

D60-N2 

60.94 (1.02) 

2 3.24 (0.39) 19.81 

840 

0.055 
0.36 

(0.01) 
0.48 

D60-N3 3 4.37 (0.19) 14.96 0.062 
0.40 

(0.01) 
0.57 

D60-N4 4 5.72 (0.30) 11.65 0.080 
0.43 

(0.01) 
0.68 

D100-N2 

100.08 

(1.09) 

2 2.99 (0.22) 34.47 

1230 

0.051 
0.41 

(0.01) 
0.60 

D100-N3 3 4.53 (0.27) 23.09 0.066 
0.39 

(0.01) 
0.51 

D100-N4 4 5.77 (0.20) 18.34 0.072 
0.41 

(0.02) 
0.55 

D160-N4 
160.11 

(1.31) 
4 6.16 (0.42) 26.99 1965 0.078 

0.42 

(0.01) 
0.54 

D205-N4 
205.24 

(0.85) 
4 6.65 (0.85) 31.86 2625 0.075 

0.42 

(0.01) 
0.54 

*Note 1: Each identifier indicates a group of three pipe specimens with a specific diameter and 

number of fabric layers. 

**Note 2: Values inside parenthesis indicate coefficient of variation. 
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4.2.4 Test set-up and instrumentation  

Four-point loading tests were conducted with a constant loading rate set to 5 mm/min, similar 

to Refs. [151,163,164], with the pipe specimen located on two support blocks at the pipe ends, 

and with the loading applied via two loading blocks located at 1/3rd and 2/3rd of the support 

span. Flax fibre is hydrophilic and swells when placed in water [13]. Therefore, for water-filled 

pipes the test started immediately after filling the pipe with water in order to mitigate the water 

effect on flax mechanical properties. The water pressure was recorded using a water pressure 

sensor installed at the pipe crown at a distance of 2Dint from the pipe west end (see Figure 4.3). 

Stress concentration in the cross-section beneath the loading and support blocks could cause 

premature bending failure of the pipes when subjected to four-point loading [165], and 

therefore the loading/support blocks with a sector length equal to 120o and equipped with a 

rubber pad with 2 mm thickness were positioned between the pipe and the loading/support 

blocks that were used for testing (see Figure 4.3). For each specimen, six unidirectional strain 

gauges were applied to the external surface of the pipes, of which four strain gauges were 

aligned in the pipe hoop direction with one at the crown, one at the invert, one at the east 

springline, and one at the west springline, with each strain gauge located at a 10 mm distance 

from the pipe mid-span (see Figure 4.4). One longitudinal strain gauge was installed at the pipe 

crown and one longitudinal strain gauge was installed at the pipe invert, both located at a 20 

mm distance from the mid-span (see Figure 4.3). 
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Figure 4.3. Details of test set-up. 

Note: ‘VAR.’ indicates variable length. 

 

 
Figure 4.4. Location of strain gauges on a pipe specimen. 
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4.3 Results and discussion 

4.3.1 Deformation characteristics 

The bending moment–curvature relationships recorded at the pipe loading blocks for the empty 

and the water-filled pipes with the same number of fabric layers and same internal diameters 

are given in Figure 4.5, with the results showing that there was a high level of consistency (low 

variability) between the pipe bending responses in each pipe group. The bending moment-

curvature relationship for the FFRE pipes can be classified by four discrete phases: (i) service 

curvature, (ii) elastic curvature, (iii) inelastic curvature, and (iv) failure phases (see Figure 4.6). 

i. Service curvature 

Minimal curvature of the pipes occurred when filling the pipes with water. Pipes with a larger 

diameter contained a proportionally greater volume and therefore greater weight of water, 

generating proportionally larger bending moments than for pipes with a smaller diameter. 

Hence the magnitude of pipe curvature increasing with an increase in pipe diameter (Phase i, 

Figure 4.6). 

ii. Elastic curvature 

The bending moment-curvature relationship was elastic up to the “elastic limit bending 

moment” (i.e., the bending moment at which inelastic curvature is initiated, point c in Figure 

4.6). The elastic limit bending moment and the associated curvature increased with an increase 

in pipe diameter and number of fabric layers (see Table 4.5). The classic bending moment (M) 

vs. curvature (κ) relationship for a pipe subjected to pure bending moment within the material 

elastic range is calculated by: 

𝑀 = 𝜅𝐸𝐼 (4.3) 

where E is Young’s modulus of the pipe wall material and I is the pipe second moment of area. 
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(a) Specimens D38-N2S1~S3 (b) Specimens D38-N3 (c) Specimens D38-N4 

   
(d) Specimens D60-N2 (e) Specimens D60-N3 (f) Specimens D60-N4 

   
(g) Specimens D100-N2 (h) Specimens D100-N3 (i) Specimens D100-N4 

 

  

 

(j) Specimens D160-N4  (k) Specimens D205-N4 

Figure 4.5. Bending moment-curvature relationship for pipes with different diameters and with 

different number of fabric layers. 
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Figure 4.6. Typical bending moment-curvature relationship for an FFRE pipe when subjected to four-

point loading. 

In Figure 4.7 the theoretical bending moment-curvature equation (Eq. 4.3) is compared to the 

measured response of the FFRE pipes, with the results showing that the curvature calculated 

using Eq. 4.3 had close correlation with the experiments for small values of curvatures, and 

that with an increase in curvature the discrepancy between the experimental results and the 

output from Eq. 4.3 increased due to the pipe manufacturing imperfections. The value of 

average bending stiffness (with bending moment expressed in kN.m units divided by curvature 

in m-1 units, resulting in bending stiffness expressed in kN.m2 units) for pipes are given in 

Figure 4.8, with the pipe bending stiffness increasing with an increase in fabric layers and with 

an increase in pipe diameter due to greater moment of inertia of the pipe cross-section. It was 

identified that variations in pipe diameter had a greater influence on the bending stiffness when 

compared to the influence of the number of fabric layers. 

iii. Inelastic curvature 

The bending moment-curvature relationship for the pipes was nonlinear and the curvature 

increased at a greater rate when compared to the elastic phase (Figure 4.9). Due to curvature of 

the pipe axis, the compressive and tensile stresses acted at an angle to the un-rotated cross-

section and deformed the original circular shape into an oval shape (Figure 4.9) [128,166]. In 

the ovalised cross-section, the minor axis of the cross-section in the plane of bending resulted 
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in a decrease of the moment of inertia of the cross-section as the curvature increased and led to 

a non-linear bending moment-curvature relationship for the pipe [167], which impaired both 

the pipe bending stiffness and the maximum pipe bending moment (point d, see Figure 4.6). 

Reduction in the moment of inertia of the pipe cross-section due to cross-sectional ovalisation 

can cause pipe bending failure, with the associated bending moment for this failure mode being 

titled ‘limit moment capacity’ [167]. Assuming an equivalent value of Young’s modulus (E) 

and Poisson’s ratio (ν) of the FFRE material in both pipe axial and hoop directions, the pipe 

limit moment capacity (Ml) and the associated curvature (κl) can be calculated from the 

rewritten formulae [167,168]: 

𝑀𝑙 =  
√2

9

𝐸𝜋𝐷𝑜𝑡2

√1 − 𝜈2
 (4.4) 

𝜅𝑙 =  
4

3
√

2

1 − 𝜈2

𝑡

𝐷𝑜
2
 (4.5) 

where Do is pipe nominal diameter (mean internal diameter plus one time the mean wall 

thickness) and t is pipe wall thickness. 

The plastic bending moment capacity (Mp) of the FFRE pipes and the associated curvature (κp) 

can be calculated by [169]: 

𝑀𝑝 = 𝐷𝑜
2𝑡𝜎𝑢 (4.6) 

𝜅𝑝 =  
𝑡

𝐷𝑜
2
 (4.7) 

where σu is the ultimate tensile strength of the FFRE composite. 
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Table 4.5. Elastic limit bending moment and maximum bending moment of pipes and associated 

curvatures. 

Specimen 

Elastic limit bending 

moment  
Maximum pipe bending moment 

Failure mode Pipe 

curvature 

(m-1) 

Value 

(kN.m) 

Pipe curvature 

(m-1) 
Value (kN.m) 

ED38-N2-S1 0.291 0.040 3.516 0.183 Bukl C-1/3rd-S 

ED38-N2-S2 0.511 0.066 2.914 0.205 Bukl C-1/3rd-S 

FD38-N2-S3 0.854 0.116 2.377 0.219 Fract C-1/3rd-S 

Average 0.552 0.074 2.936 0.202  

ED38-N3-S1 0.930 0.179 2.705 0.320 Fract C-1/3rd-S 

ED38-N3-S2 0.490 0.138 2.965 0.343 Fract C-1/3rd-S 

FD38-N3-S3 0.296 0.090 1.988 0.341 Fract C-1/3rd-S 

Average 0.572 0.136 2.553 0.335  

ED38-N4-S1 0.247 0.090 2.444 0.392 GB+Yielding 

ED38-N4-S2 0.747 0.238 2.521 0.458 Fract C-1/3rd-S 

FD38-N4-S3 0.342 0.107 2.396 0.355 GB+Yielding 

Average 0.445 0.145 2.454 0.402  

ED60-N2-S1 0.328 0.143 1.908 0.483 Bukl C-1/3rd-S 

ED60-N2-S2 0.248 0.120 1.672 0.432 Indent+GB 

FD60-N2-S3 0.305 0.131 1.523 0.405 Indent+GB 

Average 0.294 0.131 1.701 0.440  

ED60-N3-S1 0.348 0.240 1.670 0.635 Indent+GB 

ED60-N3-S2 0.367 0.229 1.875 0.605 Indent+GB 

FD60-N3-S3 0.396 0.261 1.871 0.634 Indent+GB 

Average 0.370 0.243 1.805 0.625  

ED60-N4-S1 0.385 0.319 2.275 0.823 Indent+GB 

ED60-N4-S2 0.396 0.300 2.716 0.818 Indent+GB 

FD60-N4-S3 0.324 0.281 1.933 0.827 GB+Yielding 

Average 0.368 0.300 2.308 0.823  

ED100-N2-S1 0.328 0.521 0.801 0.768 Bukl E-1/3rd-S 

ED100-N2-S2 0.339 0.613 0.803 0.885 Bukl C-1/3rd-S 

FD100-N2-S3 0.387 0.720 0.873 0.957 Fract C-1/3rd-S 

Average 0.351 0.618 0.826 0.870  

ED100-N3-S1 0.307 0.801 0.955 1.424 Indent+GB 

ED100-N3-S2 0.207 0.620 0.883 1.407 Indent+GB 

FD100-N3-S3 0.292 0.751 0.928 1.428 Bukl C-1/3rd-S 

Average 0.269 0.724 0.922 1.420  

ED100-N4-S1 0.331 1.141 0.950 1.929 Bukl C-1/3rd-S 

ED100-N4-S2 0.294 1.012 0.918 1.848 Indent+GB 

FD100-N4-S3 0.252 0.900 1.098 1.936 Indent+GB 

Average 0.259 1.018 0.989 1.904  

ED160-N4-S1 0.122 1.750 0.521 4.340 Bukl E-1/3rd-S 

ED160-N4-S2 0.086 1.802 0.348 4.055 Bukl C-1/3rd-S 

FD160-N4-S3 0.127 1.800 0.548 4.248 Bukl C-1/3rd-S 

Average 0.112 1.784 0.472 4.214  

ED205-N4-S1 0.108 2.440 0.391 5.288 Bukl C-1/3rd-S 

ED205-N4-S2 0.080 2.271 0.407 6.006 Bukl C-1/3rd-S 

FD205-N4-S3 0.096 2.561 0.412 5.971 Bukl C-1/3rd-S 

Average 0.095 2.424 0.403 5.756  

Note: Bukl indicates ‘buckling’, C-1/3rd-S indicates ‘central 1/3rd span’, E-1/3rd-S shows ‘east 1/3rd span’ (see 

Figure 4.3), Fract indicates ‘fracture’, and Indent+GB shows ‘local indentation plus global bending’.  
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(a) D38 pipes (b) D60 pipes 

  

(c) D100 pipes (d) D160 and D205 pipes 

Figure 4.7. Experimental and theoretical bending moment-curvature relationships within material 

elastic range. 

  

(a) Pipes with the same diameter but different fabric 

layers 

(b) Pipes with the same number of fabric layers but 

different diameters 

Figure 4.8. Pipe bending stiffness with different diameters and with different number of fabric layers. 
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Figure 4.9. Mechanism of ovalisation development. 

In Table 4.6, the theoretical limit bending moment capacity and the theoretical plastic bending 

moment capacity along with their associated curvatures calculated using Eq. 4.4 to Eq. 4.7 are 

compared with the measured maximum pipe bending moment and the associated curvature 

from the experiments. The correlation between experimental results and the limit bending 

moment equation (Eq. 4.4) improved with a decrease in the number of fabric layers or with an 

increase in pipe diameter (increase in pipe nominal diameter-to-wall thickness ratio (Do/t)) 

because ovalisation increased with an increase in Do/t ratio. The theoretical plastic bending 

moment capacity (Eq. 4.6) gave better prediction with an increasing number of fabric layers or 

with decreasing pipe diameter (decreasing in Do/t ratio) because the extent of pipe ovalisation 

decreased with a decrease in Do/t ratio and the pipe tended to fail due to pipe wall material 

failure. 

iv. Failure phase 

Cross-sectional ovalisation continued further, with a significant reduction in pipe bending 

moment. The pipes failed due to either local buckling of the compressive side of the pipes 

which was characterised by development of a local inward kink (Figure 4.10a) with a larger 

ovalisation in the same cross-section, or by development of pipe local indentation under the 

loading blocks plus global bending (Figure 4.10b), with the indentation occurring due to either 
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local stress concentration beneath the loading blocks, by development of pipe yielding plus 

global bending (Figure 4.10c), or by development of pipe fracture at the central 1/3rd span 

(Figure 4.10d), with the failure mode of tested pipes listed in Table 4.5. Pipe buckling became 

more critical with an increase in Do/t ratio. The bending moment-curvature graph for the 

buckled pipes at the instant of failure was characterised by a drop in pipe bending moment and 

a minor increase in curvature, while a gradual reduction in bending moment was observed at 

the instant of failure for the failed pipes due to yielding plus global bending and local 

indentation beneath the loading blocks plus global bending. In the case of fractured pipes at the 

central 1/3rd span, the bending moment-curvature relationship at the instant of failure was 

characterised by a sharp drop in pipe strength with no increase in curvature, as shown with path 

d-g in Figure 4.6. 

Table 4.6. Comparison of experimental maximum pipe bending moment and associated curvature to 

theoretical limit bending moment and plastic bending moment and associated curvatures. 

Specimen 
Experimental values Theoretical values 

Avg. Mpeak Avg. κpeak  Ml (Eq. 4.4) κl (Eq. 4.5) Mp (Eq. 4.6) κp (Eq. 4.7) 

D38-N2-S1~S3 0.20 2.94 0.53 (-62%) 
3.67 (-

20%) 
0.13 (54%) 1.88 (56%) 

D38-N3-S1~S3 0.34 2.55 1.44 (-76%) 
4.71 (-

46%) 
0.27 (26%) 2.42 (5%) 

D38-N4-S1~S3 0.40 2.45 2.65 (-85%) 
5.77 (-

58%) 
0.39 (3%) 2.99 (-18%) 

D60-N2-S1~S3 0.44 1.70 0.73 (-40%) 1.53 (11%) 0.28 (57%) 
0.79 

(115%) 

D60-N3-S1~S3 0.63 1.80 1.94 (-68%) 
1.99 (-

10%) 
0.57 (11%) 1.02 (76%) 

D60-N4-S1~S3 0.82 2.31 3.46 (-76%) 2.49 (-7%) 0.80 (2%) 1.29 (79%) 

D100-N2-S1~S3 0.87 0.83 1.00 (-13%) 0.55 (51%) 0.67 (30%) 
0.28 

(196%) 

D100-N3-S1~S3 1.42 0.92 3.34 (-57%) 0.81 (14%) 1.51 (-6%) 
0.41 

(124%) 

D100-N4-S1~S3 1.90 0.99 5.60 (-66%) 0.99 (0) 2.03 (-6%) 0.51 (94%) 

D160-N4-S1~S3 4.21 0.47 10.62 (-60%) 0.38 (24%) 6.01 (-30%) 
0.20 

(135%) 

D205-N4-S1~S3 5.76 0.40 14.67 (-61%) 0.29 (38%) 9.11 (-37%) 
0.15 

(167%) 
Note 1: Note: All bending moments are in kN.m units and all curvatures are in m-1 units. 

Note 2: Values inside parenthesis indicate error of formula to predict experimental results. 

Note 3: 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 𝑣𝑎𝑙𝑢𝑒 =  
𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑣𝑎𝑙𝑢𝑒−𝑝𝑟𝑒𝑑𝑐𝑖𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒

𝑝𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 𝑣𝑎𝑙𝑢𝑒
× 100 
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(a) Local buckling characterised by a kink on pipe 

compressive side (ED100-N2-S1) 

(b) Local indentation beneath loading blocks plus 

global bending (ED60-N4-S1) 

  
(d) Pipe yielding plus global bending 

(FD60-N4-S3) 

(c) Pipe fracture at central 1/3rd span 

(ED38-N3-S2) 

Figure 4.10. Failure mode of FFRE pipes. 

Flax fibres that were oriented parallel to the pipe axial axis in the composite layer (wefts, see 

Figure 4.2e and Figure 4.3) were responsible for carrying the bending moment, while flax fibres 

that were oriented perpendicular to the pipe axial axis (warps, see Figure 4.2e and Figure 4.3) 

provided pipe hoop bending stiffness, increased structural integrity of fibres oriented parallel 

to the pipe axial axis, and improved pipe buckling strength. For pipes that fractured at the 

central 1/3rd span (see Table 4.5), upon failure of the fibres oriented parallel to the pipe axial 

axis in the outermost fabric layer at the pipe invert, the remaining fibres oriented parallel to the 

pipe axial axis from invert towards the pipe centre were suddenly subjected to an elevated stress 

level, with the excessive stress causing pipe fracture. For pipes that exhibited failure due to 

yielding plus global bending (see Table 4.5), the failure was initiated on the tensile side of the 

pipe resulting in extensive plastification of the pipe without any visible local buckling on the 

pipe compressive side. 
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Scanning Electron Microscopy (SEM) was used to investigate the pipe failure mode, fracture 

origin, and layer integrity in the fracture surfaces. The SEM samples were prepared from the 

pipe invert where the fracture initiated due to higher values of tensile stresses. In Figure 4.11 

the SEM images for FD38-N2-S3 and ED38-N3-S2 show a significant presence of fibre pull-

out with and without matrix coating on the fibre, fibre fracture, voids due to air bubbles trapped 

in the composite during the pipe manufacture, and voids due to fibre pull-out. Other failure 

modes including matrix cracking (Figure 4.11a and c), fibre splitting due to weak interfacial 

bonding (Figure 4.11a), fibre end damage (Figure 4.11d), fibre/matrix debonding (Figure 

4.11e), and fibre breakage at the composite fracture plane due to strong interfacial bonding 

between the fibre and matrix (Figure 4.11f), which was detected in the SEM images. For the 

fibres coated with matrix, fibre pull-out occurred because the fibre tensile stresses exceeded 

the shear strength of the matrix and for the fibres without matrix coat, fibre pull-out occurred 

because the fibre tensile stresses exceeded the interfacial bonding between the fibre and the 

matrix. Voids due to fibre pull-out confirmed the weak interfacial bonding between flax fibres 

and matrix, with this behaviour being attributed to the hand lay-up technique employed to 

manufacture the FFRE pipes, with manufacturing imperfections limiting the development of 

strong interfacial bonding between the fibre and the matrix, thereby negatively influencing the 

pipe strength when subjected to bending. 

In Figure 4.12 the bending moment-curvature relationship for pipes with varying diameters and 

number of fabric layers are given, with the results showing that with an increase in the number 

of fabric layers and an increase in diameter, the pipe bending stiffness and the maximum pipe 

bending moment increased. Maximum pipe bending moment and the associated curvature for 

all tested pipes was measured and the values are listed in Table 4.5, with the measurements 

showing that with a decrease in the number of fabric layers and with a decrease in pipe diameter 

the curvature associated with the maximum pipe bending moment increased. 
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Figure 4.11. SEM images from fracture surface of FFRE pipes, specimens FD38-N2-S3 and ED38-

N3-S2. 
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(a) 2-layer pipes (b) 3-layer pipes (c) 4-layer pipes 

    
(d) D38 pipes (e) D60 pipes (f) D100 pipes 

Figure 4.12. Effect of diameter (a, b, and c) and number of fabric layers (d and e) on load-

displacement relationships of FFRE pipes. 

Bending stresses versus longitudinal strains recorded by strain gauges applied to the pipe crown 

for FFRE pipes with varying diameters and a varying number of fabric layers are shown in 

Figure 4.13, with the results indicating that the specimens demonstrated approximately similar 

values of stresses within the elastic range. The graphs diverged beyond the elastic range, with 

the reason for this behaviour being attributed to the influence of material non-linearity and pipe 

geometrical non-linearity in the form of pipe ovalisation when the FFRE pipe was subjected to 

larger curvatures. 

4.3.2 Comparison to pipes with different materials 

In Figure 4.14 the bending moment-curvature relationships for FFRE pipes are compared to 

the response of carbon fibre reinforced polymer (CFRP) [49], GFRE and CFRE [153] pipes 

with similar diameters and similar wall thicknesses that were also empty of water, with the 

geometric and composite properties of the compared FFRE, CFRP, GFRE, and CFRE pipes 
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and their failure mode given in Table 4.7. GFRE, CFRE [153], and CFRP pipes [49] showed 

considerably greater bending stiffness when compared to FFRE pipes, with the reason for this 

response being higher tensile stiffness and higher tensile strength of carbon fibre and glass fibre 

when compared to flax fibre. Other reasons for the larger bending stiffness of CFRP pipes [49] 

were larger wall thickness and larger fibre mass fraction. The curvature associated with 

maximum pipe bending moment for FFRE pipes was significantly larger than for GFRE, CFRE 

[153], and CFRP pipes [49], and FFRE pipes showed comparable maximum bending moment 

to GFRE and CFRE pipes as reported in Ref. [153]. The failure mode of CFRP pipes as reported 

in [49] depended on the composite stacking sequence, with failure occurring in the central 1/3rd 

span and the failure mode being either: (i) a combination of local indentation and global 

bending; or (ii) pipe fracture, whereas the failure mode of counterpart FFRE pipes also occurred 

in the central 1/3rd span, but the failure mode was buckling that occurred due to the smaller 

wall thickness. GFRE and CFRE pipes reported in [49,153] failed due to fracture in the central 

1/3rd span, whereas the failure mode of their counterpart FFRE pipes was either (i) buckling; 

(ii) local indentation plus global bending; or (iii) global bending plus yielding. Previously 

reported testing of CFRP [49], GFRE and CFRE pipes [153] considered samples that had 

different fibre volume fractions, different fibre stacking sequences, a different pipe 

manufacturing technique, and different pipe diameters and wall thicknesses to FFRE pipes. 

Thus, further studies are required before direction comparison can be undertaken between the 

bending response of FFRE pipes and the response of pipes manufactured from conventional 

materials such as steel, PVC, GFRE, CFRE, and concrete. 

4.3.3 Strain characteristics 

In Figure 4.15 the relationships are given for bending moment vs. longitudinal and hoop strains 

at different locations, for pipes with different diameters and different numbers of fabric layers, 

with the results generally showing linear behaviour prior to the maximum pipe bending 
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moment, beyond which nonlinearity increased which indicates the initiation of pipe failure. 

Positive values reflect tensile strains while negative values show compressive strains. The 

developed longitudinal strains at the crown and longitudinal strains at the invert were due to 

pipe beam-like bending (see Figure 4.16a) while hoop strains that developed at the crown, at 

the invert, and at the east and west springlines were due to cross-sectional hoop bending around 

the generator lines (which are a series of imaginary longitudinal lines at an equal distance from 

the pipe axial axis that form the pipe geometry [130], see Figure 4.3 and Figure 4.16b). The 

hoop strains that developed at the pipe crown and at the pipe invert had opposite sign to the 

longitudinal strains developed at the same location because of the Poisson’s ratio effect [131]. 

Initially tensile strains developed at the pipe crown and in the hoop direction and then 

compressive strains developed, with the reason for this change being the larger compressive 

strains that developed due to pipe hoop bending moment that superimposed the initial tensile 

strains. 

  
(a) D38 pipes (b) D60 pipes 

  
(c) D100 pipes (d) D160 and D205 pipes 

Figure 4.13. Stress-longitudinal strain relationships at pipe invert for FFRE pipes with varying 

diameters and number of fabric layers. 
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(a) D205 and D220 pipes (b) D55 and D60 pipes 

Figure 4.14. Comparison of FFRE pipe bending moment-curvature relationship with response of pipes 

made of CFRP [49] and GFRE and CFRE [153]. 

Table 4.7. Geometric properties of pipes with different materials. 

Material 

Pipe internal 

diameter 

(mm) 

Wall 

thickness 

(mm) 

Stacking 

sequence 

Fibre 

mass 

fraction 

Failure mode Reference 

FFRE 

(ED60-N2-

S1) 

60.94 3.24 

Hand lay-up, 

Woven fabric 

(00 and 90o), 

2-layers 

36% 
Bukl C-1/3rd-

S 

Current 

study 

FFRE 

(ED60-N3-

S1) 

60.94 4.37 

Hand lay-up, 

Woven fabric 

(00 and 90o), 

3-layers 

40% Indent+GB 
Current 

study 

FFRE 

(ED60-N4-

S1) 

60.94 5.72 

Hand lay-up, 

Woven fabric 

(00 and 90o), 

4-layers 

43% Indent+GB 
Current 

study 

FFRE 

(ED205-N4-

S2) 

205.24 6.65 

Hand lay-up, 

Woven fabric 

(00 and 90o), 

4-layers 

42% 
Bukl C-1/3rd-

S 

Current 

study 

CFRP 220 11.20 

Filament 

wound 

[±45]28 

Carbon 

fibre: 

75.7% 

Indent+GB [49] 

CFRP 220 11.20 

Filament 

wound  

[90]56 

Carbon 

fibre: 

75.7% 

Fract C-1/3rd-

S  
[49] 

CFRE 54.80 2.60 
Filament 

wound [±45]4 
N/P 

Fract C-1/3rd-

S  
[153] 

CFRE 54.80 3.20 
Filament 

wound [±54]4 
N/P 

Fract C-1/3rd-

S  
[153] 

GFRE 54.80 2.60 
Filament 

wound [±45]4 
N/P 

Fract C-1/3rd-

S 
[153] 

GFRE 54.80 3.20 
Filament 

wound [±54]4 
N/P 

Fract C-1/3rd-

S 
[153] 

Note 1: ‘N/P’ indicates ‘not provided’. 

Note 2: ‘Bukl’ indicates buckling, ‘C-1/3rd-S’ indicates central 1/3rd span, ‘Fract’ indicates fracture, 

‘Indent+GB’ shows local indentation plus global bending. 
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At the initial stages of the elastic phase the calculated Poisson's ratio was valid between the 

longitudinal and hoop strains at the pipe crown or the pipe invert, but greater hoop strains 

occurred as pipe cross-sectional ovalisation developed. For a given bending moment/curvature 

the maximum absolute value of strain occurred in the longitudinal direction at the pipe crown 

or invert, followed by the hoop strains at the pipe invert, hoop strains at the pipe springlines, 

and hoop strains at the pipe crown, respectively. 

  
 (a) Specimen ED38-N4-S1 (b) Specimen ED60-N3-S1 

  
(c) Specimen ED100-N2-S1 (d) Specimen ED205-N4-S1 

Figure 4.15. Developed strains in pipes with different diameters and with different number of fabric 

layers. 

 

 

(a) Beam like-bending mode (b) Pipe cross-sectional bending mode 

Figure 4.16. Schematic view of pipe deformation mode when subjected to four-point loading. 
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In Figure 4.17 the bending moment-longitudinal strain relationship recorded at the pipe crown 

are compared, with the results showing that for the same value of bending moment greater 

strains were developed with an increase in pipe diameter or with a decrease in fabric layers, 

due to larger pipe ovalisation. 

   
(a) D38 pipes (b) D60 pipes (c) D100 pipes 

   
(d) 2-layer pipes (e) 3-layer pipes (f) 4-layer pipes 

Figure 4.17. Effect of pipe diameter and number of fabric layers on bending moment-longitudinal 

strain relationships at pipe. crown. 

4.3.4 Pipe internal water pressure characteristics 

Bending of the water-filled pipes during testing was carefully monitored to detect any water 

seepage from the pipes. In the case of pipes that failed due to pipe fracture occurring in the 

central 1/3rd span, the initiation of pipe fracture was associated with sudden draining of the 

water. However, for pipes that failed due to either local buckling, global bending plus material 

yielding, or local indentation occurring under the loading blocks plus global bending, only a 

few water drops were detected on the pipe invert in the final steps of the failure phase (see 

Figure 4.18), with the reason for this response being attributed to the flax fabric layout of the 
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pipes (Figure 4.2d, e, and Figure 4.3) which improved the structural integrity of the pipes 

against water seepage. The significant deformation capability of the FFRE pipes, combined 

with strong structural integrity against water seepage, offers a great potential for the application 

of FFRE pipes at locations in a pipe network where larger bending deformations and low-

maintenance of pipes is required, such as for water distribution pipes laid in liquefaction-prone 

lands [170]. Bending moment-internal water pressure relationships for pipes are given in Figure 

4.19, with the results showing that some internal water pressure developed as the non-linear 

elastic phase commenced, with the internal water pressure development rate increasing beyond 

the maximum pipe bending moment. The value of the developed internal water pressure 

increased with a decrease in pipe diameter. 

4.4 Limitation and future work 

The design requirements for pipes using metallic materials or conventional composites are well 

established, but when using FFRE as a pipe material there are additional requirements that must 

be considered. Whilst FFRE is corrosion resistant [16], its water uptake characteristics remain 

a significant challenge. El Sawi et al. [171] reported a 55% degradation in the bending 

properties of FFRE composite after 38 days of water immersion, and Assarar et al. [35] 

reported a 39% reduction in Young’s modulus and a 25% reduction in ultimate stress of FFRE 

after 40 days of immersion in water. The long-term effect of water absorption on the 

mechanical properties of FFRE is highly influential, particularly in the case of composites with 

high void content. Pipes made for water transmission should be tested after extensive exposure 

to water, to correctly gauge their viability. A practical method that can be used to limit moisture 

uptake of the flax and subsequent decline in its mechanical properties in an FFRE pipe is to 

cover the external and internal surfaces of the pipe with a layer of fluid barrier material (such 

as polymeric materials) to provide a moisture absorption-free pipe. While the results show that 

the use of flax fibre in composites pipes is promising, the paucity of the available data 
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underscores the need for further research into the effect of water ageing on the bending 

response of FFRE pipes. 

 

Figure 4.18. Water seepage at pipe invert, specimen FD100-N2-S3. 

  
(a) D38 pipes (b) D60 pipes 

  
(c) D100 pipes (d) D160 and D205 pipes 

Figure 4.19. Developed water pressure in pipes with different diameters and with different number of 

fabric layers. 

Water drops at 

pipe invert  
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4.5 Conclusions 

The bending response of both empty and water-filled flax fabric-reinforced epoxy (FFRE) 

pipes having different numbers of flax fabric layers and different internal diameters was 

investigated when subjected to four-point loading. The deformation mechanism, bending 

stiffness, maximum pipe bending moment, and failure mode of the pipes alongside hoop and 

longitudinal strains measured on the pipe external surface were presented. Conclusions drawn 

are listed as follows: 

• No water seepage was detected for water-filled FFRE pipes after the maximum pipe 

bending moment was reached. FFRE pipes manufactured using the hand lay-up 

technique were therefore shown to be effective for water transmission. 

• Bending moment–curvature relationships for the tested pipes were characterised by 

three phases: elastic, inelastic, and failure. The deformation for each phase extended 

when the pipe diameter was increased, or the number of fabric layers was decreased. 

• Pipe elastic limit bending moment, pipe bending stiffness, and maximum pipe bending 

moment capacity increased with an increase in the pipe diameter or with an increase in 

the number of fabric layers. 

• Four principal modes of failure were identified, being: (i) local buckling at pipe 

compressive side; (ii) fracture at pipe central 1/3rd span that commenced on the tensile 

surface; (iii) local indentation under the loading blocks plus global bending; (iv) 

yielding plus global bending. With an increase in pipe diameter or with a decrease in 

the number of fabric layers, the failure mode was akin to pipe local buckling, while 

with a decrease in pipe diameter or increase of the number of fabric layers the failure 

mode was akin to fracture at central 1/3rd span. 
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• FFRE pipes showed comparable maximum pipe bending moment but larger curvature 

associated with maximum pipe bending moment when compared to counterpart glass 

fibre-reinforced polymer and carbon fibre-reinforced polymer pipes. 

• Maximum strain occurred in the longitudinal direction at pipe crown or invert, followed 

respectively by the hoop strains at invert, hoop strains at springlines, and hoop strains 

at the crown. 

• Classic theoretical models for the calculation of pipe bending stiffness, maximum pipe 

bending moment, and longitudinal strains at pipe invert were compared with the 

experiments, with the results showing a close correlation between the experimental 

results and the calculations. 
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 Indentation and piercing behaviour of flax 

fabric-reinforced epoxy pipes 

5.1 Introduction 

Flax fibre has shown substantial potential as an alternative material to replace synthetic fibres 

in polymer composites [29,35,37,172,173]. The carbon footprint to manufacture one-tonne of 

flax fibre is approximately 1% the carbon footprint to manufacture one-tonne of carbon fibre, 

16% to manufacture one-tonne of glass fibre, 64% to manufacture one-tonne of jute fibre, 87% 

to manufacture one-tonne of kenaf fibre, and 93% to manufacture one-tonne of hemp fibre 

[27]. Flax fibre is already available in many countries, and is renewable, biodegradable, and 

has a short growth cycle and low production cost [17,69], and also has low density and higher 

specific tensile strength (tensile strength divided by mass) when compared to other commonly 

used natural fibres [29]. Flax fibre provides many types of well-structured fabrics 

(unidirectional, biaxial, woven etc.) with controlled fibre orientation as compared to other 

natural fibres, which makes flax fibre suitable for structural applications. Flax fibre-reinforced 

epoxy (FFRE) showed close similarity in specific tensile modulus  with glass fibre-reinforced 

epoxy (GFRE) composites [35], and research on different structural components reinforced 

with or manufactured from FFRE showed a substantial potential for FFRE composites to be 

used in structural components [37,79,84,130,174,175]. 
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FFRE pipes offer several advantages over pipes constructed of conventional materials. Flax 

fibre has lower cost, lower density, higher specific tensile modulus, and causes less pollution 

during production resulting in minimal health hazards when compared to synthetic fibres. The 

earlier studies by the authors on FFRE pipes subjected to lateral compression showed that the 

specific energy absorption (energy absorbed per unit mass) of FFRE pipes was comparable to 

that for GFRE pipes [13]. Whilst corrosion is considered as a major issue diminishing the 

service life of concrete and steel pipes [50], FFRE is corrosion-resistant and thus no protective 

coating is necessary for the corrosion-protection of FFRE pipes [13,16]. Plastic pipes are 

similarly corrosion resistant [13,176], but are manufactured from non-sustainable sources. The 

density of FFRE is approximately 16% the density of steel and 50% the density of concrete 

[13,53] such that FFRE pipes are more convenient and cost-effective for transportation and 

installation processes when compared to their steel and concrete pipe counterparts. 

Mechanical interference has been identified as a primary reason for the failure of pipelines 

[177,178], with this interference involving approximately 50% of all recorded pipe failures in 

Europe [179] and 54% of recorded pipe failures in the United States [180]. Earthmoving 

operations, specifically digging by an excavator [128,166,179], contact with remaining pieces 

of rock within a buried pipe trench [128,166,179,181,182], and extension of tree root systems 

into the vulnerable areas of the underground pipes [183] are considered as potential sources of 

external interference. Such external interference to pipelines may cause mechanical damage to 

the pipe wall in the form of a dent or piercing in the pipe wall thickness [177,184], where a 

dent is a localised inward plastic deformation in the pipe wall [178] that can cause premature 

structural pipe failure by comprising the pipe wall thickness [131,132,185], or causes fatigue 

failure of the pipe due to localised stress concentration in the dent location [182,186]. 

Additionally, pipeline piercing incidents can cause disastrous consequences as to injury, loss 
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of life, damage to property and environmental and economic losses depending on the leaking 

contents. 

Alderson and Evans [187–189] conducted extensive research on the failure mechanism and the 

residual strength of GFRE pipes with various support conditions when subjected to indentation 

load. Corbet and Reid [190,191] compared the failure of GRP tubes with steel tubes subjected 

to denting load, with the results showing the superior specific energy absorption of GRP tubes 

when compared to steel tubes. Curtis et al. [192] and Li et al. [193] studied the strain 

distribution of GRP pipes subjected to denting load, with the results demonstrating that strain 

distribution pattern depending on the indentation depth. Hafeez and Almaskari [194] compared 

the denting response of base supported end-cradled GFRE pipes, with the result showing 

greater resistance of end-cradled tubes to denting when compared to base-supported 

counterparts.  

Plastic pipes (PVC, polyethylene etc.) and GRP pipes are comprised of approximately 54% of 

all under service pipes in water and wastewater pipe sector, with this sector being anticipated 

to expand 6.4% CAGR (compound annual growth rate) from 2017 till 2025 [156]. The water 

and wastewater pipe sector requires moderate strength material for pipe manufacture, with this 

sector being of in great demand representing a great opportunity for the application of more 

sustainable pipe systems [70]. To the best knowledge of the authors, there is no current research 

on the mechanical and structural performance characteristics of natural fibre composite pipes, 

and the study reported herein is a part of a comprehensive study to assess the feasibility of 

FFRE pipes to be employed as a pipeline for fluid transmission and distribution purposes [13]. 

If this were to happen, the FFRE pipes would have a great potential to be replaced for pipes 

manufactured from non-sustainable resources especially in developing countries where flax 

fibres are obtained in abundance. In this study the response of FFRE pipes with varying internal 

diameters and number of flax fabric layers subjected local load applied using indenter with 



Chapter 5                               Indentation and piercing behaviour of flax fabric-reinforced epoxy pipes 

108 
 

different nose shapes including conical nose, hemispherical nose, and wedge nose. A 

comprehensive explanation of the pipe manufacture and testing methodology is provided, 

along with the flax fibre, epoxy resin, and FFRE mechanical properties, pipe indentation 

stiffness and local load, peak local load, and pipe failure mechanism were evaluated.  

5.2 Experimental procedures  

5.2.1 Materials 

FFRE composites and FFRE pipes were manufactured using commercial plain-woven flax 

fabric with a mass per unit area equal to 550 g/m2 [115] and West System epoxy resin and its 

209 extra slow hardener [157], employing a wet/hand lay-up and a manual fabric winding 

technique, respectively. The moisture content of the flax fabric was measured before the 

composite manufacture by conducting oven-drying tests, according to ASTM D2495 [116], on 

10 flax fabric patches separated from different locations of the flax fabric roll, with the results 

displaying the flax fabric had an averaged moisture content equal to 6.25% with a standard 

deviation equal to 0.87. 

Twenty tensile tests were conducted on the flax yarns to determine the tensile properties of the 

flax fibre with the averaged flax tensile properties given in Table 5.1. An axial tensile force 

equal to 25 N was applied to the flax yarn samples before initiating the test to mitigate the 

effect of yarn tightness on the recorded strains. The tensile properties of West System epoxy 

resin and its 209 extra slow hardener were determined by performing 10 tensile tests on coupon 

samples, according to ASTM D638 [121], with the averaged results listed in Table 5.1. 

Table 5.1. Physical and mechanical properties of flax yarn and epoxy resin. 

Material 
Diameter 

(mm) 

Density 

(g/cm3) 

Young’s 

Modulus (GPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain 

at break  

Flax yarn [115] 0.63 1.45 11.08 (18%) 152.67 (19%) 0.04 (32%) 

West system epoxy 

resin [157] 
N/A 1.18 3.09 (14%) 58.26 (10%) 0.05 (17%) 

Note 1: Values inside parenthesis show coefficients of variation. 

Note 2: ‘N/A’ indicates ‘not applicable’. 
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Tensile and flexural properties of FFRE composite with 2, 3, and 4 fabric layers were 

determined by conducting 15 coupon tensile tests and 15 coupon flexural tests for each specific 

number of fabric layers, according to ASTM D3039 [120] and ASTM D790 [122], 

respectively, with the averaged values listed in Table 5.2. The density of FFRE composite and 

the pipe was determined by conducting buoyancy/Archimedes tests, according to ASTM 

D2734 [65], and the following relationship was used to calculate the void content (Vv) of the 

FFRE composites [65]: 

𝑉𝑣 =  100 − 𝜌𝐹𝐹𝑅𝐸 (
𝑚𝑚

𝜌𝑚
+

𝑚𝑓

𝜌𝑓
) (5.1) 

where ρFFRE is the composite density measured using the buoyancy/Archimedes technique, mm 

is the weight ratio of matrix in the composite, ρm is the density of the matrix, mf is the weight 

ratio of flax fibre in the composite, and ρf is the density of flax fibre. The fibre volume fraction 

(Vf) for the FFRE composite was calculated using Eq. 5.2 [117], with the averaged 

measurements listed in Table 5.2 and Table 5.3: 

𝑉𝑓 =  

𝑚𝑓

𝜌𝑓

𝑚𝑓

𝜌𝑓
+

𝑚𝑐 − 𝑚𝑓

𝜌𝑚

× 100 − 𝑉𝑣 (5.2) 

where mc is the mass of composite. 

Table 5.2. Physical and mechanical properties of FFRE composites. 

No. of flax 

fabric 

layers 

Thickness 

(mm) 

Poisson’s 

ratio 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Tensile 

strain at 

failure 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Strain at 

flexural 

strength 

Void 

content 

Fibre 

volume 

fraction 

(Eq. 5.2) 

2-layer 3.46 (0.08) 
0.26 

(0.03) 

21.22 

(0.06) 
2.04 (0.11) 

0.024 

(0.14) 

41.43 

(0.14) 

1.832 

(0.17) 
0.07 (0.12) 0.08 

0.40 

(0.02) 

3-layer 4.94 (0.05) 
0.25 

(0.07) 

30.49 

(0.03) 
2.41 (0.09) 

0.021 

(0.10) 

50.80 

(0.05) 

2.11 

(0.07) 
0.06 (0.07) 0.05 

0.42 

(0.012) 

4-layer 6.56 (0.04) 
0.22 

(0.01) 

31.40 

(0.038) 
2.50 (0.08) 

0.028 

(0.06) 

58.02 

(0.07) 

2.81 

(0.14) 
0.05 (0.15) 0.04 

0.45 

(0.02) 

Note: The values inside parenthesis show coefficient of variations. 

5.2.2 Indenters, test specimens, and instrumentation  

The majority of soil types can be used as backfill over the buried pipe, except for restrictions 

associated with maximum particle size depending on the pipe type, with the maximum particle 
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size for fiberglass, PVC, ductile iron or any pipe with polyethylene sleeve being restricted to 

25 mm [195]. Three steel indenters with different shapes of nose including conical nose, 

hemispherical nose, and wedge nose indenters were fabricated in order to model three basic 

forms of many rocks/gravels shapes that may possibly come into contact with the pipe wall in 

the backfill of a buried pipe trench. The conical nose and hemispherical nose indenters had a 

base diameter equal to 25 mm and the wedge nose indenter had a square nose base with an 

edge size equal to 25 mm (see Figure 5.1). The conical nose indenter had an apex angle equal 

to 60o similar to indenters used in Ref. [196–198] and the wedge nose indenter was fabricated 

with a wedge angle equal to 60o. 

Table 5.3. FFRE pipes geometric properties. 

Specimen type 
Nom. of 

specimens 

Internal 

diameter 

(mm) 

Nom. of 

Fabric 

layers 

Thickness 

(mm) 

Pipe 

length 

(mm) 

Void 

content 

Fibre 

mass 

fraction 

Fibre 

volume 

fraction 

(Eq. 5.2) 

D38-N2 9 

38.32 

(0.92) 

2 3.39 (0.13) 

230 

(0.89) 

0.04 
0.37 

(0.03) 
0.44 

D38-N3 9 3 4.61 (0.06) 0.06 
0.41 

(0.01) 
0.46 

D38-N4 9 4 6.08 (0.06) 0.08 
0.42 

(0.02) 
0.48 

D60-N2 9 

61.34 

(1.31) 

2 3.24 (0.39) 

370 

(1.12) 

0.06 
0.36 

(0.01) 
0.48 

D60-N3 9 3 4.37 (0.19) 0.06 
0.40 

(0.01) 
0.57 

D60-N4 9 4 5.72 (0.30) 0.08 
0.43 

(0.01) 
0.68 

D100-N2 9 

102.01 

(0.98) 

2 2.99 (0.22) 

611 

(1.51) 

0.05 
0.41 

(0.01) 
0.60 

D100-N3 9 3 4.53 (0.27) 0.07 
0.39 

(0.01) 
0.51 

D100-N4 9 4 5.77 (0.20) 0.07 
0.41 

(0.02) 
0.55 

D160-N4 9 
162.14 

(1.04) 
4 6.16 (0.42) 

972 

(2.11) 
0.08 

0.42 

(0.01) 
0.54 

D205-N4 9 
204.92 

(1.02) 
4 6.65 (0.85) 

1232 

(2.84) 
0.08 

0.42 

(0.01) 
0.54 

Note: The values inside parenthesis show coefficient of variations. 
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Figure 5.1. Configuration of indenters used. 

Steel or PVC pipes with varying diameters were used as mandrels to manufacture the FFRE 

pipes. First, the external surface of the mandrel was rubbed with mould oil, then with 

polyethylene plastic strips tightly aligned the axial direction of the mandrel and held in the 

location using tight rubber bands at both ends of the mandrel. A polyethylene plastic sheet was 

tightly wrapped around the mandrel and taped. Epoxy resin and the associated hardener were 

mixed and spread to the flax fabric until the fabric was resin-impregnated. The resin-

impregnated fax fabric was then wrapped around the mandrel while the fabric was stretched in 

both circumferential and axial directions until the targeted number of fabric layers plus 50 mm 

of extra overlapping was achieved. In the wrapped flax fabric, which had a regular weave style 

of interlaced warp (0o) fibres and weft (90o) fibres, the warps oriented parallel to the pipe axial 

direction and the wefts oriented in the pipe circumferential direction. Stretching the 

impregnated flax fabric during wrapping increased the fibre volume fraction of the composite 

by decreasing the pipe thickness, such that the FFRE pipes were expected to have greater 

structural integrity against the local loading. The mandrel was then spun around the mandrel 

axial axis for a minimum of one hour to prevent any resin dripping and fabric layers sagging. 

The pipe specimens were cured for 10 days at a uniform temperature of 29°C after which the 
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polyethylene plastic strips were first pulled out of the mould and then the pipe specimen was 

demoulded. Comprehensive details of FFRE pipe manufacturing technique is described by the 

authors in Ref. [13]. The pipes had different internal diameters of Dint = 38, 60, 100, 160, and 

205 mm, which are within the typical range for pipe applications [125]. The number of fabric 

layers was 2, 3, and 4, and the length of the specimens was set to six times the pipe internal 

diameter (L = 6Dint, see Figure 5.2). Pipes with Dint = 160 and 205 mm were fabricated with 

only four fabric layers because for 2 and 3 fabric layers the pipes would have an impractical 

diameter-to-thickness (D/t) ratio. Ninety-nine pipe specimens were manufactured, with nine 

specimens fabricated for each specific configuration of the number fabric layers and the pipe 

internal diameter, of them three pipes were tested with conical nose indenter, three pipes were 

tested with hemispherical nose indenter, and three pipes were tests with wedge nose indenter. 

Specimen geometric configurations are given in Table 5.2, with an identifier ‘Dx-Ny-Sz’ 

assigning for each specimen, in which the designation ‘Dx’ indicates the internal diameter (38, 

60, 100, 160, and 205 mm), ‘Ny’ indicates the number of fabric layers (2 to 4), and ‘Sz’ 

indicates the number of the specimen in each group (1 to 3). For the specimens tested with 

conical nose indenter the letter ‘C’, for the specimens tested with hemispherical nose indenter 

the letter ‘H’, and for the specimens tested with wedge nose indenter the letter ‘W’ was added 

at the beginning of the identifier. For example, W-D160-N4-S2 indicates the second specimen 

of the three manufactured pipes having Dint = 160 mm, composed of 4 fabric layers, and tested 

with the wedge nose indenter. The diameter of each pipe specimen was measured at six 

locations, the thickness was measured at 12 locations, and the internal diameter was measured 

at three locations, according to AS 3572.10 [126], with the averaged values listed in Table 5.2. 

Note that the given values in Table 5.3 are the average of manufactured nine pipe specimens 

having the same diameter and the same number of fabric layers tested with varying indenter 

nose shapes. Thus, the designations are limited to the pipe diameter and number of fabric layers. 
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Figure 5.2. Details of the test set-up. 

The FFRE pipes were supported along their lowest generator (generators are a series of 

imaginary longitudinal lines at an equal distance from the pipe axial axis that forms the pipe 

geometry, see Figure 5.2) with a flat and rigid plate with no pipe end or pipe side restrictions, 

and the indenter was applied vertically downward at the crown of the pipe mid-length. The 

loading rate was set to 5 mm/min and the testing was conducted at a constant temperature of 

230C. In the case of pipes subjected to wedge nose indenter, the wedge of the indenter was 

aligned transverse to the pipe axial axis. The bottom rigid plate has a width larger than the half-

perimeter of the largest pipe cross-section (D205-N4) to ensure there was complete contact of 

the pipe bottom surface with the rigid plate throughout the deformation process [130,131,166]. 

Details of the test set-up are provided in Figure 5.2. 



Chapter 5                               Indentation and piercing behaviour of flax fabric-reinforced epoxy pipes 

114 
 

5.3 Results and discussion 

5.3.1 Indentations and piercing characteristics 

Local load–indenter vertical displacement relationships for FFRE pipes with varying internal 

diameters, varying numbers of fabric layers, and varying indenter nose shapes are given in 

Figure 5.3, Figure 5.4, and Figure 5.5, with the results showing that there was a high level of 

consistency between the pipe indentation and piercing responses in each specific pipe group. 

5.3.1.1 Typical local load-indenter vertical displacement relationships 

The local load-indenter vertical displacement relationships for the FFRE pipes subjected to 

conical nose indenter at pipe mid-length is given in Figure 5.6a. The specimen response can be 

classified by  three phases, being: (i) indentation, (ii) piercing, and (iii) failure. The indentation 

phase was comprised of two sub-phases including (i-a) elastic displacement (i-b) inelastic 

displacement: 

i. Indentation: 

i-a. Elastic displacement: Initially, a local vertical displacement developed beneath the indenter 

and a linear relationship was observed between the local load and the indenter vertical 

displacement up to the “elastic limit load” (i.e., the load at which large inelastic deformation 

was initiated, see Figure 5.6a and b). The pipe resistance to the local load within the elastic 

displacement phase resulted from a combination of pipe membrane stiffness in the axial 

direction (Figure 5.7a) and pipe circumferential bending stiffness (Figure 5.7b) at the 

indentation location. The pipe resistance to indentation increased with an increasing number of 

fabric layers and a decrease of the pipe diameter. 
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(a) Pipes C-D38-N2 (b) Pipes C-D38-N3 (c) Pipes C-D38-N4 

   
(d) Pipes C-D60-N2 (e) Pipes C-D60-N3 (f) Pipes C-D60-N4 

   
(g) Pipes C-D100-N2 (h) Pipes C-D100-N3 (i) Pipes C-D100-N4 

 

 

 
(j) Pipes C-D160-N4  (k) Pipes C-D205-N4 

Figure 5.3. Local load-indenter vertical displacement relationships for pipes with varying diameters 

and varying numbers of fabric layers subjected to conical-shaped indenter. 



Chapter 5                               Indentation and piercing behaviour of flax fabric-reinforced epoxy pipes 

116 
 

   
(a) Pipes H-D38-N2 (b) Pipes H-D38-N3 (c) Pipes H-D38-N4 

   
(d) Pipes H-D60-N2 (e) Pipes H-D60-N3 (f) Pipes H-D60-N4 

   
(g) Pipes H-D100-N2 (h) Pipes H-D100-N3 (i) Pipes H-D100-N4 

 

 

 
(j) Pipes H-D160-N4  (k) Pipes H-D205-N4 

Figure 5.4. Indentation load-indenter vertical displacement relationships for pipes with different 

diameters and with different number of fabric layer subjected to hemispherical-shaped indenter. 
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(a) Pipes W-D38-N2 (b) Pipes W-D38-N3 (c) Pipes W-D38-N4 

   
(d) Pipes W-D60-N2 (e) Pipes W-D60-N3 (f) Pipes W-D60-N4 

   
(g) Pipes W-D100-N2 (h) Pipes W-D100-N3 (i) Pipes W-D100-N4 

 

 

 
(j) Pipes W-D160-N4  (k) Pipes W-D205-N4 

Figure 5.5. Indentation load-indenter vertical displacement relationships for pipes with different 

diameters and with different number of fabric layer subjected to wedge-shaped indenter. 
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(a) Conical nose indenter (b) Hemispherical nose and wedge nose indenters 

 

   

(c) Pipe external surface at pipe elastic limit 

load 

(d) Pipe internal surface 

beneath indenter at pipe elastic 

limit load 

(e) Pipe internal surface, side view at point 

pipe elastic limit load 

   

(f) Pipe external surface at full piercing load 

(g) Pipe internal surface 

beneath indenter at full 

piercing load 

(h) Pipe internal surface, side view at full 

piercing load 

   

(i) Pipe external surface at failure phase 

(j) Pipe internal surface 

beneath indenter at failure 

phase 

(k) Pipe internal surface, side view at failure 

phase 

Figure 5.6. Typical local load–indenter vertical displacement response of FFRE pipes subjected to 

local loads. 
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(a) Longitudinal profile of pipe 
(b) Original and dented mid-length cross-

section of pipe 

 

 

(c) Plastic hinges developed in the cross-section beneath the 

indenter 

(d) Bending moment developed on 

quarter pipe 

Figure 5.7. FFRE pipe deformation mode when subjected to indentation load. 

i-b. Inelastic displacement: Resin matrix of the pipe wall thickness beneath the indenter 

yielded followed by inward deformation of pipe wall thickness. The indenter vertical 

displacement increased at a greater rate when compared to the elastic phase, thus decreasing 

the FFRE pipe secant modulus of elasticity. 

ii. Piercing:  

A crack developed on the internal surface of the pipe beneath the indenter due to larger shear 

stresses, and the indenter started to penetrate the pipe wall thickness (see Figure 5.6a and c-e). 

Local load increased by further penetration of the conical nose to the pipe wall thickness 
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because the contact of the material of the tube wall with the nose of the indenter increased due 

to increasing the conical nose diameter from the apex to the base. Penetration of the indenter 

was associated with breaking more fibres and resin matrix and that the complete penetration of 

indenter face into the pipe wall thickness was coincident with pipe peak local load (see Figure 

5.6a and f-h). 

iii. Failure:  

The local load dropped by the complete piercing of the lateral surface of the conical nose 

indenter into the pipe wall thickness. Jagged response in the local load-indenter vertical 

displacement relationship developed due to the friction between pipe wall thickness and the 

bar surface of the indenter. The pipe was unloaded, with some displacement recovery taking 

place along the pipe crown (see Figure 5.6a and i-k). 

The local load-indenter vertical displacement response of FFRE pipes subjected to the 

hemispherical nose and wedge nose indenters was similar the response for FFRE pipes 

subjected to conical nose indenter within the elastic phase. For the pipes subjected to 

hemispherical nose and wedge nose indenters, the inelastic response was characterised by a 

kink in the local load-indenter vertical displacement relationship, with the peak of the kink 

being coincident with the pipe peak local load (Figure 5.6b). Beyond the kink and up to the 

indenter complete piercing to the pipe wall, the local load first tended to stabilise and then 

decreases due to the increase in the pipe wall damage. Further penetration of the conical nose 

indenter to the pipe wall was associated with an increase in the local load with an almost 

constant gradient until complete piercing of the indenter to the pipe wall was achieved (Figure 

5.6a). Pipe piercing by wedge nose indenter at the load location occurred by flax fibres 

breakage aligned pipe axial direction because to the sharp wedge of the indenter nose was 

aligned transverse to the pipe axial axis, while in the case of the conical nose and hemispherical 
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nose indenters piercing was associated with a continuous process of flax fibres breakage that 

aligned both circumferential and axial directions (see Figure 5.8). 

   
(a) Conical nose indenter (b) Hemispherical nose indenter (c) Wedge nose indenter 

Figure 5.8. Piercing location from the internal surface of pipes. 

5.3.1.2 Local load-indenter vertical displacement relationships 

The resistance mechanism of the pipes to the indentation load was a combination of pipe 

membrane stiffness in the axial direction (Figure 5.7a) and pipe circumferential bending 

stiffness (Figure 5.7b) at the dent location. The pipe membrane stiffness in the axial direction 

depended on the mechanical properties of the pipe material and the pipe wall thickness, and 

the pipe circumferential bending stiffness depended on the pipe wall thickness, the pipe 

diameter, and the mechanical properties of the pipe material. The pipe resistance to indentation 

increased with increasing wall thickness, increasing Young’s modulus, and decreasing pipe 

diameter. The mechanism for pipe resistance to the piercing load was a combination of the pipe 

resistance to indentation and the shear strength of the pipe wall. The piercing load increased 

with increasing wall thickness, increasing Young’s modulus, increasing ultimate tensile 

strength, and decreasing pipe diameter. The averaged stiffness and elastic limit load for FFRE 

pipes with varying numbers of fabric layers and varying diameters subjected to varying 

indenter nose shapes are given in Table 5.4, and local load-indenter vertical displacement 
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relationships for pipes with the same internal diameter and the same indenter nose shape but a 

variety of diameters and pipes with the same diameter and the same indenter nose shape but a 

variety of numbers of fabric layers are given in Figure 5.9a-f. The results indicated that with 

an increase in the number of fabric layers or with a decrease in pipe diameter (decreasing D/t 

ratio) pipe stiffness and pipe elastic limit load and pipe local load increased. This behaviour 

was because at a given cross-section and for the same local load, the bending moment arm 

around the formed plastic hinge decreased with a decrease in pipe diameter, inducing smaller 

bending moment, subsequently causing smaller bending stresses in the plastic hinge location 

(Figure 5.7a and b). Therefore, increasing the pipe resistance to local load. Additionally, the 

pipe membrane strength depended on the pipe wall thickness, thus the pipe stiffness, pipe 

elastic limit load, and pipe resistance to local load with a decrease in the pipe diameter or with 

an increase in the number of fabric layers (decreasing D/t ratio). 

The local load-indenter vertical displacement relationships for the pipes with the same number 

of fabric layers and the same diameter but subjected to different indenter nose shapes are shown 

in Figure 5.9g-i. Penetration of conical nose indenter into the pipe wall initiated from smaller 

indenter vertical displacements when compared to the pipes subjected to hemispherical nose 

and wedge nose indenters due to the sharper nose of the conical nose indenter. This implies 

that service failure of the pipes (water leakage) occurred in smaller indenter vertical 

displacements when compared to hemispherical and wedge nose indenters. Pipes subjected to 

the hemispherical nose and wedge nose indenters showed larger indenter vertical displacement 

range within the inelastic phase when compared to pipes subjected to the conical nose indenter. 

In the case of pipes having the same number of fabric layers and the same diameter, pipes 

subjected to hemispherical nose and wedge nose indenters had comparable but larger values of 

stiffness, elastic limit load, and pipe local load when compared to their counterpart pipes 

subjected to conical nose indenter.
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Table 5.4. Pipe stiffness, pipe peak local load and associated displacement. 

Conical nose indenter Hemispherical nose indenter Wedge nose indenter 

Specimen 
Stiffness 

(kN/mm) 
Pe (kN) Pp (kN) δp (mm) Specimen 

Stiffness 

(kN/mm) 
Pe (kN) Pp (kN) δp (mm) Specimen 

Stiffness 

(kN/mm) 
Pe (kN) Pp (kN) δp (mm) 

C-D38-N2 0.24 (0.00) 0.21 1.24 33.99 H-D38-N2 0.29 (0.07) 0.11 1.26 12.17 W-D38-N2 0.30 (0.05) 0.26 1.46 21.90 

C-D38-N3 0.39 (0.01) 0.62 2.46 41.14 H-D38-N3 0.80 (0.05) 0.86 2.82 14.51 W-D38-N3 0.71 (0.07) 0.74 2.64 14.78 

C-D38-N4 0.63 (0.14) 0.80 3.63 45.18 H-D38-N4 1.10 (0.04) 0.86 3.89 12.69 W-D38-N4 1.04 (0.08) 0.93 3.46 8.04 

C-D60-N2 0.16 (0.03) 0.23 0.82 30.23 H-D60-N2 0.22 (0.06) 0.30 1.07 18.71 W-D60-N2 0.24 (0.07) 0.54 1.25 15.28 

C-D60-N3 0.31 (0.01) 0.53 2.02 36.77 H-D60-N3 0.45 (0.02) 0.87 2.16 14.97 W-D60-N3 0.53 (0.10) 0.86 2.16 10.99 

C-D60-N4 0.36 (0.04) 0.99 2.76 48.09 H-D60-N4 0.64 (0.11) 1.09 3.43 14.62 W-D60-N4 0.64 (0.01) 0.95 3.07 13.26 

C-D100-N2 0.08 (0.01) 0.19 0.82 23.33 H-D100-N2 0.09 (0.02) 0.16 1.13 32.42 W-D100-N2 0.09 (0.01) 0.23 1.11 26.29 

C-D100-N3 0.16 (0.01) 0.37 1.70 28.56 H-D100-N3 0.21 (0.00) 0.60 2.09 24.78 W-D100-N3 0.23 (0.02) 0.63 1.84 19.84 

C-D100-N4 0.32 (0.02) 0.75 2.64 41.65 H-D100-N4 0.49 (0.01) 0.79 3.10 23.30 W-D100-N4 0.44 (0.03) 1.40 3.04 15.95 

C-D160-N4 0.29 (0.01) 0.62 2.52 50.33 H-D160-N4 0.29 (0.02) 0.81 2.86 29.95 W-D160-N4 0.29 (0.02) 0.93 2.71 21.11 

C-D205-N4 0.17 (0.01) 0.50 2.35 56.03 H-D205-N4 0.17 (0.01) 0.73 2.53 37.38 W-D205-N4 0.25 (0.06) 0.88 2.62 26.86 

*Note: Pe indicates pipe elastic limit load, Pp indicates pipe peak local load and δp indicates indenter vertical displacement associated with pipe peak local load. 
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(a) Conical nose indenter, 3-layer 

pipes 

(b) Hemispherical nose indenter, 4-

layer pipes 

(c) Wedge nose indenter, 2-layer 

pipes 

   
(d) Conical nose indenter, D100 

pipes 

(e) Hemispherical nose indenter, D38 

pipes 
(f) Wedge nose indenter, D60 pipes 

   

(g) Pipes D38-N3 (h) Pipes D100-N4 (i) Pipes D205-N4 

Figure 5.9. Effect of diameter, number of fabric layers, and shape of indenter nose on local load-

indenter vertical displacement relationships of FFRE pipes. 

The reason for this response was conical nose indenter distributed the local load in smaller area 

when compared to hemispherical nose and wedge nose indenters, thus less local load required 

for the same indentation depth. The reason for this behaviour was the damage of pipes subjected 

to conical nose indenter in a smaller indenter vertical displacement because for the same 

indenter vertical displacement, the conical nose indenter distributed the local load in smaller 
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area when compared to hemispherical nose and wedge nose indenters, caused the earlier 

penetration of the conical nose indenter to the pipe wall, accordingly, conclusion the inelastic 

phase. 

Averaged peak pipe local load and the associated indenter vertical displacement for the tested 

pipe specimens are given in Table 5.4, with the results showing that for the pipes tested with 

the same indenter nose shape, the pipe peak local load increased with an increase in the number 

of fabric layers or with a decrease in pipe diameter. The pipe peak local load depended on pipe 

resistance to indentation and piercing, with the pipe local load increasing with an increase in 

the number of fabric layers or with a decrease in the pipe diameter. The pipe piercing load 

depended on the shear strength of the pipe wall and increased with an increase in the number 

of fabric layers. The indenter vertical displacement associated with the pipe peak local load for 

the pipes subjected to hemispherical nose indenter and wedge nose indenter was comparable 

but smaller than that for pipes subjected to conical nose indenter, with the reason for this 

response being the smaller damage of the pipe body by the conical nose indenter for the same 

indenter vertical displacement when compared to hemispherical nose and wedge nose 

indenters. 

5.3.2 Comparison to pipes with different materials 

In Figure 5.10, the local load-indenter vertical displacement relationships of FFRE, GFRP, 

GFRE, CFRE, hybrid carbon-glass FRP (CGFRP) and hybrid glass-carbon FRP (GCFRP) 

pipes with similar diameters and wall thicknesses and subjected hemispherical indenter noses 

are compared, with the compared pipe geometric and composite properties and the indenter 

noses diameter given in Table 5.5. The synthetic FRP pipes compared herein had smaller wall 

thicknesses (1 mm and 1.6 mm) but were subjected to hemispherical nose indenters that had a 

larger nose diameter (50 mm) than for FFRE pipes (25 mm). FFRE pipes showed comparable 
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stiffness and peak local load values when compared to synthetic FRP pipes. Previously reported 

synthetic FRP pipes [192,193,199–201] had different fibre volume fractions, fibre stacking 

sequences, and the diameter of the indenter nose, along with synthetic FRP pipes were 

manufactured using a more advanced manufacturing technique compared to FFRE pipes. 

Therefore, further studies are required before direction comparison can be undertaken between 

the indentation and piercing response of FFRE and synthetic FRP composite pipes. 

 

Figure 5.10. Comparison of FFRE pipe local load-displacement relationship with response of 

synthetic FRP pipes [192,193,199–201]. 

In Figure 5.11, the after-test configuration of FFRE and GFRP pipes [190] with similar 

diameters that were tested using a hemispherical nose indenter are shown, with the visual 

comparison of the specimens showing that indentation and piercing of GFRP pipes [190] were 

associated with whitening and composite delamination beneath the indenter. However, for the 

case of FFRE pipes a significantly smaller area of whitening and composite breakage was 

damaged under the indenter. This response is attributed to the plain-woven structure of flax 

fabric that was used to manufacture the FFRE pipes. This implied that in the case of a pipe 
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failure due to local load, a smaller length of FFRE pipe is required to be repaired when 

compared to counterpart GFRP pipes. 

Table 5.5. Comparison of geometric and composite characteristics of FFRE pipes with GFRP pipes 

subjected to hemispherical nose indenter. 

Material 

Internal 

diameter 

(mm) 

Wall 

thickness 

(mm) 

Pipe 

length 

(mm) 

Mfr.* 

method 

Stacking 

sequence 

Fibre 

volume 

fraction 

Nose 

diameter 

(mm) 

Reference 

FFRE 

(H-D100-N2) 
102.01 2.99 612 

M
an

u
al

 f
ab

ri
c 

w
in

d
in

g
 

[0/90]2 60% 25 
Current 

study 

FFRE 

(H-D100-N3) 
102.01 4.53 612 [0/90]3 51% 25 

Current 

study 

FFRE 

(H-D100-N4) 
102.01 5.77 612 [0/90]4 55% 25 

Current 

study 

GFRP 100 0.99 500 
F

il
am

en
t 

w
in

d
in

g
 

[+55/-

55]2 
N/P** 50 [192] 

GFRP 100 1.02 500 
[+55/-

55]2 
N/P 50 [193] 

GFRP 100 1.00 500 
[+55/-

55]s 
N/P 50 [199] 

GFRP 100 1.00 500 
[+55/-

55]2 
N/P 50 [200] 

CGFRP 100 1.60 350 
[+55/-

55]2 
65% 50 [201] 

*” Mfr.” Indicates manufacturing. 

** N/P indicates “not available”. 

  

(a) Specimen H-D100-N3-S2 (b) GFRP pipe [190] 

Figure 5.11. Failure mode of pipes manufactured from different materials. 

Whitening 

Broken 

composite 

Broken 

composite 

Whitening 
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5.4 Conclusions 

In this study, the indentation and piercing behaviour of bases-supported flax fabric-reinforced 

epoxy (FFRE) pipes with varying numbers of fabric layers and varying pipe diameters 

subjected to local load applied by three different indenter nose shapes including conical nose, 

hemispherical nose, and wedge nose was investigated. The deformation, stiffness, local load, 

and the failure mode of the pipes were investigated. Conclusions drawn from the research are 

as follows: 

• FFRE pipes exhibited two stages of deformation when subjected local loading by an 

indenter including indentation and piercing. The pipe resistance to local load depended 

on the pipe circumferential bending and pipe shell bending while the pipe piercing load 

strength depended on the pipe wall shear strength. Pipe stiffness and pipe resistance to 

local load increased with an increase in the number of fabric layers and with a decrease 

in the pipe diameter. Pipe peak local load depended on the pipe indentation and piercing 

load and increased with an increase in the number of fabric layers or with a decrease in 

the pipe diameter. 

• Pipes subjected to hemispherical nose and wedge nose indenters showed comparable 

but larger stiffness’s and resistance to local load, and peak pipe local load when 

compared to pipes subjected to conical nose indenter. 

• Pipes subjected to hemispherical nose and wedge nose indenters showed larger 

displacement within the indentation phase and for the displacement associated with pipe 

wall thickness piercing when compared to pipes subjected to the conical nose indenter 

because piercing of pipes subjected to conical nose indenter occurred in smaller 

displacement due to the more local distribution of the local load applied by the conical 

nose indenter when compared to hemispherical nose and wedge nose indenters. 
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• In the case of pipes subjected to conical nose indenter the peak pipe local load was 

associated with complete piercing of the pipes while for the case of pipes subjected to 

hemispherical nose and wedge nose indenters the peak pipe local loads were associated 

with beginning of pipe piercing.  

• Penetration of conical nose indenter into the pipe wall (pipe service failure) initiated 

from smaller indenter vertical displacements when compared to hemispherical nose and 

wedge nose indenters because in the case of conical nose indenter the local loads were 

distributed in smaller area on the pipe wall when compared to hemispherical nose and 

wedge nose indenters. 

• For the pipes subjected to hemispherical nose and wedge nose indenters, the pipe loal 

load dropped by initial piercing of the pipe wall while for the pipe subjected to conical 

nose indenter the local load increased until complete piercing of the pipe was achieved. 

• FFRE pipes showed comparable stiffnesses and puncture load when compared to glass 

fibre-reinforced polymer and carbon fibre-reinforced polymer pipes. 

• A smaller area of composite whitening and composite puncture developed beneath the 

indenter for FFRE pipes when compared to glass fibre-reinforced polymer pipes. 

Therefore, a smaller length of FFRE pipes needs to be repaired than glass fibre-

reinforced polymer pipes. 
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 Flax fabric-reinforced epoxy pipes subjected 

to internal pressure 

Related journal article: 

Saeed Eyvazinejad Firouzsalari, Dmytro Dizhur, Krishnan Jayaraman, Jason M. Ingham. 

Experimental study of flax fabric-reinforced epoxy pipes subjected to internal pressure. 

Composites Part A: Applied Science and Manufacturing. Volume 147, August 2021, 

106445. https://doi.org/10.1016/j.compositesa.2021.106445. 

6.1 Introduction 

Worldwide the construction sector uses more than three billion tons of raw material every year, 

representing approximately 40% of global raw material consumption [202,203], with the civil 

and infrastructure industries being a major consumer sector of synthetic composites [50,204]  

and fibre-reinforced polymer (FRP) pipe industry associations having forecast a compound 

global annual growth rate for FRP pipe production from 2018 to 2023 of 3.1% [61,205]. 

Increasing ecological consciousness is generating interest in sustainable construction materials 

[206–208], with Agenda 21 on Sustainable Construction issued by the International Council 

for Research and Innovation in Building and Construction emphasising for more sustainable 

construction practices by the application of products derived from agricultural waste and other 

biological materials [4]. 

https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
https://www.sciencedirect.com/science/article/pii/S1359835X20304176#!
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Natural fibres are low cost, renewable and lightweight, and they have relatively high specific 

strength and specific stiffness and cause no skin irritation [17,60,81,209] such that the natural 

fibres demonstrate a significant potential to be applied as a sustainable material in the 

construction sector [17,60,70,209]. The substitution of synthetic fibres by natural fibres in 

polymer composites as a construction material has received both academic and industrial 

attention [29,70,130]. The cost, mechanical and physical properties of 20 widely used natural 

fibres such as flax, kenaf, sisal, hemp, jute, ramie, cotton, and coir were compared to glass 

fibre, with the results demonstrating that flax fibre was the most proper natural fibre to replace 

glass fibre in FRP composites when compared to other natural fibres [29]. Carbon footprint 

associated with manufacturing one-tonne flax fibre is around 99% lower than carbon fibre and 

84% lower than glass fibre counterparts. Carbon footprint of flax fibre is also lower than its 

natural fibre counterparts, and it is 36% of Jute fibre, 13% of kenaf fibre, and 7% of hemp fibre 

[27]. The response of different structural elements manufactured or reinforced with flax fabric-

reinforced epoxy (FFRE) composites has been thoroughly investigated, and the FFRE 

composites showed considerable potential to be utilised as/in structural members of different 

configurations [13,41,44,79,210].  

The application of FFRE pipes features many advantages over the use of conventional pipe 

products i.e., steel, asbestos, and concrete pipes. Steel and concrete are vulnerable in corrosive 

conditions [50] while FFRE is corrosion-resistant [13,16], such that no specific protective 

coating is required for corrosion protection of the internal and external surfaces of FFRE pipes. 

Although Polyvinyl chloride (PVC) pipes and glass fibre-reinforced thermosetting resin pipes 

(GRP pipes, also known as fibreglass pipes) are corrosion resistant [13,211], these classes of 

pipes are produced from non-sustainable sources. Additionally, the density of FFRE composite 

is approximately 50% the density of concrete and 16% the density of steel [13,53], thus FFRE 

pipes are more convenient for transportation and installation than counterpart concrete and steel 
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pipes. Additionally, FFRE composite is convenient for forming to desired geometries thus 

FFRE pipes are expected to offer lower costs associated with manufacturing and on-site 

installation compared to steel, asbestos and concrete pipes.  

Internal pressure is considered as one of the primary stress sources in pipelines [212], and the 

ability of a pipe to safely sustain service-level internal pressure is considered as one of the 

major features of pipeline engineering design and integrity assessment [213,214]. Hydrostatic 

internal pressure testing is a standardised test to ensure that the bursting pressure of a pipe 

subjected to internal pressure meets specified requirements for performance [215,216]. The 

performance of GFRP pipes when subjected to internal pressure has been widely studied 

previously, with the primary focus of these studies being the effect of fibre winding angle [217–

220] and laminate stacking sequence [176,221,222] on the pipe burst pressure. Al-Salehi and 

Al-Hassani [219] investigated the effect of internal pressure loading rate on the failure mode 

of filament wound GRP pipes, with the results showing an insignificant influence of the loading 

rate on the pipe failure mode. Cohen [220] studied the effect of winding tension, laminate 

stacking sequence, and winding time on the burst pressure of filament wound GFRP pipes, and 

Mertiny and Ellyin [211] and Rafiee and Amini [223] investigated the effect of fibre winding 

tension within the filament winding process on the response of internally pressurised GFRP 

pipes, with the results indicating that the fibre winding tension was one of the main criteria in 

controlling composite fibre volume fraction, and that fibre winding tension significantly 

affected the value of the stresses associated with pipe functional and structural failure. Pipe 

functional failure refers to the development of defects causing water seepage or leakage such 

that the pipe is unsuitable for carrying water, but there is no failure of the materials from which 

the pipe is manufactured, and the pipe structure meets all the requirements of the appropriate 

design rules and regulations (see Figure 6.1a). Pipe structural failure refers to defects in which 

the pipe is unable to support the internal pressure and it bursts (see Figure 6.1b). Demirci et al. 
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[224] compared the burst pressure of basalt fibre reinforced epoxy pipes with GFRP pipes, with 

the results showing superior burst pressure for basalt fibre-reinforced epoxy pipes when 

compared to GFRP pipes. Meijer and Ellyin [225] studied the failure mode of filament wound 

GFRE pipes when subjected to different values of internal pressure-to-axial force ratios, with 

the results showing that the pipe failure mode changed with a change of the loading ratio. 

  

(a) Pipe functional failure (seepage or leakage) (b) Pipe structural failure (bursting) 

Figure 6.1. Failure of FFRE pipes when subjected to internal pressure. 

From the review reported above it was identified that there is a paucity of research considering 

the response of natural fibre reinforced composite pipes when subjected to hydrostatic internal 

pressure. Consequently, the aim of this study was to investigate the viability of FFRE pipes to 

be used for internal pressure applications from a mechanical and structural performance 

viewpoint. Should this be the case, the FFRE pipes would have a great potential to be 

substituted for pipes produced from non-sustainable materials, e.g., PVC and GRP pipes, 

particularly in developing countries where flax fibres are found in a great deal. In this study 

the performance of FFRE pipes with varying internal diameters and varying numbers of flax 

fabric layers when subjected to hydrostatic internal pressure is investigated. A comprehensive 

description of the pipe manufacture and internal pressure testing procedure is provided, and the 

flax fibre and FFRE mechanical properties, longitudinal and circumferential strains developed 

on the external surface of the pipes, pipe functional failure (leakage) and pipe structural failure 

(bursting) mechanisms are evaluated.  
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6.2 Experimental procedure 

6.2.1 Materials 

FFRE composites were manufactured using plain weave flax fabric with an area density equal 

to 550 g/m2 [115] plus 105 West System epoxy resin and its 209 extra slow hardener having a 

mixture ratio of 3.5:1 by mass, respectively [157], employing a wet hand lay-up technique. Ten 

oven-drying tests were performed on flax patch samples separated from different locations of 

flax fabric to measure the moisture content of flax fibres preceding the pipe manufacture, 

according to ASTM D2495 [116], and the results showed that the flax fabric had an average 

moisture content equal to 6.19% with a standard deviation equal to 0.74. The tensile properties 

of flax fibres were obtained by conducting tensile tests on twenty single flax yarns with a yarn 

gauge length set to 100 mm, according to a testing method adapted from ASTM D3039 [120]. 

In order to alleviate the effect of yarn tightness on the yarn strain, an axial tensile force equal 

to 25 N was applied to the yarn samples prior to the tensile testing. The tensile properties of 

resin matrix samples manufactured form 105 West System epoxy resin and its 209 extra slow 

hardener were determined by performing tensile tests on 10 samples, according to ASTM D638 

[121], with the averaged results for the tensile tests on flax yarns and epoxy resin samples given 

in Table 6.1.  

Table 6.1. Mechanical properties of flax yarn and epoxy resin. 

Material 
Diameter 

(mm) 

Density 

(g/cm3) 

Young’s 

Modulus (GPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain 

at break 

Flax yarn [99] 0.63 1.45 11.08 (18%)a 152.67 (19%) 0.04 (32%) 

West system epoxy 

resin [157] 
N/Ab 1.18 3.09 (14%) 58.26 (10%) 0.05 (17%) 

a Values inside parenthesis show coefficients of variation. 
b ‘N/A’ indicates ‘not applicable’. 

Tensile properties of FFRE composite with 2, 3, and 4 fabric layers were determined according 

to ASTM D3039 [120] at a constant temperature of 23 oC. Fifteen coupon specimens were 

tested for each fabric-layer configuration, with the average mechanical properties of these tests 

listed in Table 6.2. 
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Table 6.2. Physical and mechanical properties of FFRE composites. 

No. of flax 

fabric 

layers 

Thickness 

(mm) 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Tensile 

strain at 

failure 

Poisson’s 

ratio 
Void content 

Fibre volume 

fraction (Eq. 

6.1-Vv) 

2-layer 3.46 (0.08)a 
21.22 

(0.06) 

2.04 

(0.11) 

0.024 

(0.138) 
0.26 (0.03) 0.080 0.40 (0.024) 

3-layer 4.94 (0.05) 
30.49 

(0.03) 

2.41 

(0.09) 

0.021 

(0.098) 
0.25 (0.07) 0.051 0.42 (0.016) 

4-layer 6.56 (0.04) 
31.40 

(0.038) 

2.50 

(0.08) 

0.028 

(0.061) 
0.22 (0.01) 0.038 0.45 (0.020) 

a Values inside parenthesis show coefficient of variations. 

6.2.2 Pipe specimen manufacture 

Steel and PVC pipes with different diameters were employed as mandrels to manufacture FFRE 

pipes. Mould oil was applied on the external surface of the mandrel (see Figure 6.2a), then 

polyethylene plastic strips were aligned with the axial direction of the mandrel (see Figure 

6.2b) followed by tightly taping of polyethylene plastic sheet around the mandrel (see Figure 

6.2c). The use of mould oil along with polyethylene plastic strips substantially facilitated FFRE 

pipe demoulding after curing the FFRE composite. Flax fabric was then impregnated with 

liquid epoxy resin and then wound around the mandrel while the fabric was stretched in both 

circumferential and axial directions, with the warps oriented parallel to the pipe axial direction 

and the wefts oriented in the pipe circumferential direction (see Figure 6.2d and e). This step 

was repeated until the targeted number of fabric layers was achieved, Stretching the 

impregnated flax fabric during wrapping increased the fibre volume fraction of the composite, 

such that the FFRE pipes were expected to have greater burst pressure, according to Ref. [226]. 

The mandrel was then spun for a minimum of one hour to prevent any resin dripping and fabric 

layers sagging. The pipe specimens were cured for ten days at a constant temperature of 29°C 

after which the polyethylene plastic strips were removed, and the pipe specimens were easily 

demoulded (see Figure 6.2f). 

The wall thickness of the FFRE pipes was comprised of three distinct layers including the 

external layer made out of epoxy resin without any flax fibre acting as an external coat, the 
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internal layer made out of epoxy resin acting as a pipe liner, and a structural layer of FFRE 

composite placed between the external coat and the liner, which was responsible for 

accommodating the applied internal pressure (see Figure 6.3a and b). The major function of 

the liner was to provide a leak-free pipe and to enhance the hydrophobicity of the flax fibre, 

resulting in improvement in both pipe mechanical properties and environmental performance 

against corrosion caused by the liquid flowing through the pipe. The major role of the external 

coat was to provide pipe protection against corrosion caused by external factors such as soil 

chemistry and working environment [61]. The liner and external coat were achieved by 

positioning the FFRE pipes in a rotating machine (Figure 6.3c) and adding some liquid epoxy 

resin on pipe internal and external surfaces and spinning the pipes slowly and continuously 

until the epoxy resin evenly spread and covered the pipe internal and external surfaces. The 

rotating machine was operated for a minimum of 10 hours to ensure that the epoxy resin was 

completely dried. 

   
(a) Rubbing of mould oil on mandrel 

external surface 
(b) Aligning polyethylene plastic strips 

in the axial direction of the mandrel 

(c) Tapping polyethylene plastic 

sheet tightly around the mandrel 

   

(d) Wrapping flax fabric impregnated 

with epoxy resin 
(e) Wrapping finished (f) FFRE pipes after demoulding 

Figure 6.2.  Manufacturing process of FFRE pipes. 

The pipe specimens were sealed at both ends using two wooden blocks having a circular cross-

section and 40 mm thickness, glass fibre bundles, glass fibre strips, and epoxy resin (see Figure 

Warp 

Weft 

 
 

90o 

Warp 

90o 
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6.4a), and with one of the wooden blocks being equipped with a nipple at the centre (see Figure 

6.5a) to allow the pipe to be connected to the pressurising machine (Figure 6.5b). A layer of 

epoxy resin with 5 mm thickness covered the wooden blocks inside the FFRE pipe to prevent 

any water leakage at the pipe ends (see Figure 6.5a) and a layer of epoxy resin was added to 

the external surface of the pipe ends to guarantee against any possible fluid leakage (see Figure 

6.4b). The manufactured FFRE pipes had a smooth internal surface that was expected to remain 

approximately unaltered during the service lifetime, similar to GRP pipes [214,227], such that 

lower fluid friction loss should be developed when compared to concrete, asbestos and steel 

pipes. FFRE pipes could, therefore, be considered as an attractive option to be employed as 

water and wastewater transmission and distribution pipelines. 

  
(a) Pipe cross-section (b) Close up view of pipe wall thickness 

 
(c) Rotating machine 

Figure 6.3. Covering FFRE pipe external and internal surfaces with epoxy resin. 

Direction 
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The buoyancy (Archimedes) technique was used to determine the void content of FFRE 

composites with different numbers of fabric layers, according to ASTM D2734 [65]. The void 

content (Vv) using the buoyancy method was calculated using the following relationship [65]: 

𝑉𝑣 =  100 − 𝜌𝐹𝐹𝑅𝐸 (
𝑚𝑚

𝜌𝑚
+

𝑚𝑓

𝜌𝑓
) (6.1) 

  
(a) Anchoring of wooden block at pipe end (b) Layer of epoxy resin on pipe external surface at pipe end 

Figure 6.4. Sealing of pipe ends. 

where ρFFRE is the measured FFRE composite density, mm is the weight ratio of the matrix in 

the composite, ρm is the density of the matrix, mf is the weight ratio of flax fibre in composite, 

and ρf is the density of flax fibre. The fibre volume fraction (Vf) for the FFRE composites was 

calculated by subtracting the void content of the composite measured using the buoyancy 

technique from Eq. 6.1, with the average of the measured fibre volume fraction values listed in 

Table 6.3. 

6.2.3 Geometric characteristics of the pipe specimens 

Manufactured pipes had varying internal diameters equal to Dint = 38, 60, 100, 160, and 

205 mm, which are within the typical range for pipe use [125,216], and had varying numbers 

of fabric layers equal to 2, 3, and 4. Pipes having Dint = 160 and 205 mm were only 

manufactured with four fabric layers, with the reason being for 2 and 3 fabric layers the FFRE 

Epoxy resin-

impregnated glass 

fibre bundles 

 

Epoxy resin-impregnated 

glass fibre strip 

Epoxy resin 

Wooden block 

FFRE pipe 

FFRE pipe 
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pipes would hold impractical pipe mechanical and structural performance characteristics. 

Three specimens were manufactured for each pipe group with a specific internal diameter and 

number of fabric layers, similar to Ref. [228], and totally 33 specimens were manufactured. 

  

(a) Details of end closure and internal seals (b) Pressurising machine 

 

(c) Pipe internal pressure test set-up and strain gauge orientation 

Figure 6.5. Details of test set-up. 

Note: Dimension of schematic pipe in subfigure “a” is not to scale for better description of details. 

The specimen gauge length (the pipe length between the end closures, L) was determined using 

the relationship below, according to ASTM D1599-18 [215]: 
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For  𝐷𝑒𝑥𝑡 ≤ 150 𝑚𝑚 →    𝐿 =  {
𝐿 ≥ 5𝐷𝑒𝑥𝑡

𝐿 ≥ 300 𝑚𝑚
 (6.2) 

For 𝐷𝑒𝑥𝑡 ≥ 1500 𝑚𝑚 →    𝐿 =  {
𝐿 ≥ 3𝐷𝑒𝑥𝑡

𝐿 ≥ 760 𝑚𝑚
 (6.3) 

where Dext is pipe external diameter. Geometric specifications of the FFRE pipe specimens are 

listed in Table 6.3, with each pipe specimen assigning with a code ‘Dx-Ny-Sz’, in which the 

sub code ‘Dx’ refers to the pipe internal diameter (Dint = 38, 60, 100, 160, and 205 mm), ‘Ny’ 

refers to the number of fabric layers (2, 3, and 4), and ‘Sz’ refers to the number of the specimen 

in each pipe group (1, 2, and 3). For instance, D160-N3-S1 refers to the first specimen of the 

three fabricated pipes having Dint = 160 mm and having three fabric layers. The external and 

internal diameters of pipes at both ends was measured at six locations, and the pipe wall 

thickness at both ends was measured at 12 locations, according to AS 3572.10 [126], with the 

averaged values listed in Table 6.3.  

6.2.4 Test set-up and instrumentation 

There are three different configurations of boundary conditions for hydrostatic internal pressure 

testing of pipes, as shown schematically in Figure 6.6. In Mode i (see Figure 6.6a), both pipe 

ends are permitted to slide, thus no axial stresses developed in the pipe representing a 

circumferential stress-to-axial stress ratio equal to 1:0. In Mode ii (see Figure 6.6b), both pipe 

ends are sealed and restrained using thick plates and tie bars such that the pipe axial strains are 

zero. In Mode iii (see Figure 6.6c), both pipe ends are sealed but not restrained (closed-end 

conditions), representing a circumferential stress-to-axial stress ratio equal to 2:1 for thin-

walled pipes (pipe radius-to-wall thickness ratio is equal to R/t ≥ 10), implying a biaxial loading 

condition, which is a typical loading scenario in tubular pressure vessel structures [176]. The 

ratio of circumferential to axial stresses for thick-walled pipes (pipe radius-to-wall thickness 

ratio equal to R/t < 10) with an end condition corresponding to Mode iii is not constant and 
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depends on the pipe wall thickness. The results reported herein are restricted to tests in Modes 

iii because pipes are expected to be subjected to biaxial loading due to uncertainties about the 

pipe operational conditions [229]. Additionally, Mode iii offered the worst loading scenario in 

terms of pipe burst pressure when compared to Mode i and Mode ii, as reported in Refs. [229]. 

Furthermore, in the literature Mode iii has been widely employed for investigating the response 

of pipes fabricated from different materials when subjected to internal pressure [228,230]. 

Table 6.3. FFRE pipe geometric properties. 

Specimen type 
Internal 

diameter (mm) 

No. of 

layers 

Thickness 

(mm) 

Radius-to-

thickness 

Gauge 

length (mm) 

Void 

content 

Fibre 

volume 

fraction 

(Eq. 6.1-

Vv) 

D38-N2-S1~3a 

38.04 (0.03)c 

2 3.39 (0.13)b 4.50 

471 

0.041 0.44 

D38-N3-S1~3 3 4.61 (0.06) 3.22 0.055 0.46 

D38-N4-S1~3 4 6.08 (0.06) 2.77 0.075 0.48 

D60-N2-S1~S3 

60.94 (1.02) 

2 3.24 (0.39) 5.63 

840 

0.055 0.48 

D60-N3-S1~S3 3 4.37 (0.19) 5.01 0.062 0.57 

D60-N4-S1~S3 4 5.72 (0.30) 4.23 0.080 0.68 

D100-N2-S1~S3 

102.22(1.09) 

2 2.99 (0.22) 9.95 

1230 

0.051 0.60 

D100-N3-S1~S3 3 4.53 (0.27) 7.91 0.066 0.51 

D100-N4-S1~S3 4 5.77 (0.20) 6.69 0.072 0.55 

D160-N4-S1~S3 160.11 (1.31) 4 6.16 (0.42) 10.59 1965 0.078 0.54 

D205-N4-S1~S3 205.24 (0.85) 4 6.65 (0.85) 13.44 2625 0.075 0.54 
a ‘D’ indicates pipe internal diameter (Dint = 38, 60, 100, 160 and 205 mm), ‘N’ indicates number of fabric layers 

(2 to 4), and ‘S’ indicates number of the specimen in each group (1 to 3). 
b Values inside parenthesis indicate coefficient of variation.  
c Values of internal diameters, thicknesses and radius-to-thickness ratios are given based on pipe structural layer 

i.e. without considering thickness of pipe liner and external coat.  

  

 (a) Mode i  (b) Mode ii (c) Mode iii 

Figure 6.6. Schematic outline of three configurations for pressure testing of pipes. 

Note: σa indicates axial stress and σc indicates circumferential stresses. 

Water and soluble oil were used as the test medium to pressurise the FFRE pipes because water 

and soluble oil are cheap, readily available, environmentally friendly, and almost 

For thick-walled pipes 

refer to Eqs. 6.8 and 6.9 
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incompressible. The test procedure involved first filling the pipe with water until water exited 

from the pipe nipple. The pipe was afterwards gently shaken to assure that no air bubbles were 

trapped inside the pipe. The water pressure sensor [231] and the pressure testing machine were 

then connected to the pipe (see Figure 6.5), and the test set-up was left minimally for one hour 

before conducting the internal pressure test to assure that the water, pipe, and the testing room 

had a nominally identical temperature. Four unidirectional strain gauges were installed on the 

external surface of each pipe specimen, with two strain gauges positioned at diametrically 

opposite locations at the centre of the pipe gauge length and aligned in the pipe circumferential 

direction (denoted SG-C1 and SG-C2, where ‘SG’ refers to the strain gauge and ‘C’ indicates 

the circumferential direction) and two strain gauges were installed diametrically opposite in 

the pipe axial direction and location at a 10 mm distance from the centre of the pipe gauge 

length (denoted SG-L1 and SG-L2, where ‘L’ denotes the longitudinal direction). These strain 

gauges were positioned away from the pipe ends to reduce the effect of pipe end closure on the 

recorded strain data (see Figure 6.5c) and gum sealant tape was used to waterproof the strain 

gauges against water spray during testing (see Figure 6.5c). Each pipe was tested inside a safety 

box built using polycarbonate glass to eliminate any hazards generated from the stored energy 

of the compressed fluid inside the pipe at the instant of pipe bursting and pressure was measured 

using a pressure transducer installed in the pressure line adjacent to the nipple (see Figure 6.5a). 

The internal pressure was applied uniformly and continuously until pipe specimen bursting 

occurred, with the time to burst for all pipe specimens set to 60 to 70 seconds, according to 

ASTM D1599 [215]. The pressure outside the pipes was the atmospheric pressure and the 

gauge value showed the measured internal pressure. 

6.3 Results and discussion 

In Figure 6.7 examples of the internal pressure–strain relationship recorded for a number of 

tested pipes with varying diameters and varying numbers of fabric layers are shown, with the 
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results indicating that a high level of consistency between the recorded circumferential and 

longitudinal strain responses in each specific pipe group. Positive strain values indicate tensile 

strains and all circumferential and axial strains recorded tensile strains. There was some 

variation in the internal pressure-strain relationships, with the reason for this variation being 

attributed to testing factors combined with imperfections arising from the hand lay-up pipe 

manufacturing process and imperfections associated with FFRE mechanical properties and 

pipe geometrical characteristics. 

6.3.1 Strain characteristics 

The pipe circumferential strain when subjected to internal pressure is recalculated from the 

equation below: 

휀𝑐 =  
𝑃𝐷

2𝑡𝐸
 (6.4) 

and the pipe axial strain when subjected to internal pressure is calculated from 

휀𝑎 =  
𝑃𝐷

4𝑡𝐸
 (6.5) 

where E is Young’s modulus. In Figure 6.8 the relationships are shown for internal pressure 

plotted against axial and circumferential strain for pipes with different numbers of fabric layers 

and different internal diameters, with the results showing greater values of circumferential 

strains when compared to axial strains, which was expected from the theory by comparing the 

circumferential and longitudinal strains for the same value of pressure obtained from Eqs. 6.4 

and 6.5. The internal pressure-strain relationship was linear up to pipe functional failure or pipe 

structural failure, beyond which small deviations in the internal pressure-strain relationship 

occurred. Pipe functional failure was preceded by the development of fine white micro-cracks 

on the pipe liner and external coat along the pipe axial direction (see Figure 6.9a-d) as a result 

of debonding onset at the fibre/matrix interface in the structural layer of the pipe wall thickness, 

with the reason for this response being attributed to the development of greater circumferential 
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tensile stresses when compared to axial stresses. Further micro-cracks occurred and spread 

throughout the pipes as the pipe internal pressure was increased, with a greater number of 

micro-cracks occurring in pipes manufactured with a larger diameter. Further internal 

pressurisation resulted in pipe functional failure in the form of leakage, with fluid penetrating 

through the micro-cracks in the pipe wall thickness (pinholes) to reach the pipe external 

surface. With a further increase of internal pressure the micro-cracks evolved into macro-cracks 

that resulted in increased fluid leakage (see Figure 6.9a and b). The peak pipe internal pressure 

was attained when the structural failure occurred in the form of bursting along the pipe axial 

direction, associated with a rapid succession of ruptured flax fibres oriented in the pipe 

circumferential direction (see Figure 6.9e). Some ruptured fibres were detected at the burst 

location, where they had debonded and pulled out from the matrix (see Figure 6.9f). Failure 

generally occurred without any significant change in pipe geometry and pipe mechanical 

behaviour. 

A Mohr’s circle diagram for the tested pipes is illustrated in Figure 6.10a, with the figure 

indicating that the principal stresses coincided with the flax fibre orientation such that flax 

fibres that were oriented perpendicular to the pipe axial direction (warps, see Figure 6.2d and 

Figure 6.2e) were responsible for providing pipe circumferential tensile strength while flax 

fibres that were oriented parallel to the pipe axial direction in the composite layer (wefts, see 

Figure 6.2d and e) were responsible for carrying the axial tensile stresses. The polymer matrix 

phase in the composite provided rigidity to the FFRE pipe structure, protected the flax fibre 

reinforcement, and prevented the leakage of pressurised fluid. The failure mechanism of FFRE 

pipes containing pressurised fluid was distinctly different than for mild steel pipes due to the 

non-homogeneity and brittle behaviour of the FFRE composite, with matrix micro-cracking 

being considered as the primary cause of pipe functional failure whereas the bursting of mild 

steel pipes is characterised by large plastic deformation [232,233]. 
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(a) Longitudinal strains for specimens D38-N4-S1~S3 (b) Circumferential strains for specimens D38-N4-S1~S3 

  
(c) Longitudinal strains for specimens D60-N3-S1~S3 (d) Circumferential strains for specimens D60-N3-S1~S3 

  
(e) Longitudinal strains for specimens D100-N3-S1~S3 (f) Circumferential strains for specimens D100-N3-S1~S3 

  
(g) Longitudinal strains for specimens D160-N4-S1~S3 (h) Circumferential strains for specimens D160-N4-S1~S3 

Figure 6.7.  Microstrain-internal pressure relationship for pipes with different diameters and 

different number of fabric layers. 
Note: “SG” indicates strain gauge, “C” indicates circumferential direction, and “L” indicates “longitudinal 

direction. 
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(a) Specimen D38-N2-S3 (b) Specimen D38-N3-S2 (c) Specimen D38-N4-S1 

   
(d) Specimen D60-N2-S2 (e) Specimen D60-N3-S3 (f) Specimen D60-N4-S1 

   
(g) Specimen D100-N2-S3 (h) Specimen D100-N3-S3 (i) Specimen D100-N4-S3 

  
(j) Specimen D160-N4-S2 (k) Specimen D205-N4-S1 

Figure 6.8.  Internal pressure-longitudinal and circumferential microstrain relationship for pipes 

with different diameters and with different number of fabric layers. 



Chapter 6                                             Flax fabric-reinforced epoxy pipes subjected to internal pressure 

148 
 

In Figure 6.11a-c, the internal pressure-circumferential strain relationships for pipes with the 

same diameter but varying numbers of fabric layers are shown, and in Figure 6.11d-f, the 

internal pressure-circumferential strain relationships for pipes with the same number of fabric 

layers but varying diameters are indicated, with the results showing that with a decrease in 

diameter or with an increase in the number of fabric layers the pipe strength against internal 

pressure increased. The reason for this response was that for the same value of pipe internal 

pressure and pipe wall thickness, greater circumferential and axial stresses were developed for 

pipes manufactured with a larger diameter. For pipes with the same diameter and the same 

internal pressure, greater circumferential and axial stresses occurred with decreased pipe wall 

thickness (see Figure 6.11a-c). 

In Figure 6.12a, the variations in burst pressure for pipes with the same number of fabric layers 

but varying diameters are shown, with the results showing that there was a nonlinear 

relationship between the pipe burst pressure and pipe diameter and that the pipe burst pressure 

decreased with an increase in pipe diameter. The rate of decrease in pipe burst pressure 

decreased with an increase in pipe diameter, with the reason for this response being attributed 

to a decrease in the effect of radial stresses with an increase in pipe diameter, according to Eq. 

6.6 below [234]: 

𝜎𝑟 =  
𝑃𝑅𝑖𝑛𝑡

2

𝑅𝑒𝑥𝑡
2 − 𝑅𝑖𝑛𝑡

2 (1 −
𝑅𝑒𝑥𝑡

2

𝑟2
) (6.6) 

where P is internal pressure, Rint is pipe internal diameter, Rext is pipe external diameter, and r 

is the radial variable. In Figure 6.12b the variation in burst pressure for pipes with the same 

diameter but a different number of fabric layers are compared, with the results showing an 

almost linear function between the number of fabric layers and pipe burst pressure when 

compared with the effect of pipe diameter in Figure 6.12a, and that the pipe burst pressure 

increased with an increase in the number of fabric layers. 
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(a) Longitudinal micro-cracks and cracks and pipe 

leakage 
(b) Close-up view of pipe leakage 

  

(c) Liner crack on the pipe internal surface (d) Micrograph of matrix micro-cracking 

  

(e) Pipe burst (f) Debonded of fibres at pipe burst location 

Figure 6.9. Failure mode of FFRE pipes. 
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(a) Schematic view of a pipe when subjected to internal pressure and Mohr’s circle for pipe structural failure 

   

(b) Axial stresses (c) Circumferential stresses 
(d) Radial and circumferential stresses within 

pipe wall thickness 

Figure 6.10. Free-body diagrams for axial, circumferential, and radial stresses acting on a closed-end 

pipe subjected to internal pressure. 

   
(a) D38 pipes (b) D60 pipes (c) D100 pipes 

   

(d) 2-layer pipes (e) 3-layer pipes (f) 4-layer pipes 

Figure 6.11. Effect of number of fabric layers and pipe diameter on the internal pressure-

circumferential strain relationships of FFRE pipes. 
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(a) Effect of pipe diameter (b) Effect of number of fabric layers 

Figure 6.12. Effect of number of fabric layers and pipe diameter on pipe burst pressure. 

The pipe failure mechanism when subjected to internal pressure was tensile failure of the pipe wall in 

the axial direction due to excessive circumferential tensile stresses. For the same internal pressure value, 

circumferential tensile stresses increased (Figure 6.10c) with increasing pipe diameter and decreasing 

pipe wall thickness and Young's modulus. The pipe burst pressure increased with increasing pipe wall 

thickness and ultimate strength of the material and decreasing of the pipe diameter. 

The pipe burst pressure is calculated from the equation below: 

𝑃𝐵𝑢𝑟𝑠𝑡 =  
2𝑡𝜎𝑢

𝐷
 (6.7) 

where t is the wall-thickness, σu is the ultimate strength of the pipe wall material, and D is the 

nominal diameter of the pipe. The experimental results showed that the pipe burst pressure 

increased with an increase in the number of fabric layers (wall thickness) and with a decrease 

of the pipe diameter, as predicted from the theory (see Eq. 6.7). 

6.3.2 Leakage and burst pressures 

The averaged values of leakage (functional) and burst (structural) pressures for each specific 

pipe group are listed in Table 6.4, and the averaged leakage pressure-to-burst pressure ratio for 

each specific pipe group are illustrated in Figure 6.13, with the results showing that the leakage 

pressure of FFRE pipes was close to the associated burst pressure except for specimens in the 

D38-N4 group. The reason for this behaviour was the relatively poor quality of FFRE in the 

D38-N4 group attributed to manufacturing challenges related to small diameter pipes. 
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Table 6.4. Comparison of experimental and analytical pipe burst pressure. 

Specimen type 
Leakage pressure 

(MPa) 

Burst pressure (MPa) 
Error 

Experimental Theoretical (Eq. 6.10) 

D38-N2-S1~3 4.96 (0.12)a 5.21 (0.07) 3.45 34% 

D38-N3-S1~3 5.63 (0.17) 7.13 (0.05) 6.52 9% 

D38-N4-S1~3 3.22 (0.09) 7.59 (0.05) 8.49 12% 

D60-N2-S1~S3 2.11 (0.10) 2.97 (0.21) 2.14 28% 

D60-N3-S1~S3 2.56 (0.14) 3.57 (0.64) 4.06 14% 

D60-N4-S1~S3 3.53 (0.06) 4.87 (0.04) 5.35 10% 

D100-N2-S1~S3 1.86 (0.21) 2.36 (0.14) 1.23 48% 

D100-N3-S1~S3 2.56 (0.07) 3.21 (0.13) 2.64 18% 

D100-N4-S1~S3 2.43 (0.19) 4.15 (0.07) 3.41 18% 

D160-N4-S1~S3 1.66 (0.04) 1.91 (0.01) 2.32 21% 

D205-N4-S1~S3 1.52 (0.15) 1.80 (0.01) 1.97 9% 
a Values inside parenthesis show coefficient of variations. 

 
Figure 6.13. Averaged relative functional-to-structural strength of FFRE pipes with different 

diameters and different number of fabric layers. 

Service water pressure in pipelines and piping systems varies considerably across a pipe 

network, with the typical pipe water pressure for domestic applications in New Zealand is 

approximately 0.2 MPa based on current experience [235]. In Figure 6.14a the averaged values 

of leakage and burst pressure for each pipe group are compared to this domestic pressure range, 

with the results showing that the FFRE pipes were capable of maintaining a functional strength 

without exhibiting any sign of weeping, leakage or bursting of the pipe structural wall, and 

with the leakage pressure for FFRE pipes being significantly larger than the pressure range for 

typical domestic applications. The factor of safety for the functional failure of FFRE pipes 

manufactured in this study (𝑆𝐹𝑓 =  
𝑆𝑒𝑟𝑣𝑖𝑐𝑒 𝑓𝑎𝑖𝑙𝑢𝑟𝑒 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐷𝑒𝑠𝑖𝑔𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
) ranged from 7.60 to 28.15, and the 
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corresponding factor of safety for the structural failure (burst pressure, 𝑆𝐹𝑏 =  
𝐵𝑢𝑟𝑠𝑡 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒

𝐷𝑒𝑠𝑖𝑔𝑛 𝑝𝑟𝑒𝑠𝑠𝑢𝑟𝑒
) 

ranged from 9.00 to 37.95, based on the current pipe service pressure in New Zealand which is 

0.2 MPa [235]. The factor of safety for bursting of pipes manufactured from conventional 

materials ranges from 1.25 to 4.8 [236], depending on the pipe material. Consequently, the 

burst pressure factor of safety for the FFRE pipes manufactured in this study was larger than 

the factor of safety for conventional pipe products, demonstrating a potential application for 

FFRE pipes for domestic use in New Zealand. 

In Figure 6.14b the averaged values of leakage and burst pressure for each specific pipe group 

are compared to an envelope of pressure versus diameter range for GRP pipelines and piping 

systems [61,237], with the results revealing that the FFRE pipe testing reported herein placed 

these pipes within the range of GRP pipe applications for long-distance transmission of oil and 

water and applications associated with fire and water, such as fire hydrant lines. 

  

(a) Comparison of FFRE pipe functional and structural 

strength with domestic pressure range in New Zealand 

(b) Envelope of pressure versus diameter range of 

FFRE pipes and GRP pipeline and piping systems 

[61,237] 

Figure 6.14. Comparison of FFRE pipe functional and structural strength with domestic pressure 

range [238] and GRP pipeline and piping system [61,237] based on current experience. 

Note: Minimum value for pressure corresponds to pipe leakage pressure and maximum value corresponds to 

pipe burst pressure. 
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6.3.3 Comparison of experimental results with analytical expressions 

The FFRE pipes tested herein had a radius-to-wall thickness ratio of R/t < 10 and therefore 

were categorised as thick-walled pipes. Three principal stresses are developed in closed-end 

pipes (Mode iii, see Figure 6.6c) subjected to internal pressure, being circumferential stresses 

(σc), axial stresses (σa), and radial stresses (σr, see Figure 6.10d), with the circumferential 

stresses being calculated by [234]: 

𝜎𝑐 =  
𝑃𝑅𝑖𝑛𝑡

2

𝑅𝑒𝑥𝑡
2 − 𝑅𝑖𝑛𝑡

2 (1 +
𝑅𝑒𝑥𝑡

2

𝑟2
) (6.8) 

and the axial stresses calculated by [223]: 

𝜎𝑎 =  
𝑃𝑅𝑖𝑛𝑡

2

𝑅𝑒𝑥𝑡
2  (6.9) 

The absolute circumferential (hoop) stress was maximum at the inner wall according to Eq. 6.8 

and as shown in Figure 6.10d, it is assumed that pipe bursting initiated from the internal 

diameter such that the internal radius was used for the analytical calculation of pipe burst 

pressure. In Figure 6.15 the internal pressure-circumferential and axial strains from 

experiments are compared with the analytical relationships (Eqs. 6.8 and 6.9), with the results 

showing that the strains calculated using Eqs. 6.8 and 6.9 had a close correlation with the test 

results. The discrepancies between the experimental results and the predictions using Eqs. 6.8 

and 6.9 were attributed to imperfections in pipe manufacture and testing. The pipe burst 

strength was recalculated from Eq. 6.8 as: 

𝑃𝐵𝑢𝑟𝑠𝑡 =  
𝜎𝑢(𝑅𝑒𝑥𝑡

2 − 𝑅𝑖𝑛𝑡
2 )

𝑅𝑖𝑛𝑡
2 (1 +

𝑅𝑒𝑥𝑡
2

𝑅𝑖𝑛𝑡
2 )

 
(6.10) 

where σu is the material ultimate strength. In Table 6.4 the analytical pipe burst strength (Eq. 

6.10) is compared with the average values of experimental pipe burst strengths, with the results 

showing a close correlation between the predictions using Eq. 6.10 and the averaged pipe burst 
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pressure from the experimental results such that Eq. 6.10 can be used to predict the pipe burst 

pressure when subjected to internal pressure. 

    
(a) Specimen D38-N4-S3 (b) Specimen D60-N4-S1 

  
(c) Specimen D100-N3-S1 (d) Specimen D205-N4-S1 

Figure 6.15. Experimental and analytical internal pressure-strain relationships.
 

6.4 Conclusions 

The response of flax fabric-reinforced epoxy (FFRE) pipes with different numbers of flax 

fabric layers and different internal diameters when subjected to hydrostatic internal pressure 

was investigated. The failure mechanism, peak functional pressure (leakage) and pressure at 

structural failure (bursting), and circumferential and longitudinal strains measured on the 

external surface of the pipes were presented. Conclusions drawn are listed as follows: 

• All FFRE pipe internal pressure-strain relationships displayed a similar trend regardless 

of the number of fabric layers and pipe diameters. 

• Two principal modes of failure were identified, namely pipe functional failure and pipe 

structural failure. Pipe functional failure was dictated by matrix cracking of the FFRE 

composite. Pipe structural failure was associated with bursting in the pipe axial 
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direction, associated with the rupture of flax fibres oriented in the pipe circumferential 

direction. 

• FFRE pipes exhibited greater internal pressure associated with pipe functional failure 

and pipe structural failure than the typical pipe service pressure range for domestic use, 

for water distribution, and for long-distance water transmission by a wide margin. The 

factor of safety of FFRE pipe functional failure was ranged from 7.60 to 28.15, for pipe 

burst pressure was 9.00 to 37.95, based on current pipe service pressure in New 

Zealand, demonstrating a substantial potential for FFRE pipe application. 

• Experimental results showed good correlation with classic analytical models for pipe 

internal pressure-circumferential and axial strain relationships and for pipe structural 

failure. 

The behaviour of buried FFRE pipes subjected to internal pressure might differ from the 

obtained results reported herein, and additional research is required to investigate the effect of 

external soil pressure on the internal pressure response of FFRE pipes. 
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 Dynamic and seismic response characteristics 

of free-spanning flax fabric-reinforced epoxy 

pipes 

7.1 Introduction 

The elevation of global ecological consciousness urges construction and manufacturing 

corporations to look at new sustainable materials [4,73,206,208,239]. Pipeline services are 

considered to be an unceasingly growing market [240]; meanwhile, the pipes that are 

commonly utilised are manufactured from non-sustainable sources, thus representing a great 

opportunity for the manufacture of pipes from sustainable materials [70]. 

The substitution of synthetic fibres for natural fibres in resin-based composites has recently 

become a focus in composite research and construction [17,29,35,41,69,70,79,172,241,242]. 

The physical and mechanical properties of glass fibre were compared to twenty commonly 

used natural fibres, with the results showing that flax fibre offers the best combination of low 

cost, high specific stiffness (stiffness per unit mass) and high specific strength (strength per 

unit mass) compared to other natural fibre alternatives [28]. Flax fibre is readily available in 

many countries, is renewable and biodegradable, has a short life cycle, has a relatively high 

damping ratio, and do not cause skin irritation [17,81,243]. Additionally, flax fibre provides 

many architectures of well-structured fabrics (unidirectional, biaxial, woven etc.) with 
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controlled fibre orientation compared to other natural fibres, which makes flax fibre preferable 

for structural applications. Furthermore, the manufacture of flax fibre has a minimal carbon 

footprint when compared to counterpart synthetic and natural fibres [27]. Components 

manufactured or reinforced using flax fabric/fibre-reinforced epoxy (FFRE) composites have 

demonstrated favourable structural and dynamic performance characteristics due to high 

strength-to-weight ratio and large deformation capability of FFRE 

[13,35,38,41,44,79,172,243–245]. 

Plastic pipes (glass fibre-reinforced polymer (GFRP), PVC etc.) are manufactured from non-

sustainable sources, while FFRE pipes offer lower environmental impact with improved 

sustainability when compared to plastic pipes. The earlier studies by the authors showed that 

FFRE pipes had comparable specific energy absorption (energy absorbed per unit mass) 

capacity to that for GFRP pipes when subjected to lateral compression [12] and also FFRE 

pipes showed larger bending deformation capacity and comparable bending strength when 

compared to GFRP and carbon fibre-reinforced polymer (CFRP) pipes [14]. While corrosion 

is a major reason for the premature service life failure of concrete and steel pipes [13,16], FFRE 

pipe is corrosion-resistant [50] and therefore no corrosion-protection coats are required on 

FFRE pipe external and internal surfaces. The density of FFRE is 84% lower than the density 

of steel and is 50% lower than the density of concrete [13,53]. Therefore, FFRE pipes are more 

convenient and cost-effective for transportation and installation when compared to their steel 

and concrete counterparts. 

Pipelines are placed free-spanning due to economic considerations for a temporary piping 

system, ease of pipe inspection and maintenance [246,247], geotechnical reasons, and pipe 

operational considerations [248]. Free-spanning pipelines are usually supported along their 

length by discrete block supports. The continuous pipeline system subjected to dynamic 

excitations fails in the pipe body due to tension, compression, and bending loadings [249], 
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therefore, the determination of stresses in the straight segments of such pipelines when 

subjected to dynamic ground motions is crucial concerning pipe safety of design and seismic 

risk analysis [42]. 

There are limited studies in the literature which focus on the response of free-spanning pipeline 

when subjected to dynamic excitations. Zhou and Dong [250] investigated the dynamic 

response of free-spanning submarine pipes when subjected to seismic loading, with the results 

showing that for the pipes with simple support and fixed support the maximum strain occurred 

at pipe mid-span, and that larger strains were recorded in simple support pipes when compared 

to fixed support pipes. Soliman and Data [251] theoretically and numerically investigated the 

seismic response of free-spanning pipes subjected to seismic loading and showed that the pipe 

critical stresses depended on the angle of earthquake incident to the pipeline. FFRE is 

lightweight and the mass of the contained liquid in FFRE pipe could affect the dynamic 

response of the pipe. Additionally, the liquid-filled pipelines are expected to undergo fluid 

transient hydraulic effect as a pressure rise during strong earthquakes, and this effect could 

potentially damage relatively low pressure and large diameter pipes [252]. The research 

proposed herein is aimed at studying the dynamic response of a free-spanning FFRE pipe that 

have varying extent of water content, namely empty, half-filled, and completely-filled when 

subjected to harmonic and earthquake ground motions. The FFRE pipe manufacturing process 

and testing methodology are thoroughly described. Mechanical properties of the pipe material, 

pipe acceleration at different locations, water pressure, and longitudinal and circumferential 

strains developed at different locations on the pipe external surface are evaluated. 

7.2  Experimental procedure 

7.2.1    Materials 

An FFRE pipe was manufactured using commercial plain-woven (bi-directional) flax fabric 

with an area density of 0.55 kg/m2 [115] and West System epoxy resin and its 209 extra slow 
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hardener [157] using a manual fabric winding technique. The moisture content of the flax fabric 

was measured before the manufacture of the FFRE pipe by conducting ten oven-drying tests 

on flax patches, according to ASTM D2495 [116], with the results showing that the flax fabric 

had an averaged moisture content equal to 6.25%. Tensile properties of flax fibre were 

determined by conducting twenty tensile tests on flax yarns, with a gauge length set to 100 

mm, and the tensile properties of matrix manufactured by West System epoxy resin and its 209 

extra slow hardener were determined by performing 10 tensile tests, according to ASTM D638 

[121], with the averaged tensile properties for both flax yarn and matrix listed in Table 7.1. 

Table 7.1. Tensile properties of flax yarn and matrix. 

Material 
Diameter 

(mm) 

Density 

(g/cm3) 

Young’s 

Modulus (GPa) 

Ultimate tensile 

strength (MPa) 

Tensile strain 

at break 

Flax yarn [99] 0.63 1.45 11.08 (18%) 152.67 (19%) 0.04 (32%) 

Matrix [157] ----- 1.18 3.09 (14%) 58.26 (10%) 0.05 (17%) 

*Note: Values inside parenthesis show coefficients of variation. 

7.2.2  Pipe specimen manufacture 

A PVC pipe with an external diameter of Dext = 160 mm and a length of L = 6000 mm was 

used as a mandrel to manufacture an FFRE pipe. First, the external surface of the mandrel was 

rubbed with mould oil, then polyethylene strips were tightly aligned the axial direction of the 

mandrel and then a polyethylene sheet was tightly wrapped around the mandrel. Flax fabric 

was impregnated with the resin and wrapped around the mandrel while the fabric was stretched 

in both mandrel circumferential and axial directions until four fabric layers plus 50 mm of extra 

overlapping was achieved. In the wrapped flax fabric, the warps were oriented parallel to the 

pipe axial direction and the wefts were oriented in the pipe circumferential direction. The 

mandrel was then spun for one hour to prevent any resin dripping and fabric layers sagging. 

The pipe specimen was cured for a minimum of 10 days at a uniform temperature of 29°C, 

according to the manufacturer [157], after which the polyethylene strips was removed and then 

pipe specimen was easily demoulded. 
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Tensile properties of FFRE composite with four fabric layers were determined by conducting 

15 coupon tensile tests, according to ASTM D3039 [120], and flexural properties were 

determined by conducting 15 coupon flexural tests, according to ASTM D790 [122], with the 

averaged tensile and flexural properties listed in Table 7.2. 

Table 7.2. Tensile and flexural properties of FFRE composites. 

Thickness 

(mm) 

Poisson’s 

ratio 

Tensile 

strength 

(MPa) 

Young’s 

modulus 

(GPa) 

Tensile 

strain 

Flexural 

strength 

(MPa) 

Flexural 

modulus 

(GPa) 

Bending 

strain 

Void 

content 

Fibre volume 

fraction 

(Eq. 7.2-Eq. 

7.1) 

6.56 (0.04) 0.22 (0.01) 
31.40 

(0.04) 
2.50 (0.08) 

0.028 

(0.06) 

58.02 

(4.20) 

2.81 

(0.05) 

0.05 

(0.01) 
0.038 0.45 (0.02) 

The void content (Vv) of FFRE composite and the FFRE pipe was determined by conducting 

buoyancy/Archimedes tests, according to ASTM D2734 [65], and using the following 

relationship: 

𝑉𝑣 =  100 − 𝜌𝐹𝐹𝑅𝐸 (
𝑚𝑚

𝜌𝑚
+

𝑚𝑓

𝜌𝑓
) (7.1) 

where ρFFRE is the composite density measured using buoyancy/Archimedes technique, mm is 

the weight ratio of the matrix in the composite, ρm is the density of the matrix, mf is the 

weight ratio of flax fibre in the composite, and ρf is the density of flax fibre. The fibre volume 

fraction (Vf) for the FFRE composite was calculated using Eq. 7.2 [117], with the averaged 

measurements listed in Table 7.2 and Table 7.3: 

𝑉𝑓 =  

𝑚𝑓

𝜌𝑓

𝑚𝑓

𝜌𝑓
+

𝑚𝑐 − 𝑚𝑓

𝜌𝑚

× 100 − 𝑉𝑣 (7.2) 

where mc is the mass of composite. 

Table 7.3. FFRE pipe geometric properties. 

Internal diameter 

(mm) 

No. of 

layers 

Thickness 

(mm) 

Void 

content 

Fibre mass 

fraction 

Fibre volume fraction (Eq. 

7.1-Vv) 

160.11 (1.31) 4 6.16 (0.42) 0.057 0.42 (0.01) 0.54 
*Note: Values inside parenthesis show coefficient of variations. 
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7.2.3    Test set-up and instrumentation 

Two steel pipe anchors with a length equal to 250 mm were manufactured according to [239] 

to support the FFRE pipe and to restrict pipe movement and rotation in the support location 

(Figure 7.1a and b). Two rubber sheets with a thickness of 3 mm were placed between the pipe 

external surface and the steel clamps to avoid any pipe damage at the support location. The 

pipe had a free span of 3870 mm and the pipe invert located at an elevation of 300 mm from 

the shaking table surface. The pipe was equipped with a water feed-in valve and a water let-

out valve to control the water volume inside the pipe (Figure 7.1b). Pipe ends were sealed using 

two circular polycarbonate plates with a thickness of 5 mm and a waterproof sealant in order 

to monitor water sloshing during the shaking with the food colouring added to the water to aid 

fluid visibility (Figure 7.1c). 

Forty unidirectional strain gauges were used to study longitudinal and circumferential strains 

of the pipe external surface along the pipe length. The strain gauges were distributed across 

five cross-sections that had distances of x = 5 mm, x = 590 mm, x = 1160 mm, x = 1400 mm, 

and x = 1925 mm, where x is the distance from the pipe end (Figure 7.1a). In each cross-section 

four longitudinal and four circumferential strain gauge were attached on pipe external surface 

at pipe crown, invert and springlines (Figure 7.2). Four accelerometers were attached to the 

pipe crown, invert and springlines, which were at a distance of x = 1920 mm from the pipe end 

to record pipe horizontal accelerations at pipe springlines and to record pipe vertical 

accelerations at pipe crown and invert and four water pressure sensors were attached to the pipe 

crown, invert and springlines, which had a distance of x = 1965 mm, in order to record pressure 

changes of the pipe during vibration. Two LVDTs were located at x =1935 mm and x = 967 

mm to record pipe horizontal displacement at springlines (Figure 7.1a). The pressure outside 

the pipe was the atmospheric pressure and the gauge values represented the measured internal 
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pressure. One accelerometer and one LVDT were attached to the shaking table to record 

shaking table acceleration and movement during the vibration. 

 
(a) Test set-up 

  
(b) Pipe anchor (c) Pipe end 

Figure 7.1. Details of pipe dynamic excitation test set-up. 
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Figure 7.2. Schematic configuration of sensors used at pipe mid-span. 

7.2.4 Pipe-water system natural frequencies 

Free vibration frequencies of the pipe-water system with varying extent of water content and 

transverse to the shaking direction were determined using two different impulse methods. 

Impulse tests were conducted by moving the shaking table for 10 mm in a hundredth of a 

second and leaving the pipe-water system to vibrate freely until the total shaking energy 

dissipated and also by conducting by gently tapping the pipe at an anti-node with an impact 

hammer and measuring the acceleration or strain in an anti-node where the maximum vibration 

was expected to occur, similar to the method proposed in ASTM-C215-14 [253]. Ten impulse 

tests by moving shaking table and ten impulse tests using impact hammer were conducted for 

each configuration of pipe water content, and then Fast Fourier Transform (FFT) was applied 

to the time-history records of the longitudinal and circumferential strain gauges and horizontal 

accelerometers installed at different locations of the pipe to determine the three first natural 

frequencies of the pipe-water system, with the averaged results given in Table 7.4. 

The first natural frequency of the water when the pipe was half-filled was determined by 

conducting ten impulse tests using shaking table. FFT was applied to the time history records 
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of pipe strain and pipe lateral displacement at different locations, with the averaged results 

showing first natural frequency for the water was fhalf-filled = 1.95 Hz (see Figure 7.3). 

Table 7.4. Dynamic properties of pipe-water system. 

Pipe 

configuration 

Fundamental frequency 

(Hz) 

Second natural frequency 

(Hz) 

Third natural frequency 

(Hz) 

Empty 23.37 60.53 114.40 

Half-filled 15.26 41.71 75.84 

Completely-filled 8.97 24.87 47.06 

 

  

(a) Free vibration (b) Response spectrum 

Figure 7.3. Displacement time history and associated response spectrum caused by half-filled water. 

7.2.5 Shake table input 

The targeted application for the designed FFRE pipe was Christchurch. Therefore, a real 

ground motion record from the 22nd February 2011 Christchurch earthquake measured at the 

Botanic Gardens station (CBGS) was used. The Christchurch earthquake had a moment 

magnitude of Mw = 6.3 and a focal depth of df = 5 km, with both these parameters falling into 

the range of moment magnitude and focal depth of previous earthquakes in which a significant 

amount of pipe damage has been reported [249]. The shaking table used for conducting the 

experiments was unidirectional. Thus, the horizontal record in y-direction from Botanic 

Gardens Station was considered to simulate the 2011 Christchurch earthquake. 

A series of nine sine waves (zero initial velocity) with shaking frequencies set to 2 Hz, 4 Hz, 

and 6 Hz, which had peak ground accelerations equal to 0.1g, 0.3g, and 0.5g and a duration of 

40 seconds of which the first and last five seconds were ramped were considered for each pipe 

water content configuration to study the dynamic response of the pipe specimen. In Figure 7.4 
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the acceleration time history of the considered ground motions and the associated targeted 

response spectrum are shown, and the characteristics of the input ground motions are listed in 

Table 7.5. Shaking frequencies equal to f = 2 Hz, 3 Hz, and 4 Hz that were considered for the 

harmonic ground motions are within the range of frequencies that caused maximum seismic 

response for the structures that located at CBGS when Christchurch earthquake occurred. These 

shaking frequencies also cover the first natural frequency of water when the pipe was half-

filled in order to study the effect of pipe water content on dynamic response of the FFRE pipe. 

  
(a) Harmonic excitations (b) Response spectrum for harmonic excitations 

  

(c) Earthquake ground motion, Christchurch 

CBGS 
(d) Response spectrum for Christchurch CBGD 

Figure 7.4. Ground motions and the associated response spectrum. 

Table 7.5. Characteristics of input ground motions. 

Type Peak ground acceleration Frequency (Hz) Amplitude (mm) Duration (s) 

22nd February 2011  

Christchurch (CBGS) 
0.5 N/A N/A 45 

Harmonic excitation 0.1g 2 24.84 40 

Harmonic excitation 0.3g 4 74.52 40 

Harmonic excitation 0.5g 6 124.20 40 

*Note 1: CBGS indicates ‘Christchurch Botanic Garden Station’. 

*Note 2: N/A indicates ‘not applicable’. 
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7.3 Results and discussion 

7.3.1 Harmonic ground motions 

7.3.1.1 Pipe acceleration response 

Three examples of maximum absolute acceleration recorded at pipe crown, invert, and 

springlines at the pipe mid-span for the tests in which pipe had varying contents of water when 

subjected to harmonic ground motions are shown in Figure 7.5. The maximum absolute 

acceleration occurred at pipe springlines for all the ground motions and pipe water content 

configurations. Whilst for the case of empty and completely-filled pipe configurations 

negligible vertical acceleration was recorded, larger values of vertical acceleration occurred for 

half-filled pipe configurations with the reason for this behaviour attributed to the effect of water 

sloshing that caused the pipe to accelerate in the vertical direction (see Figure 7.6).  

   

(a) F2A0.3g, empty pipe (b) F2A0.5g, half-filled pipe 
(c) F4A0.3g, completely-filled 

pipe 

Figure 7.5. Normalised acceleration distribution on pipe external surface at mid-span. 

7.3.1.2 Pipe displacement response 

Three examples of maximum lateral displacement of the tested pipe at springlines are shown 

in Figure 7.7, with only half of the span plotted due to the symmetry of deformation relative to 

the mid-span. The results showed that the maximum displacement occurred at pipe mid-span 

and that there was a nonlinear lateral displacement along the pipe springlines due to nonlinear 

distribution of bending moment when the pipe was subjected to dynamic excitations. The 
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largest pipe lateral displacement for all the tested ground motions was δl = 3.05 mm, which 

caused a pipe bending curvature equal to κ = 93×10-6 mm-1. This curvature was smaller than 

elastic bending curvature for FFRE pipe that had an internal diameter of Dint = 160 mm and 

four fabric layers, as reported in [14]. Consequently, the FFRE pipe tested was within its elastic 

range for all the ground motions considered. 

  
Figure 7.6. Water sloshing in half-filled pipe. 

7.3.1.3 Pipe strain response 

Maximum absolute value of longitudinal and circumferential strains developed at pipe end 

cross-section are depicted in Figure 7.8, with the results indicating that larger strains developed 

at springlines and in the pipe longitudinal direction. The reason for this behaviour is attributed 

to beam-like bending deformation that was the major deformation mode of the pipe while the 

cross-sectional deformation of the pipe was limited. 

Three examples of maximum absolute values of longitudinal strains developed at pipe 

springlines when the pipe was subjected to harmonic ground motions are presented in Figure 

7.9, with only half of the span plotted due to the symmetry of longitudinal strains relative to 

pipe mid-span. Maximum longitudinal strains occurred at either pipe end or pipe mid-span and 

that there was a nonlinear relationship between the developed longitudinal strains relative to 



Chapter 7      Dynamic and seismic response characteristics of free-spanning flax fabric-reinforced epoxy pipes 

170 
 

the pipe length due to nonlinear distribution of bending moment when the pipe was subjected 

to lateral dynamic excitation. 

 
Figure 7.7. Pipe lateral displacement at springlines. 

 

   
(a) F2A0.5, empty pipe (b) F4A0.3g, half-filled pipe (c) F6A0.3, completely-filled pipe 

Figure 7.8. Maximum absolute longitudinal and circumferential strains developed at pipe end cross-

section. 

 
Figure 7.9. Maximum absolute value of strains along pipe. 
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Table 7.6. Acceleration, displacement, strain and internal pressure of FFRE pipe subjected to harmonic and earthquake ground motions. 

Pipe water 

content 

Vibration 

frequency 
PGA 

Peak ground 

deformation (mm) 

Max. Normalised 

lateral acceleration 

Normalised pipe 

vertical acceleration 

Max. Normalised 

lateral displacement 

Max. longitudinal 

microstrain 

Max. internal 

pressure (kPa) 

Empty 

2 Hz 

0.1g 6.21 0.95 0.001 0.01 7.73 

N/A 

0.3g 18.63 1.04 0.015 0.01 24.71 

0.5g 31.05 1.00 0.007 0.01 37.78 

4 Hz 

0.1g 1.55 1.05 0.001 0.05 4.63 

0.3g 4.66 1.04 0.002 0.06 17.70 

0.5g 7.76 1.06 0.005 0.06 30.07 

6 Hz 

0.1g 0.69 1.01 0.000 0.12 2.14 

0.3g 2.07 0.93 0.002 0.11 7.48 

0.5g 3.45 1.02 0.003 0.10 13.31 

Half-filled 

2 Hz 

0.1g 6.21 1.14 0.047 0.11 54.55 0.36 

0.3g 18.63 1.19 0.126 0.08 123.73 0.68 

0.5g 31.05 1.08 0.123 0.07 170.00 0.91 

4 Hz 

0.1g 1.55 1.57 0.005 0.14 10.94 0.03 

0.3g 4.66 1.21 0.032 0.12 34.92 0.20 

0.5g 7.76 1.12 0.162 0.13 59.67 0.29 

6 Hz 

0.1g 0.69 1.25 0.001 0.84 5.01 0.01 

0.3g 2.07 1.71 0.009 0.32 20.85 0.11 

0.5g 3.45 1.52 0.022 0.29 35.60 0.17 

Completely-

filled 2 Hz 

0.1g 6.21 1.80 0.026 1.26 112.71 0.21 

0.3g 18.63 1.02 0.003 0.09 150.01 0.21 

0.5g 31.05 1.23 0.007 0.11 243.89 0.64 

4 Hz 

0.1g 1.55 1.47 0.001 0.41 32.27 0.08 

0.3g 4.66 1.22 0.002 0.40 104.67 0.29 

0.5g 7.76 1.41 0.006 0.47 206.27 0.52 

6 Hz 

0.1g 0.69 1.95 0.022 1.14 18.79 0.05 

0.3g 2.07 2.05 0.001 1.31 75.06 0.23 

0.5g 3.45 2.22 0.003 1.45 153.91 0.47 

Empty 

Christchurch-

CBGS 

N/A 50.56 0.96 0.009 0.01 26.88 N/A 

Half-filled N/A 50.56 1.05 0.262 0.02 113.66 0.36 

Completely-

filled 
N/A 50.81 0.94 0.014 0.03 148.49 0.41 
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Maximum absolute value of pipe strains for all the ground motions are listed in Table 7.6. The 

maximum absolute value of strain for harmonic ground motions was εmax = 243×10-6 which 

was significantly smaller than FFRE ultimate strain (i.e., εultimate = 0.028, see Table 7.3) 

showing that the pipe remained far below fracture limits of FFRE composite. The FFRE pipe 

was monitored after each ground motion and no pipe service failure in the form of seepage or 

leakage or pipe structural failure in the form of excessive deformation was detected. 

7.3.1.4 Pipe pressure response 

Six examples of maximum absolute value of water pressure developed at different locations of 

cross-section at pipe mid-span for different harmonic ground motions are depicted in Figure 

7.10. The largest value of internal pressure developed at pipe springlines. For the case of half-

filled pipe tests, larger values of internal water pressure developed at pipe crown and pipe invert 

when compared to completely-filled pipes, with the reason for this response is attributed to 

water sloshing that occurred when the pipe was half-filled (see Figure 7.6). 

7.3.1.5 Effect of peak ground acceleration 

Maximum lateral displacement at springlines, maximum absolute strain, and maximum internal 

water pressure for the tests in which the pipe had the same water content and was subjected to 

the same vibration frequency but varying peak ground accelerations (PGA) are presented in 

Figure 7.11, Figure 7.12, and Figure 7.13, respectively. The results showed that with increasing 

PGA, pipe displacement, pipe strain and internal water pressure increased. 

7.3.1.6 Effect of vibration frequency 

Maximum pipe lateral displacement and maximum pipe strain when the pipe had the same 

water content and was subjected to harmonic ground motions with the same PGA, but varying 

vibration frequencies are shown in Figure 7.14 and Figure 7.15, respectively. In Figure 7.14 

pipe displacement was normalised by peak ground displacement (PGD) of the associated 
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harmonic ground motion, and in Figure 7.15 the strain values are divided by the associated 

vibration PGD. The results showed that pipe normalised lateral displacement and pipe strain 

increased with increasing the value of the shaking frequency because for the higher shaking 

frequencies the pipe-water system approached its first natural frequency. For the case of half-

filled and completely-filled pipe water contents increasing vibration frequency had more 

influence on pipe response when compared to the empty pipe because the first natural 

frequency of half-filled and completely-filled pipe-water systems were smaller than empty pipe 

counterpart, consequently the shaking frequency was closer to the natural frequency of the 

pipe-water system. 

  
(a) Half-filled pipe tests (b) Completely-filled pipe tests 

Figure 7.10. Maximum absolute longitudinal and circumferential strains developed at pipe end cross-

section (x = 5 mm). 

    

(a) Frequency = 2 Hz, empty pipe 
(b) Frequency = 4 Hz, half-filled 

pipe 

(c) Frequency = 6 Hz, completely-filled 

pipe 

Figure 7.11. Effect of PGA on pipe displacement at springlines. 
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(a) Frequency = 2 Hz, half-filled pipe (b) Frequency = 4 Hz, completely-filled pipe 

Figure 7.12. Maximum water pressure developed on pipe with the same frequency and pipe water 

content but varying PGAs. 

   

(a) Frequency = 2 Hz, empty pipe 
(b) Frequency = 4 Hz, half-filled 

pipe 

(c) Frequency = 6 Hz, completely-filled 

pipe 

Figure 7.13. Effect of PGA on maximum absolute microstrain developed on pipe with the same 

vibration frequency and pipe water content. 

   

(a) PGA = 0.3g, empty pipe (b) PGA = 0.1g, half-filled pipe (c) PGA = 0.5g, completely-filled pipe 

Figure 7.14. Effect of vibration frequency on pipe displacement at springlines. 
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(a) Frequency = 2 Hz, empty pipe 
(b) Frequency = 4 Hz, half-filled 

pipe 

(c) PGA = 0.1g, completely-filled 

pipe 

Figure 7.15. Maximum absolute microstrain developed on pipe with the same PGA and the same pipe 

water content but varying vibration frequencies. 

Maximum normalised acceleration developed in the pipe when it had the same water content 

and was subjected to harmonic ground motions with the same PGA but varying shaking 

frequencies are given in Figure 7.16. The results indicated that with increasing pipe water 

content the effect of shaking frequency on pipe maximum acceleration increased. The reason 

for this response was with increasing water content larger values of shaking frequencies were 

closer to the pipe-water system natural frequency, thus larger acceleration response produced 

with increasing shaking frequency.  

   

(a) PGA = 0.1g, empty pipe (b) PGA = 0.5g, half-filled pipe 
(c) PGA = 0.5g, completely-filled 

pipe 

Figure 7.16. Maximum normalised acceleration of pipe with it had the same water content and was 

subjected to the same PGA but varying vibration frequencies. 

The normalised vertical pipe acceleration for all the tests is given in Table 7.6, with the results 

showing that negligible vertical accelerations developed in empty and completely-filled pipes. 

For half-filled pipes and when the shaking frequency was f = 2 Hz larger vertical acceleration 
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occurred when compared to empty and half-filled pipes because the shaking frequency was 

close to water natural frequency, thus caused larger water sloshing which caused the pipe to 

accelerate in the vertical direction. For the case of half-filled pipe configuration, pipe vertical 

acceleration decreased with increasing shaking frequency. 

Maximum internal water pressure developed in the pipe when it was half-filled and was 

subjected to the same PGA, but varying vibration frequencies are compared in Figure 7.17. The 

results showed that with increasing vibration frequency the maximum water pressure 

decreased. The first natural frequency of the water when the pipe was half-filled was fhalf-filled = 

1.95 Hz (see Figure 7.3). Therefore, for shaking frequency equal to f = 2 Hz, maximum water 

sloshing and consequently the highest water internal pressure developed when compared to 

shaking frequencies equal to f = 4 and 6 Hz counterparts. 

   

(a) Frequency = 2 Hz, half-filled 

pipe 

(b) Frequency = 4 Hz, half-filled 

pipe 

(c) Frequency = 6 Hz, half-filled 

pipe 

Figure 7.17. Maximum water pressure developed in half-filled pipe subjected to harmonic ground 

motions with the same PGA but varying frequencies. 

7.3.1.7 Effect of water content 

In Figure 7.18 maximum lateral displacement and in Figure 7.19 maximum absolute strain of 

the pipe with varying contents of water that was subjected to harmonic ground motions with 

the same vibration frequency and PGA are presented. The results showed that with increasing 

water content, pipe lateral displacement and pipe strain increased because the shaking 

frequency was closer to the pipe-water system natural frequency (see Table 7.4). 
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(a) Frequency = 2 Hz 

PGA = 0.1g 

(b) Frequency = 4 Hz 

PGA = 0.3g 

(c) Frequency = 6 Hz 

PGA = 0.5g 

Figure 7.18. Effect of water content on lateral displacement of pipe at springlines. 

In Figure 7.20 the maximum water pressure developed in the pipe that was subjected to the 

same vibration frequency and PGA but had varying extent of water contents is compared. The 

shaking frequency equal to f = 2 Hz caused higher maximum water pressure when the pipe was 

half-filled compared to completely-filled counterpart, while for the vibration frequencies equal 

to f = 4 and 6 Hz the water pressures that developed in the completely-filled configuration were 

higher than those in the half-filled configuration. 

   

(a) Frequency = 2 Hz 

PGA = 0.1g 

(b) Frequency = 4 Hz 

PGA = 0.3g 

(c) Frequency = 6 Hz 

PGA = 0.5g 

Figure 7.19. Effect of water content on pipe maximum absolute strain. 
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(a) Frequency = 4 Hz 

PGA = 0.1g 

(b) Frequency = 2 Hz 

PGA = 0.3g 

(c) Frequency = 6 Hz 

PGA = 0.5g 

Figure 7.20. Maximum water pressure developed on pipe with the same frequency and PGA but 

varying pipe water contents. 

7.3.2 Earthquake response 

Three 2011 Christchurch-CBGS ground motions were conducted on each FFRE pipe water 

configuration and the averaged maximum lateral displacement, maximum strain and maximum 

water pressure for each water configuration are presented in Table 7.6 and Figure 7.21. The 

results indicated that with increasing pipe water content the pipe displacement and maximum 

strain increased. Higher lateral acceleration was developed at pipe springlines when compared 

to vertical acceleration in pipe crown and invert and that the developed lateral acceleration was 

higher in the half-filled pipe when compared to empty and completely-filled due to water 

sloshing. Similarly, larger values of water pressure occurred at pipe springlines and while for 

completely-filled pipe the water pressure at pipe crown and invert was negligible, larger water 

pressure developed in the half-filled pipe due to water sloshing. Pipe horizontal acceleration 

for the half-filled pipe was higher than empty and completely-filled pipe due to water sloshing 

while the maximum water pressure developed in pipe when it was half-filled and completely-

filled was similar. 
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(a) Displacement response  (b) Strain response  

  
(c) Acceleration response (d) Water pressure response 

Figure 7.21. Effect of pipe water content on dynamic response of pipe with varying extent of water 

content when subjected to Christchurch earthquake. 

The dynamic response of FFRE pipes does not limit to the results of the current study. Further 

research is required to evaluate the effect of pipe geometrical properties namely diameter, 

thickness, span length, and support conditions, as well as the effect of ground motions 

characteristics namely soil conditions on dynamic performance characteristics of free-spanning 

FFRE pipes. 
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7.4 Finite element analysis 

A parametric study was carried out to investigate the effect of pipe diameter, the number of 

fabric layers, and the amount of water being carried in the pipe on the seismic response of 

FFRE pipes when subjected to 2011 Christchurch-CBGS ground motions. The geometric and 

mechanical properties of the modelled FFRE pipes were based on the properties of the pipes 

manufactured for the indentation and puncture testing programme (see chapter 5) and are 

presented in Table 7.7 and Table 7.8, respectively. Nonlinear time-history analyses were 

performed on pipe models for the Christchurch CBGS ground motion (see Figure 7.4c) using 

SAP2000 [254]. The element size in the pipe axial direction was 10% of the pipe length and 

was equal to 387 mm, and the number of elements in the pipe circumferential direction was 64 

(see Figure 7.22). Fixed boundary conditions were applied for both pipe ends. The fundamental 

frequency of the pipe models with varying diameters, number of fabric layers, and the amount 

of water being carried in the pipe are listed in Table 7.9. Displacement and acceleration 

response spectra from 2011 Christchurch-CBGS ground motions and the range of fundamental 

frequencies for empty, half-filled and completely-filled pipes are shown in Figure 7.23. 

Table 7.7. Physical and mechanical properties of FFRE composites. 

No. of flax fabric layers Poisson’s ratio 
Tensile strength 

(MPa) 

Young’s modulus 

(GPa) 

2-layer pipe 0.26 21.22 2.04 

3-layer pipe 0.25 30.49 2.41 

4-layer pipe 0.22 31.40 2.50 

Table 7.8. Geometric properties of FFRE pipe models. 

Pipe model 
Internal diameter 

(mm) 

Nom. of 

Fabric layers 

Thickness 

(mm) 

Pipe length 

(mm) 

D38-N2 

38.32 

2 3.39 3870 

D38-N3 3 4.61 

D38-N4 4 6.08 

D60-N2 

61.34 

2 3.24 

 D60-N3 3 4.37 

D60-N4 4 5.72 

D100-N2 

102.01 

2 2.99 

 D100-N3 3 4.53 

D100-N4 4 5.77 

D160-N4 162.14 4 6.16  

D205-N4 204.92 4 6.65  
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Table 7.9. Fundamental frequency of pipe models. 

Empty pipes 
Fundamental 

frequency (Hz) 

Half-filled 

pipes 

Fundamental 

frequency (Hz) 

Completely-

filled pipes 

Fundamental 

frequency (Hz) 

*E-D38-N2 16.30 **H-D38-N2 11.43 ***F-D38-N2 9.30 

E-D38-N3 17.80 H-D38-N3 13.49 F-D38-N3 11.30 

E-D38-N4 18.22 H-D38-N4 14.67 F-D38-N4 12.62 

E-D60-N2 17.20 H-D60-N2 10.30 F-D60-N2 8.04 

E-D60-N3 18.80 H-D60-N3 12.38 F-D60-N3 9.89 

E-D60-N4 19.27 H-D60-N4 13.70 F-D60-N4 11.21 

E-D100-N2 19.43 H-D100-N2 9.36 F-D100-N2 7.04 

E-D100-N3 21.32 H-D100-N3 12.01 F-D100-N3 9.26 

E-D100-N4 21.85 H-D100-N4 13.38 F-D100-N4 11.12 

E-D160-N4 26.50 H-D160-N4 14.20 F-D160-N4 10.84 

E-D205-N4 35.97 H-D205-N4 15.27 F-D205-N4 11.48 

*“E” indicates empty pipes. 

**“H” indicates half-filled pipes. 

***“F” indicates completely-filled pipes. 

 
Figure 7.22. Finite element model of pipe. 

  
(a) Displacement response (b) Acceleration response 

Figure 7.23. Displacement and acceleration frequency response of 2011 Christchurch-CBGS ground 

motion. 

The effect of the number of fabric layers, pipe diameter, and the amount of water being carried 

in the pipe on the pipe maximum displacement and pipe maximum acceleration is shown in 

Figure 7.24 to Figure 7.29. The first mode-shape of the pipe models was half-sine deformation 
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mod, and therefore the primary deformation mechanism of the pipe models was beam-like 

bending. No consistent influence was established between the number of fabric layers and/or 

the pipe diameter on the pipe maximum displacement and pipe maximum acceleration because 

the pipe fundamental frequencies were outside the dominant frequency range of ground motion. 

However, by increasing the amount of water being carried in the pipe, the fundamental 

frequency of the pipes decreased and approached the dominant frequency of the ground motion, 

and therefore a larger seismic response of the pipes was established. An independent 

investigation for each ground motion with specific characteristics such as the amplitude, the 

frequency content, and the duration of ground motion is required to establish the mechanism 

for how the pipe diameter, the number of fabric layers, and the mechanical properties of the 

pipe material affect the seismic response of the pipes. 

   
(a) Empty pipes (b) Half-filled pipes (c) Completely-filled pipes 

Figure 7.24. Effect of fabric layers on FFRE pipe maximum displacement. 

   
(a) Empty pipes (b) Half-filled pipes (c) Completely-filled pipes 

Figure 7.25. Effect of pipe diameter on FFRE pipe maximum displacement. 
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(a) Pipes with an internal diameter of 38 mm (b) Pipes with an internal diameter of 60 mm 

  
(c) Pipes with an internal diameter of 100 mm (d) Pipes with internal diameters of 160 and 205 mm 

Figure 7.26. Effect of amount of water in the pipe on maximum pipe displacement. 

   
(a) Empty pipes (b) Half-filled pipes (c) Completely-filled pipes 

Figure 7.27. Effect of fabric layers on maximum pipe acceleration. 
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(a) Empty pipes (b) Half-filled pipes (c) Completely-filled pipes 

Figure 7.28. Effect of pipe diameter on maximum pipe acceleration. 

  
(a) Pipes with an internal diameter of 38 mm (b) Pipes with an internal diameter of 60 mm 

  
(c) Pipes with an internal diameter of 100 mm (d) Pipes with internal diameters of 160 and 205 mm 

Figure 7.29. Effect of amount of water in the pipe on maximum pipe acceleration. 

The seismic response of a structure to a specific ground motion depends on how the natural 

frequencies of that structure are placed relative to the dominant frequencies of that ground 

motion. For the pipe models and 2011 Christchurch-CBGS ground motion investigated in the 
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reported project, the fundamental frequencies of the pipe models were not within the dominant 

frequencies of the 2011 Christchurch-CBGS ground motion (see Figure 7.22), and therefore no 

considerable seismic response of the pipes occurred. The first mode-shape of the pipe models 

was half-sine deformation mode. Therefore, the primary deformation mechanism of the pipe 

models was beam-like bending. However, no consistent influence of pipe diameter and the 

number of fabric layers was established on the pipe seismic response due to the change in pipe 

fundamental frequency by changing the pipe diameter, the number of fabric layers, and water 

content. An independent investigation for each ground motion with specific characteristics 

(such as the amplitude, the frequency content, and the duration of ground motion) is required 

to establish the mechanism of how the pipe diameter, the number of fabric layers, and the 

mechanical properties affect the seismic response of the pipes. 

7.5 Conclusions 

The dynamic response characterises of a fixed-end free-spanning flax fabric-reinforced epoxy 

(FFRE) pipe that had an internal diameter of 160 mm, made up from four fabric layers, and 

had a span of 3870 mm was investigated. The pipe was tested when it was empty, half-filled, 

and completely-filled and was subjected to harmonic ground motions of varying shaking 

frequencies and peak ground motions and was also tested using the 2011 Christchurch 

earthquake ground motion. Pipe acceleration, displacement, longitudinal and circumferential 

strains, and water internal pressure are presented. Conclusions drawn are listed as follows: 

• No service failure in the form of pipe seepage or leakage and no structural failure in the 

form of pipe excessive deformation was detected in the FFRE pipe. The largest pipe 

bending curvature for all the harmonic and earthquake ground motions tested was 

within 10% of elastic bending curvature of FFRE pipe and the maximum pipe strain for 

all the ground motions considered was within 1% of the FFRE composite ultimate 
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strain. The FFRE pipe that was manufactured using hand lay-up technique and was 

free-spanning showed to be effective in water transmission in earthquake-prone areas. 

• Pipe maximum acceleration, pipe maximum displacement and pipe maximum water 

pressure occurred at springlines for all the ground motions and pipe water content 

configurations. 

• Lateral displacement and longitudinal strain of the pipe along pipe springline were 

nonlinear due to nonlinear distribution of bending moment when the pipe was subjected 

to dynamic excitation. 

• Whilst for the case of empty and completely-filled pipe configurations negligible pipe 

vertical acceleration was recorded, larger values of vertical acceleration occurred for 

half-filled pipe configurations due to the effect of water sloshing.  

• Maximum strain occurred in the longitudinal direction at pipe end springlines, followed 

by longitudinal strain developed at pipe mid-span springlines. 

• For the case of half-filled pipe tests, larger values of internal water pressure and pipe 

vertical acceleration developed at pipe crown and pipe invert when compared to 

completely-filled pipes, due to water sloshing. The value of the internal pressure and 

pipe vertical acceleration increased when the shaking frequency approached water 

natural frequency.  

• With increasing PGA pipe dynamic response increased. Pipe dynamic response 

increased when the shaking frequency approached both pipe-water system natural 

frequency and water natural frequency when the pipe was half-filled. With increasing 

water content, pipe dynamic response increased because the shaking frequency 

approached the pipe-water system natural frequency. 

• The seismic response of FFRE pipe when it was subjected to 2011 Christchurch-CBGS 

ground motion showed that the pipe displacement and strain increased with increasing 
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pipe water content. Pipe dynamic response when it was half-filled was larger than when 

the pipe was empty or completely-filled, and the dynamic response of the pipe when it 

was completely-filled was larger than when the pipe was empty. 
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 Conclusions and recommendations for future 

research 

8.1 Conclusions 

The application of flax fibre as reinforcement in polymer composites used in the construction 

and manufacturing industries is a step towards achieving more sustainable construction 

practices. Flax fabric-reinforced epoxy (FFRE) was used to manufacture pipes with varying 

diameters and fabric layers using hand lay-up technique. Physical properties of FFRE 

composite and mechanical properties of flax fibre, epoxy matrix, and FFRE composites with 

varying fabric layers were investigated experimentally. The effect of pipe diameter and the 

number of fabric layers on the structural performance characteristics of FFRE pipes when 

subjected to lateral compression, bending (for empty and water-filled pipes), indentation, 

piercing, and internal pressure loads were investigated. Additionally, the dynamic and seismic 

performance characteristics of an FFRE pipe that had varying extent of water content and was 

subjected to ground motions with varying characteristics were investigated experimentally. 

Pipe deformation, stiffness and strength, strain, energy absorption capacity, structural and 

service failure (pipe seepage or leakage) mechanisms for each pipe loading were carefully 

analysed and compared with the response of pipes that are manufactured from conventional 

materials. Moreover, classical analytical equations that are available in the literature were 

compared to the experimental results and the accuracy of the analytical predictions was 
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discussed. Overall, FFRE pipes were effective in transmitting water and have significant 

potential as a viable alternative to the use of pipes constructed from conventional materials. 

Conclusions derived from this doctoral research are explained in the following sub-sections 

that are presented based on the order of the chapters: 

8.1.1 Manufacture of FFRE pipe 

In this study, two techniques were used to manufacture composite pipes with flax fabric and 

epoxy resin, namely manual fabric winding and vacuum bagging techniques. The proposed 

techniques provide convenient procedures for pipe manufacture using minimum machinery. 

The manual fabric winding technique would be more advantageous in remote and less 

developed regions where flax fibres are found in abundance. 

8.1.2 Flax fabric-reinforced epoxy pipes subjected to lateral compression 

• FFRE pipes showed an ability to withstand a vertical pipe displacement-to-internal 

diameter ratio greater than 2% without structural damage and hence can be classified 

as flexible pipes. The vertical pipe displacement-to-internal diameter ratio at elastic 

limit load was within 0.042–0.089, while at failure was within 0.21–0.67, depending 

on pipe diameter and the number of fabric layers. 

• Pipe elastic limit load and peak pipe load and the associated displacements, energy 

absorbed, and specific energy absorption increased with a decrease in the diameter or 

an increase in fabric layers. 

• Failure of the FFRE pipes was accompanied by formation of longitudinal fracture lines 

at the crown, invert and springline. Fractures initiated under the loading plates at the 

invert. The phase angle between the fracture lines was 90°. Pipes with smaller diameter-

to-thickness ratios were more susceptible to failure through delamination. 
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• FFRE pipes showed the potential to be used as energy absorbing devices. The specific 

energy absorption of FFRE pipes was superior to that of natural fibre composite hollow 

tubes, i.e., kenaf FRP and jute FRE based on available literature and was comparable 

to that for glass fibre reinforced epoxy hollow tubes, hybrid composite hollow tubes of 

synthetic and natural fibres, and aluminium hollow tubes as found in the literature. 

• Maximum strain occurred on the internal surface of the crown and the invert and then 

at both internal and external surfaces of springlines. Strains measured at the haunch 

were minimal because the circumferential bending moments changed sign around the 

haunch. 

8.1.3 Bending behaviour of flax fabric-reinforced epoxy pipes 

• No water seepage was detected for water-filled FFRE pipes after the maximum pipe 

bending moment was reached. FFRE pipes manufactured using the hand lay-up 

technique were therefore shown to be effective for water transmission. 

• Pipe elastic limit bending moment, pipe bending stiffness, and maximum pipe bending 

moment capacity increased with an increase in the pipe diameter or with an increase in 

the number of fabric layers. 

• Four principal modes of failure were identified, being: (i) local buckling at pipe 

compressive side; (ii) fracture at pipe central 1/3rd span that commenced on the tensile 

surface; (iii) local indentation under the loading blocks plus global bending; (iv) 

yielding plus global bending. With an increase in pipe diameter or with a decrease in 

the number of fabric layers, the failure mode was akin to pipe local buckling, while 

with a decrease in pipe diameter or increase of the number of fabric layers the failure 

mode was akin to fracture at central 1/3rd span. 
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• FFRE pipes showed comparable maximum pipe bending moments but larger curvatures 

associated with maximum pipe bending moment when compared to counterpart glass 

fibre-reinforced polymer and carbon fibre-reinforced polymer pipes. 

• Maximum strain occurred in the longitudinal direction at pipe crown or invert, followed 

respectively by the hoop strains at invert, hoop strains at springlines, and hoop strains 

at the crown. 

8.1.4 Indentation and piercing behaviour of flax fabric-reinforced epoxy pipes 

• FFRE pipes exhibited two stages of deformation when subjected local loading by an 

indenter including indentation and piercing. The pipe indentation strength depended on 

the pipe circumferential bending and pipe shell bending while the pipe piercing strength 

depended on the pipe wall shear strength. Pipe stiffness and pipe strength within the 

indentation phase increased with an increase in the number of fabric layers and with a 

decrease in the pipe diameter. Pipe peak local load depended on the pipe indentation 

and piercing strength and increased with an increase in the number of fabric layers or 

with a decrease in the pipe diameter. 

• Pipes subjected to hemispherical nose and wedge nose indenters showed comparable 

but larger stiffnesses and strengths within indentation phase, and peak pipe local loads 

when compared to pipes subjected to conical nose indenter. 

• In the case of pipes subjected to conical nose indenter the peak pipe local load was 

associated with complete piercing of the pipes while for the case of pipes subjected to 

hemispherical nose and wedge nose indenters the peak pipe local loads were associated 

with beginning of pipe piercing. 

• Pipe wall piercing (pipe service failure) occurred at smaller indenter displacements for 

conical nose indenter when compared to hemispherical nose and wedge nose indenters 
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because conical nose indenter caused more local distribution of the local load on the 

pipe wall.  

• FFRE pipes subjected to local load showed localised damage with no significant global 

response when compared to steel pipes. In contrast to the steel tubes whose failure was 

associated with the disk pull out from the body of the pipe and in contrast to GRP pipes 

whose failure piercing was associated with composite delamination, failure of the FFRE 

pipes was accompanied by the formation of resin and fibre breakage on the top surface 

beneath the indenter. 

8.1.5 Flax fabric-reinforced epoxy pipes subjected to internal pressure 

• All FFRE pipe internal pressure-strain relationships displayed similar response 

regardless of the number of fabric layers and pipe diameters. The maximum pipe 

internal pressure increased with an increase in the number of fabric layers and with a 

decrease in pipe diameter.  

• Two principal modes of failure were identified, namely pipe functional failure and pipe 

structural failure. Pipe functional failure was dictated by matrix cracking of the FFRE 

composite. Pipe structural failure was associated with bursting in the pipe axial 

direction, associated with the rupture of flax fibres oriented in the pipe circumferential 

direction.  

• FFRE pipes exhibited greater internal pressure associated with pipe functional failure 

and pipe structural failure than the typical pipe pressure range for domestic use, for 

water distribution, and for long-distance water transmission by a wide margin, 

demonstrating a substantial potential for FFRE pipe application.  
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• Experimental results showed good correlation with classic analytical models for pipe 

internal pressure-circumferential and axial strain relationships and pipe structural 

failure. 

8.1.6  Dynamic and seismic performance characteristics of free-spanning flax fabric-

reinforced epoxy pipes 

• No service failure in the form of pipe seepage or leakage and no structural failure in the 

form of pipe excessive deformation was detected in the FFRE pipes. The largest pipe 

bending curvature for all the harmonic and the 2011 Christchurch earthquake ground 

motion tested was within 10% of elastic bending curvature of FFRE pipe and the 

maximum pipe strain for all the ground motions considered was within 1% of the FFRE 

composite ultimate strain. The FFRE pipe that was manufactured using hand lay-up 

technique and was free-spanning showed to be effective in water transmission in 

earthquake-prone areas. 

• Maximum strain occurred in the longitudinal direction at pipe end springlines, followed 

by longitudinal strain developed at pipe mid-span springlines. 

• For the case of half-filled pipe tests, larger values of internal water pressure and pipe 

vertical acceleration when compared to completely-filled pipes, due to water sloshing. 

The value of the internal pressure and pipe vertical acceleration increased when the 

shaking frequency approached water natural frequency.  

• With increasing PGA, pipe dynamic response increased. Pipe dynamic response increased 

when the shaking frequency approached both pipe-water system natural frequency and 

water natural frequency when the pipe was half-filled. With increasing water content, pipe 

dynamic response increased because the shaking frequency approached the pipe-water 

system natural frequency. 
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8.2 Future work for FFRE pipe 

There are many horizons to explore at the end of this doctoral research, several of which are 

listed below: 

• Investigate the structural performance characteristics of FFRE pipes subjected to 

combined loadings.  

• Numerical modelling of FFRE pipes for varying pipe geometric characteristics 

subjected to varying loadings. 

• Experimentally and numerically investigate the seismic performance characteristics of 

buried FFRE pipes subjected to liquefaction.  

• Manufacture hybrid flax fibre and other synthetic/natural fibre composites pipes and 

investigate the effect of composite stacking sequence, fibre types and their associated 

volume combination on the mechanical properties of the hybrid composites and 

structural performance characteristics of the hybrid composite pipes. 

• Manufacture FFRE pipes using filament winding and investigate the mechanical 

properties of the FFRE composite and the structural performance characteristics of the 

pipe. 

• Investigate long term durability of FFRE pipes and flax hybrid composite pipes under 

different aging conditions. 
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