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ABSTRACT 

KHAN, RAHIB, A., Masters: January: 2021, Masters of Science in Mechanical 

Engineering 

Title: Crashworthiness Characteristics of GFRP Overwrapped PVC Composite Tubes 

Supervisor of Thesis: Elsadig M. Saad 

This thesis investigates the effect of various factors on the crashworthiness 

characteristics of GFRP overwrapped PVC tubes. PVC tubes overwrapped in GFRP at four 

different fiber orientations, 45°, 55°, 65°, and 90°, respectively, were subjected to quasi-

static axial compression tests. For the GFRP/PVC samples of different fiber orientations 

with standard circular tube geometry, load-bearing capacity, crush force efficiency, and 

energy absorption capability generally improved with increasing fiber orientation. The first 

proposed design change to the conventional circular composite tube geometry increased 

specific energy absorbed by an average of 32.52%, while load-bearing capacity was also 

maintained. However, it also resulted in a noticeable decrease in crush force efficiency. 

For the second proposed design change to the conventional circular composite tube 

geometry, the advantage of increased specific energy absorption, seen for the first design 

change, was retained. At the same time, a sizeable 43.82% average increase in crush force 

efficiency was also observed. The combination of the two proposed design changes as 

compared to chamfer triggers was proven to be comprehensively more effective. Finally, 

foam cores of four different geometries were used to fill the composite tube with the best 

performance from all previous tests. As compared to the core-less samples, the composite 

tubes with cores had noticeably higher load-bearing capacity and energy absorption 

capabilities. However, their crushing failure was not as stable. 
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CHAPTER 1. INTRODUCTION 

This chapter contains a brief introduction to the investigated problem, detailed 

objectives, and the study's significance.  Also, the general outline of this thesis will be 

presented in this chapter. 

 

1.1. Background 

In passenger vehicles, “crashworthiness” refers to a structure’s capacity to absorb 

the impact energy from collisions and, in so doing, increase the survivability of the 

occupants [1]. Crashworthiness explicitly involves controlling this absorption through 

failure mechanisms and modes so that a stable load profile is obtained during the absorption 

process [2]. Current legislation (United States) for vehicles necessitates that they are 

designed such that, if a collision occurs at speeds of up to 15.5 m/sec (35 mph) with a solid, 

fixed object, the passengers in the vehicle should not be subjected to a resulting force that 

could produce a net deceleration higher than 20g [3].  

 

The ability to make composites specific to requirements, as well as their 

comparatively high stiffness to weight and strength to weight ratios, fatigue resistance, and 

corrosion resistance, makes them very appealing for crashworthiness applications. The 

challenge is to use specific geometry and materials features to facilitate more excellent 

safety while concurrently decreasing the weight, without exceeding what would be 

considered acceptable adverse effects in terms of the overall economics of fabrication and 

production. In crashworthiness applications, composites are most commonly utilized in 

tubular structures, which are strategically incorporated into vehicular frames to act as 
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energy-absorbing devices [4, 5, 6]. The composite tubes employed are also frequently 

composite tubes with a circular cross-section due to the inherent stability and ease of 

manufacturing this particular geometry [7]. In recent years, extensive studies have been 

conducted to investigate the failure mechanism of composite tubes using approaches based 

on material properties and geometry. Studies done by Abosbaia et al. [8] have shown that 

segmented composite tubes manufactured from carbon fabric fiber and cotton fabric fiber 

exhibited satisfactory energy absorption capability and stable load-carrying capacity. Geier 

et al. [9] reported that axially compressed fiber's buckling behavior is influenced by the 

sequence of stacking within the laminates. A more detailed study done by Will et al. [10] 

showed that the sequence of laminate stacking affects the total area of delamination, the 

location of delamination, and the shear fracture area. Mamalis et al. [11] extensively 

investigated the crashworthy capability of composite material structures and found that 

carbon fiber/epoxy shells generally absorb more energy than glass fiber/epoxy or aramid 

fiber/epoxy specimens. They also stated that specific energy tends to vary with ply 

orientation. The effect of changing the vertex angle on the energy absorption capability of 

axially crushed kenaf/epoxy composite elliptical cones was experimentally examined by 

Alkateb et al. [12]. The vertex angle of the manufactured tubes was varied from 0° to 24° 

in 6° increments, where the elliptical cone with a vertex angle of 0° was an elliptical tube. 

The results showed that load carrying capacity and energy absorption capability generally 

increased with increasing vertex angle. Palanivelu et al. [13] carried out quasi-static 

compression experiments on composite tubes with nine different geometries. The tested 

composite tubes were manufactured from unidirectional E-glass fabric and polyester resin 

using the hand lay-up method. For each geometry, a total of 4 different composite tube 
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configurations were tested using two varying thicknesses and two different triggering 

mechanisms. It was found that the conical circular and circular cross-section geometry 

composite tubes exhibited the best load carrying capacity and energy absorption capability. 

The sample with the highest crush force efficiency was also a composite tube with a 

circular cross-section. A substantial proportion of composite applications involve glass 

fiber reinforced polymers (GFRPs) as composites with other reinforcing material types are 

often considerably more costly [14, 15]. According to a report on the composites market 

published by AVK Industrievereinigung Verstärkte Kunststoffe e.V., one of the most 

significant European associations in the field of composites, the European GFRP market 

share alone was estimated to be a total volume of 1.141 million tonnes in 2018, accounting 

for over 90 % of Europe’s composite usage in the year. GFRPs still remain the most 

dominant type of composite in the world's composite market today [16, 17]. 

 

While studies have been carried out on the effect of fiber orientation on the 

crashworthiness characteristics of axially crushed composite tubes, they are still 

insufficient, especially considering the different constituent materials of the composites 

and manufacturing methods that may be utilized in these investigations. Therefore, there is 

a need for more research to enrich the scientific knowledge in this area. Although a 

considerable amount of work has been done concerning the effect of using different 

geometries of composite tubes, there is little work done that looks into further improving 

the performance of existing conventionally used geometries by making custom-made 

changes to the standard design of the geometry. Instead, several trigger mechanisms are 

commonly used to enhance the crushing performance of composite tubes. It has been 
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established that utilizing trigger mechanisms as artificially created failure initiation sites 

effectively reduces the initial peak crushing force while also ensuring energy absorption is 

maximized. Without triggering mechanisms, composite tubes' crushing failure usually 

results in a load profile with an undesirably high initial peak force, followed by a 

catastrophic drop in load-bearing capacity [18]. The proposed design changes in this study 

are custom-made for composite tubes with an inner tube and serve as a competitive 

alternative to conventional trigger mechanisms. The inclusion of foam cores is another 

method that has been used to strengthen the crashworthiness characteristics of composite 

tubes [19].   

 

The composites used in the research work, which were manufactured using E-glass 

fiber as the reinforcement material and epoxy resin as the matrix material, are widely used 

in the industry. This research focuses on the crashworthiness performance of circular tubes 

subjected to quasi-static axial crushing. This research aims to study the influence of fiber 

orientation on crashworthiness properties of cylindrical PVC tubes that have been 

overwrapped with GFRP using a winding machine. Furthermore, slight changes have been 

made to the design of conventionally used circular composite tubes to improve further the 

crashworthy characteristics of the GFRP overwrapped PVC pipes tested. The effectiveness 

of the proposed design changes is also compared to that of a standard chamfer trigger 

mechanism.  Attention is also given to determine the best performing design between core 

and core-less composite tubes. Foam material is used to fill the core composite tubes 

whereas the core-less composite tubes have no filler material in the center. 
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1.2. Project Objectives 

The goals of this study are as follows: 

1. To examine the influence of wrapping PVC tubes in GFRP composite on the tubes' 

crashworthiness performance under quasi-static axial crushing.  

2. To study the influence of different fiber orientations on the crashworthiness 

characteristics of GFRP overwrapped PVC composite tubes under quasi-static axial 

crushing. 

3. To investigate the effects of making slight changes to the conventionally used 

circular cross-section composite tubes, which allow for the effective utilization of 

the PVC inner tube and suppression of the initial peak load on the crashworthiness 

characteristics of GFRP overwrapped PVC tubes. 

4. Chamfer triggers of the same fiber orientation as the best performing fiber 

orientation were compared to the two proposed design changes' combined effect.  

5. To examine the differences between core and core-less tubes subjected to quasi-

static axial crushing loads and compare their crashworthiness characteristics.  

 

1.3. Significance of the Study 

This research's primary focus concentrates mostly on obtaining the composite tube 

with the best overall crashworthiness characteristics. This is done by maneuvering the fiber 

orientation of the reinforcement and using the best longitudinal cross-sectional design. 

 

Some practical aspects of using composite materials for crashworthiness 

applications have been mainly in the automobile and aerospace industry. As both industries 
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were in full bloom coming into the 21st century, more and more composite materials have 

been incorporated into automobiles and aircraft [20, 21]. An example of the composite tube 

applications is its integration into the engine's structure and luggage compartments of 

automobiles. These composite structures serve as an energy-absorbing device if the car is 

hit from the front or behind [22, 23]. The ultimate goal is to decelerate the car without 

injuring the passenger. This is done by crushing the composite in a controllable manner. 

 

Another practical application of composites is its incorporation into the design of 

modern aircraft. Over the past decades, composites have been regularly used in military 

aircraft and have seen increased use in large passenger aircraft design. Remarkably, both 

Boeing’s B787 Dreamliner and Airbus’s A350XWB composites account for 

approximately 50% of the construction materials by weight. Composites also allow for 

aircraft's airframes to be considerably lighter, thereby resulting in greater fuel efficiency 

[24, 25]. 

 

In the end, the challenge is in how to increase the energy absorption capabilities of 

composite structures without sacrificing the ease of manufacturing and making a cost-

effective crashworthy structure suitable for mass-production [26]. It is also crucial that 

energy absorption occurs in a gradual, stable manner without catastrophic failure and 

significant fluctuation in load-bearing behavior. 
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1.4. Thesis Layout 

This thesis is divided into five chapters. In the next chapter, Chapter 2 gathers 

information from related sources regarding the behavior of composite tubes, testing 

procedures, energy absorption capacity, crushing behavior, and failure mechanisms of 

composite material. Chapter 3 presents a systematic and detailed description of the 

methodology used to carry out this research. The results from the various experiments 

carried out are presented, discussed, and analyzed in Chapter 4. Finally, the findings of this 

research are presented in Chapter 5. 
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CHAPTER 2. LITERATURE REVIEW 

In this chapter, essential terms related to the research carried out for this thesis are 

explained, and literature concerning similar work that was previously done is reviewed. 

Accordingly, information is given on composite materials and their structure, fiber-

reinforced composites, matrix materials, fabrication of composites, core materials, 

parameters that will be calculated from experimental readings, and the failure modes and 

energy absorption mechanisms of thin-walled composites. 

 

2.1. Composite Materials 

Composite materials refer to combining two or more constituent materials on a 

macroscopic scale to form a third material with characteristics different from the original 

individual materials. However, as opposed to materials that are combined on a microscopic 

scale, such as alloys of metals, in the macroscopic examination of composite material, the 

components can be identified by the naked eye. In materials combined on a microscopic 

scale, the resulting material appears macroscopically homogeneous for all practical 

purposes [27]. 

 

The constituent material of a discontinuous and comparatively stiffer composite is 

referred to as the reinforcement, whereas the component material that is continuous and 

relatively less stiff and weaker is called the matrix material. The reinforcement material 

usually exists in the form of fibers or particulates. Sometimes, due to chemical interactions 

or other processes during composites' manufacture, an added distinct material, known as 
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the interphase, forms between the reinforcement and the matrix [28]. Figure 1 shows a 

schematic illustration of the phases of typical composite material.  

 

 

Figure 1. Schematic illustration of the phases of composite material [29] 

 

A composite's properties rely on the properties of its constituent materials, their 

geometry, and the arrangement of its phases. An essential parameter of composite materials 

is its volume (or weight) fraction of reinforcement or fiber volume ratio [30]. 

 

One of the advantages of composites is that, if well designed, they usually possess 

the most desired qualities of their constituents and often some qualities that neither of the 

constituents demonstrates. The properties that can be enhanced by manufacturing a 

composite material from its constituents include strength, stiffness, corrosion resistance, 

attractiveness, thermal insulation, and acoustical insulation [27, 31]. 
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2.2. Fiber-Reinforced Composites 

The phenomenon of the material's actual strength being considerably less than its 

theoretically predicted strength is a common occurrence. This disparity in strength values 

is believed to occur due to imperfections or inherent flaws in the materials’ structure. If an 

attempt is made to reduce or eliminate these flaws, this can potentially enhance a material 

[32, 33]. Some flaws are especially detrimental to a material's strength, such as cracks 

perpendicular to the material's forces. When contrasted to the strength of significantly 

larger material, human-made filaments or fibers of nonpolymeric materials demonstrate 

considerably greater strength along their lengths, as materials of larger size may contain 

several flaws. 

 

In contrast, flaws are minimized in fibers owing to their small cross-sectional 

dimensions [34]. For polymeric materials, the molecular structure's correct orientation 

allows the material to demonstrate high strength and stiffness [35]. The properties of some 

standard types of fibers and some commonly used materials are shown in Table 1. 
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Table 1. Properties of Fibers and Conventional Bulk Materials [36] 

 

 

Part of the reason that glass fibers have high strength is that their surface is almost 

entirely free of defects, while the strength of graphite and aramid fibers is more due to the 

superior orientation of their internal structure [37, 38]. E-glass fibers are considered 

incredibly essential reinforcement fibers due to their relative affordability. However, in 

terms of outstanding stiffness values, boron, graphite, and the aramid polymer fibers are 

the most preferred. Amongst these, graphite fibers are the most flexible as their structure 

has high variability [39, 40]. 

 

Due to their microscopic cross-sectional size, fibers usually are not used on their 

own for engineering applications. Instead, they are combined with matrix materials to 
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produce fibrous composites. The matrix helps to hold the fibers together, relays forces 

experienced to the fibers, and serves as environmental and wear protection [36]. 

 

2.2.1. Glass Fibers 

The majority of polymer matrix composites use glass fibers as the reinforcing 

material. Glass fiber is preferred due to its relative affordability while still having 

considerable strength. In terms of disadvantages, glass fibers have low resistance to wear 

and tear, which can, at times, adversely affect the material's strength [41]. Also, they 

display less than acceptable adherence to polymer matrix resins, especially when moisture 

is present. Coupling agents, such as silanes, can promote the adherence of glass fibers [42]. 

Finally, in comparison to other high-quality reinforcing fibers such as boron, carbon, and 

Kevlar, glass fibers do not have a modulus that is as high [36]. 

 

In high-end composite applications, glass fibers are barely used due to the 

previously stated disadvantages. Instead, they are frequently used as the reinforcing 

material in low to medium-end applications [43, 44]. Glass fibers are manufactured through 

the extrusion of molten silica (SiO) mixed with various oxides. This mixture is extruded 

through the holes in a platinum alloy bushing [30]. Glass fibers can be further divided into 

two broad categories, relatively affordable multipurpose fibers, and superior high-

performance fibers. As much as 90% of produced glass fibers are multipurpose products. 

These fibers are commonly referred to as E-glass fibers. All glass fibers are usually 

manufactured to ASTM standards [45].   
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Superior high-performance glass fibers include S-glass, D glass, A-glass, ECR-

glass, ultrapure silica fibers, hollow fibers, and trilobal fibers. All these fibers have at least 

10 to 15% greater strength than E-glass at room temperature. However, their actual value 

is that they can withstand higher temperatures than E-glass when being utilized. High-

performance glass fibers are commonly employed in military applications. In these 

applications, manufacturing standards are considerably more stringent than usual [46, 47, 

48]. 

 

When produced for commercial use, glass fibers come in different forms according 

to the intended application. Fiberglass rovings consist of continuous glass fiber filaments 

grouped together. According to the desired yield (in meters per kilogram), commonly used 

rovings are manufactured by winding together single strands of glass fiber (in meters per 

kilogram) [49]. Usually, rovings are produced from fibers with a diameter of 9 -13 μm. 

General roving yields range from approximately 3600 to 4500 m/kg and typically consist 

of 20 strands. Rovings can be utilized directly for pultrusion, filament winding, and 

prepregs production [36]. 

 

Fiberglass rovings can be as long as several kilometers depending on their intended 

use. Rovings are commonly woven into a massive, rough fabric to be employed in cases 

where a considerable increase in thickness is required over extensive areas. This trait is 

incredibly convenient when using glass fiber to produce boats, other marine products, and 

numerous kinds of tooling [50, 51]. 

 



14 

 

2.3. Matrix Materials 

Due to their microscopic cross-sectional area, fibers are generally not utilized 

directly. Furthermore, when fibers exist alone, they cannot efficiently transmit loads from 

one fiber to another to effectively share the load. This drastically restricts their direct 

utilization in engineering applications where large forces need to be withstood. This 

restriction can be overcome by embedding fibers in a matrix material, thus forming a 

composite [52]. The material used as a matrix strongly influences the resulting composite's 

mechanical properties, including the composite’s transverse modulus and strength, shear 

properties, and properties under compression. The material used as a matrix often limits 

the temperature at which a composite can be used [53, 54]. Temperature ranges for the use 

of composites manufactured from various matrices are shown in Figure 2.  

 

 

Figure 2. Service temperature range for composites formed from various matrix materials 

[36] 

 

The physical and chemical traits of the matrix material, such as melting 

temperature, viscosity, and how easily it reacts with fibers, must be considered when 

selecting a composite’s fabrication process [55]. The majority of fiber composites use 
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polymers as their matrix material. The main advantages of polymers are their affordability, 

ease of processing, high chemical resistance, and low relative density. Their disadvantages 

include their comparatively low strength, low modulus, and low service temperature. 

Polymers will break down if exposed to ultraviolet light and special solvents for a 

prolonged period [56, 57]. Polymers are separated into thermoplastics and thermosets, 

depending on their behavior and structure. Polymers that soften or melt when heated are 

classified as thermoplastic polymers. They are linear or branched-chain molecules with 

high strength intramolecular bonds, but low strength intermolecular bonds [58]. The 

melting and solidification of thermoplastic polymers are reversible, and therefore they can 

be reshaped as required using heat and pressure. The structure of these polymers can be 

either semi-crystalline or amorphous. Some examples of thermoplastic polymers are 

polyethylene, polystyrene, nylons, polycarbonate, polyacetals, polyamide-imide, 

polyether-ether ketone (PEEK), polysulfone, polyphenylene sulfide (PPS), and 

polyetherimide [59]. Thermosetting plastics consist of cross-linked structures that have 

covalent bonds connecting its molecules. As opposed to thermoplastic polymers, when 

thermosetting polymers are heated, they break down. Therefore, once these polymers 

solidify through a curing process, they cannot be remolded. Typical thermosetting 

polymers include epoxies, polyesters, phenolics, ureas, melamine, silicone, and polyimides 

[60].  

 

Of the various polymeric matrix materials, polyester and epoxy are generally 

preferred when manufacturing composites using high-end reinforcing fibers. They are both 
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thermosetting polymers. Their preference is mainly due to the ease with which they can be 

processed and their high chemical resistance [36]. 

 

2.3.1. Epoxy Resins 

Epoxy resins are organic liquids with a relatively small molecular mass that 

incorporate several epoxide groups, consisting of three-membered rings formed from one 

oxygen and two carbon atoms. Epoxides are generally produced through the reaction of 

epichlorohydrin with bisphenol-A. Cross-linking occurs due to the introduction of 

chemicals that react with the epoxy groups between neighboring chains. 

 

Epoxy resin prepolymers are a product of the chemical reaction below (Figure 3):  

 

 

Figure 3. Chemical reaction to produce epoxy resin prepolymer [36] 

 

It is combined with a curing agent resulting in a cross-linked polymer's formation 

with a strong network to polymerize the epoxy prepolymer. Generally, the curing of epoxy 

systems takes place at room temperature. Although the curing agent selected also plays an 

integral part in whether a room-temperature or higher temperature cure is necessary.  Many 

times added heat could accelerate curing and help attain a better cure [61, 62]. After curing, 
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the epoxy resin characteristics are dependent on the chemical structure of its epoxy 

prepolymer, which may be altered to a large extent, together with the selected curing agent. 

General characteristics of cast epoxy resin are shown in Table 2. Generally, epoxy resins 

are preferred over polyesters due to their ability to adhere to a broader selection of fibers, 

higher resistance to dampness, and more excellent chemical resistance [36]. 

 

Table 2. Properties of a Typical Cast Epoxy Resin (at 23°C) [36] 

 

 

2.3.2. Metals 

As an engineering material, metals have considerable flexibility. They are often 

favored as a matrix material in composites due to their incredible strength, large modulus, 

sizeable toughness, impact resistance, and their ability to withstand extreme temperatures. 

Metal matrices are often preferred over polymer matrices in applications where 

environmental conditions, such as temperature, are severe. However, the use of metal as 

composite matrix material is sometimes limited by its comparatively large density, the 

considerable temperatures required during processing, its reactivity with fibers, and 

vulnerability to corrosion [63, 64]. 
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Aluminum and titanium are the metals most frequently selected for use as a matrix 

material. From metals, they both have relatively small densities (aluminum, 2.7 g/cm3; 

titanium, 4.5 g/cm3) and have a large variety of useful alloys. In composites, carbon fibers 

typically utilize aluminum alloys as their matrix material. Unfortunately, at manufacturing 

temperatures of 500°C or more, carbon may react with aluminum, which can significantly 

degrade the composite's mechanical characteristics. To counter this, protective coatings 

can be applied to carbon fibers, which also enhance the fiber wetting by the aluminum alloy 

matrix. Comparatively, titanium alloys generally possess more excellent strength-weight 

ratios. Titanium alloys also have exceptional corrosion resistance. However, these 

advantages are often outweighed by their considerably higher cost [36, 65]. 

 

2.4. Fabrication of Composites 

Products are manufactured from materials like plastics and metals through molding 

and shaping processes. These materials are initially extracted or created and then processed 

using various methods such as forging, sheet forming, and injection molding. On the other 

hand, products manufactured from composites are often created at the same time as the 

composite material is formed. For example, the filament winding is used to produce a 

composite pipe composed of polymer and glass fibers. 

 

The fabrication process selected to form a composite is mainly dependent on the 

matrix's chemical nature (e.g., whether it is a thermoset or thermoplastic for polymers) and 

the temperature requirements when forming, melting, or curing the matrix. The most 
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common use thermosetting resins in order of their preference are polyester resins, vinyl 

ester resins, and epoxy resins [66, 67]. 

 

The prepolymers required for producing thermosetting resin systems generally 

exist in a liquid state. After chemical reactions to form their polymers, they then become 

solids. In the course of this chemical reaction, prepolymer molecules are combined, 

forming polymer networks. This cross-linking process is referred to as polymerization. 

Polymerization is carried out by catalysts or curing agents selected according to the 

required combination of time and temperature needed to produce a particular product. 

Curing and hardening that occurs during this process are usually irreversible. Further 

heating will only result in the breakdown of the product.  

 

Fabrication processes for forming composites using thermosetting resin as a matrix 

can be roughly separated into wet-forming processes and processes that make use of 

premixes or prepregs. For wet-forming processes, the resin is still a liquid when the final 

product is initially formed, and hardening occurs after a curing process. This includes 

processes such as hand lay-up, bag molding, resin-transfer molding, filament winding, and 

pultrusion [36, 55, 68]. 

 

2.4.1. Filament Winding  

Filament winding is commonly employed when manufacturing surfaces of 

revolution like pipes, tubes, cylinders, and spheres and is typically utilized to produce 

sizeable tanks and pipes for use in chemical industries [69]. The quick and precise laying 
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down of continuous reinforcement in predetermined patterns is the essence of filament 

winding. This continuous reinforcement is usually in the form of rovings that are fed from 

a multitude of creels. Creels are shelves that hold the roving packages and are designed to 

pull the roving from these packages at the required intervals. These rovings then travel 

through a resin bath, after which they are gathered into a band of the desired width and 

consequently wound on top of a rotating male mandrel. The winding angle of the 

continuous reinforcing materials and its placement is controlled using specialized intricate 

machinery that travels at speeds according to the mandrel rotation. The reinforcement is 

continuously overwrapped in neighboring bands of a fixed width until it eventually covers 

the mandrel surface in its entirety. For this technique, the winding tension, the wind angle, 

and the resin composition can be controlled as necessary for each layer until the composite 

of required thickness and resin composition is formed [70, 71]. An illustration of the 

filament winding operation is shown in Figure 4. 

 

 

Figure 4. Filament winding machine [36] 

 

The filament winding angle employed in the production of pipes or tanks is 

dependent on the strength and performance specifications required and, therefore, may 
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change from longitudinal through helical to circumferential as needed. These filament 

winding patterns are illustrated in Figure 5.  

 

 

Figure 5. Typical filament winding patterns [36] 

 

The advantages of the filament winding method include [36]: 

1. It can be automated and generally has a large production rate. 

2. The strength of products is optimized due to precise fiber placement. 

3. The size of the products is flexible. 

 

The limitations of the filament winding process include: 

1. For products that require reverse curvature, the winding is complicated. 

2. Low angle winding (parallel to the axis of rotation) is challenging. 

3. For complex (double curvature) products, complexity can be too great. 

 

2.5. Trigger Mechanisms 

The crushing failure of composite tubes often results in a load profile with an 

undesirably high initial peak force, followed by a catastrophic drop in load-bearing 
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capacity. As a direct result, this means that crushing force efficiency values will be 

lowered, indicating unstable failure. As energy-absorbing devices are commonly applied 

in transportation to minimize injuries that passengers will receive during collisions, it is 

preferable for failure to be as stable as possible. Also, it is advantageous for energy 

absorbers to have a lower initial peak crushing force. Trigger mechanisms are an essential 

tool through which energy absorbers' overall safety and performance can be improved. It 

has been established that utilizing trigger mechanisms to create failure initiation sites 

artificially can effectively reduce the initial peak crushing force while also ensuring energy 

absorption is maximized. However, it is also necessary that a suitable trigger mechanism 

is chosen as some triggers will perform better than others for a given composite 

configuration. Trigger mechanisms can either be integrated into the composite tube or 

externally applied using a plug type trigger. For integrated triggers, the top edge of the 

composite tube is usually machined to the selected trigger type's geometry. Some of the 

integrated trigger mechanisms that have been previously investigated include chamfer 

triggers, tulip triggers, steeple triggers, and notch triggers. Most trigger mechanisms work 

by reducing the leading edge's cross-sectional area that first experiences compression, 

resulting in large stress concentrations in this region and a subsequent drop in the initial 

peak crushing force [72]. 

 

2.5.1. Chamfer Triggers 

Chamfer triggers are usually integrated into a composite tube by machining away 

the tube's outer top edge so that there is a slanted edge from the inner edge of the tube to 

the outside surface of the tube. This type of trigger is widely used as the machining 
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involved is relatively simple. Chamfer triggers can be machined at various angles, and the 

chamfer angle has a significant effect on its performance. Figure 6a) shows a circular 

composite tube with a 45° chamfer trigger. In a study by Palanivelu et al. [73], a 45° 

chamfer trigger was shown to be more effective than a tulip trigger for enhancing the 

crushing performance of the circular pultruded composite tubes tested. 

  

 

Figure 6. Circular tubes with a) a 45° chamfer trigger and b) a tulip trigger [73] 

 

2.5.2. Tulip Triggers 

For tulip triggers, the top of the composite tube is usually split into four sections 

when machining. Each section is machined so that there is a point at the top of the center 

of the section, which then slopes downwards to the corners of the section. For this type of 

trigger, outward splaying failure often occurs. A circular tube with a tulip trigger can be 

seen in Figure 6b). Palanivelu et al. [73] found that a tulip trigger is more effective than a 

45° chamfer trigger for enhancing the crushing performance of the square pultruded 

composite tubes tested. 
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2.5.3. Steeple and Notch Triggers 

Chamfers are machined on both the top of a composite's inner and outer edges, 

forming a sharp edge in the center. On the other hand, to form a notch trigger, straight 

sections of the top of a composite are cut out to form notches that have a slanted edge on 

one side and a vertical edge on the other. Both of these types of triggers are prevalently 

found in flat plate composites [74]. Figure 7 shows an illustration of flat plate composites 

with steeple and notch triggers, respectively. 

 

 

Figure 7. Flat plate composites with steeple and notch triggers [74] 

 

2.6. Core Materials 

From engineering theory, it can be determined that the flexural stiffness is 

proportional to the cube of its thickness. Therefore, in a composite material, a core's 

existence can enhance the composite's stiffness by effectively 'thickening' it. Commonly, 

low-density materials are used for cores, as this allows for a significant increase in stiffness 

while minimizing the additional weight of the composite. Furthermore, the core material 

needs to be capable of withstanding compressive loads without experiencing premature 
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failure. When the composites are relatively thin, cores also help prevent failure due to 

wrinkling and buckling modes [75, 76]. 

 

2.6.1. Foam Cores 

Foams materials are commonly used as cores due to their comparatively low 

densities. These materials are produced from several human-made polymers such as 

polyvinyl chloride (PVC), polystyrene (PS), polyurethane (PU), polymethacrylate, 

polyetherimide (PEI), and styrene-acrylonitrile (SAN). Foam materials are manufactured 

with a wide range of densities, from as low as 10 kg/m3 to as high as 300 kg/m3. For 

composite structures, the preferred foams have densities ranging from 40 to 200 kg/m3. 

Foam materials are also manufactured with varying thickness, generally from 5 mm to 50 

mm [77]. 

 

The main factors that determine the energy absorption capability of foam material include: 

a) The foam’s relative density. 

b) How material is distributed within the foam. 

c) The deformation mechanisms of the foam material (elastic or plastic). 

d) The flow of the cells within the foam under compression. 

 

Several researchers have investigated the effects of using foam to fill hollow 

structures to enhance the structure’s energy absorption capability. Investigations carried 

out by Thornton are of particular importance as they show that foam filling can 
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considerably improve the overall failure mode of a fiber-reinforced polymer tube. It was 

also shown that, in some cases, the use of foam cores could promote crushing stability [78].  

 

2.6.1.1. PVC Foam 

Polyvinyl chloride (PVC) foams are commonly employed as core materials to 

produce high-quality composite structures. This closed-cell material is a hybrid of PVC 

and polyurethane but is usually referred to as ‘PVC foam.’ PVC foams have useful static 

and dynamic properties and are notably resistant to moisture. They can also be used in an 

extensive range of service temperatures from -240°C to +80°C and have high chemical 

resistance. While PVC foams are typically flammable, there are some fire-retardant 

varieties and, therefore, may be utilized in fire-critical applications, for example, in the 

manufacture of some components of trains. PVC foam can be used as a core in conjunction 

with fiber-reinforced polymer skins safely, as it is quite resistant to styrene, and, therefore, 

its use is widespread in the industry. This material is usually commercially available in 

sheet form, either straight or grid-scored, to easily permit the material to be formed 

according to the required shape. 

 

2.6.1.2. Polystyrene Foams 

Polystyrene foam is used intensively in sails and surfboards productions due to its 

considerably low density (40kg/m3), affordability, and the fact that it is easy to machine. 

However, because some of its other mechanical properties are below satisfactory levels, it 

is rarely utilized for high-end applications. In particular, this foam cannot be employed in 

combination with polyester resins due to its high reactivity with the resin's styrene. 
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2.6.1.3. Polyurethane Foams 

Polyurethane (PU) is formed when polyols react with isocyanate to form a polymer 

made up of organic units linked together by urethane groups. The properties of 

polyurethane foams can be varied by changing the functionality of polyol. Uses of 

polyurethane foam depend on whether it is manufactured with a preference for flexibility 

or rigidity. Flexible polyurethane foam is commonly utilized as cushioning for bedding, 

furniture, and automotive interiors. This type of PU foam is available in different shapes 

with varying firmness. On the other hand, rigid PU foam is a trendy insulating material. 

This foam is often used when insulating buildings and helps to maintain temperature and 

reduce noise levels.  

 

2.6.1.4. PMI (Polymethacrylimide) Foams 

PMI (poly-methacrylimide) foam offers considerably high overall strength and 

stiffness when compared to other foam cores at a specific density value. Other useful 

properties of this foam material include its significant dimensional stability, closed-cell 

configuration, and fatigue resistance. This foam material also undergoes curing at high 

temperatures, which means it can be used within an extensive temperature range. The 

overall cost of this material and its performance traits ensure that this material is usually 

mainly utilized in high-performance aircraft composite components, such as the rotor 

blades of helicopters, airfoils, and the stringer profiles planes. 

 



28 

 

2.6.1.5. Styrene Acrylonitrile (SAN) Co-polymer Foams 

SAN foam exhibits similar behavior as compared to the rigid cross-linked PVC 

cores. Their static characteristics are comparable to cross-linked PVC foams while having 

significantly greater elongation and toughness. Therefore, they can withstand higher 

impact levels. As a result, SAN foams are increasingly being used in place of linear PVC 

foams in many cases. This is also in part because they have better temperature performance. 

Despite this, heat can still be used to reform these foams, which helps manufacture curved 

components. Some SAN foams with increased thermal stability can be utilized with low-

temperature prepregs being cured, as they will not interfere with ongoing chemical 

reactions [79, 80].  

 

2.7. Quasi-static Testing 

The sample under testing is compressed during quasi-static testing at a steady rate 

using a conventional universal testing machine. The test structure is axially compressed 

between flat, steel plates that are parallel to each other. The bottom plate is kept static while 

the top plate moves downwards at a constant crosshead speed. Typically, for quasi-static 

testing, the compression speed ranges from 1 to 11 mm/s. Quasi-static testing may not 

accurately replicate actual crash conditions, as in a real-life collision, the structure being 

crushed experiences a decrease in crushing speed from the initial speed of impact until the 

structure finally comes to a stop [81]. However, to grasp dynamic behavior, it is 

illuminating first to investigate the deformation of composite tubes under a quasi-static 

load so that strain rate dependence can be ignored, and other factors can be investigated. 

Composite tubes that act as collapsible energy-absorbing devices in automobiles' structures 
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are usually supported at one end (i.e., the point of attachment) by a structure with higher 

strength. Therefore their behavior may display some similarities to that exhibited in quasi-

static axial crushing [82]. 

 

The main advantages of quasi-static testing include the following [83]: 

a) Test conditions can be easily controlled 

b) Quasi-static test equipment is much cheaper than the equipment required for impact 

testing because impact tests happen exceptionally quickly in comparison. Consequently, 

quasi-static testing can allow for greater ease when studying composites' failure 

mechanisms due to the slower crushing speed. 

 

The main disadvantage of quasi-static testing is that results may not accurately 

represent actual crash conditions. 

 

2.8. Quantitative Energy Absorption Performance Indicators 

The energy absorption performance of composite structures may be assessed both 

qualitatively and quantitively. Qualitative assessment can include the structure's overall 

crushing behavior, the composites' force-displacement properties, and failure mechanisms 

exhibited by the structure. Quantitative analysis, on the other hand, includes quantifying 

crashworthiness characteristics that allow one to have an idea of the structure’s energy-

absorbing capabilities [84]. Some critical parameters that reflect a structure’s crashworthy 

characteristics are detailed below, while Figure 8 shows some of the necessary quantities 

needed from the load-displacement curve while calculating these parameters. 
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Figure 8. The general shape of the load-displacement curve for composite tubes [85] 

 

2.8.1. Initial Peak Force 

The initial peak force (IPF) is the force needed to commence plastic tube 

deformation. It is preferable for the IPF to below as this will help reduce the possibility of 

passengers being injured by lowering the size of reaction forces experienced in situations 

where safety is essential such as car and train collisions [86]. 

 

2.8.2. Energy Absorption and Specific Energy Absorption  

Energy absorption is commonly quantified to evaluate composite structures' ability 

to absorb crushing energy that results from collisions. This quantity is represented 

graphically as the area under the force-displacement curve. In mathematical terms, the 

energy absorbed is represented as follows [87]:  
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𝐸𝐴 = ∫ 𝐹𝑑𝑠
𝐷𝑚𝑎𝑥

0
                                                            (1) 

 

Where F is the compressive load. The specific energy absorption (SEA) gives a measure 

of the absorbed energy to the structure’s mass: 

 

𝑆𝐸𝐴 =  
𝐸𝐴

𝑚
                                    (2) 

 

Where m is the mass of the structure under compression 

 

2.8.3. Mean Crushing Force 

The mean crushing force (MF) is the average force that a composite structure 

experiences under compression. This quantity is customarily calculated while excluding 

forces experienced in the densification stage [84]: 

 

𝑀𝐹 =  
𝐸𝐴

𝐷𝑚𝑎𝑥
                                                                (3) 

 

Where 𝐷𝑚𝑎𝑥 is the displacement of the composite structure at the beginning of the 

densification stage. 

 

2.8.4. Crush Force Efficiency 

Crush force efficiency (CFE) quantifies the ratio of the mean force experienced by 

the composite to its initial peak crushing force [85]: 
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𝐶𝐹𝐸 =  
𝑀𝐹

𝐼𝑃𝐹
                                                                 (4) 

 

An ideal situation in terms of energy absorption would be achieved when CFE has 

a value of 1, as this would mean that the initial peak crushing force would be sustained 

through the entire post-crushing stage so that it is approximately equal to the mean crushing 

force [85]. 

 

2.8.5. Instantaneous Crush Force Efficiency 

Although the CFE gives an idea of crushing the overall stability for compression 

tests, it may still have a value for 1, even if the load wildly fluctuates, as long as this 

fluctuation is evenly distributed about the mean. Therefore, a novel variable is proposed, 

which will give an idea of what percentage of the load is within a certain threshold 

compared to the mean force. The instantaneous crushing force is a continuous variable 

instead of the crushing force efficiency, which is a discrete variable. It is calculated using 

only the load values of the post-crushing stage by dividing the mean force by the 

instantaneous force at each displacement value in this stage i.e. 

  

𝑖𝐶𝐹𝐸 =  
𝑀𝐹

𝐹𝑖
   , for the post − crush stage                                          (5) 

 

The results are then plotted against displacement and how close each force is to the 

mean force. If the instantaneous crushing force efficiency for a load is 1, then this indicates 

that the force is equal to the mean force. The instantaneous crush force efficiency for each 

of the tested composite tubes was plotted to extract a discrete quantity from this variable 
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in the thesis, and then the percentage of the plotted curve within 0.1 of the value 1 was 

determined. This percentage gives an idea of how large a section of the post-crushing stage 

is within an acceptably small threshold from the mean value. If a composite tube has a 

crushing force efficiency close to 1 and a high percentage value for instantaneous crushing 

force efficiency with a 0.1 threshold of 1, this will indicate a remarkably stable failure for 

the post-crushing stage.           

 

2.9. Failure Modes and Energy Absorption Mechanisms of Composites 

The crushing behavior exhibited by composite structures when subjected to quasi-

static axial compression can broadly be categorized as either stable or unstable failure. 

Unstable failure is distinguished by an initial peak load, after which there is a steep drop in 

the load-bearing capacity of the composite. Following this type of failure, the composite 

can no longer sustain a sizeable compression load. On the other hand, when a stable failure 

occurs, the compressive load initially increases until an initial peak load. After this, 

although slightly damaged, the composite is still able to support a sizeable amount of 

compression without a drop in load-bearing capacity while experiencing further 

displacement. Stable failure results in a higher energy absorption ability and thus is the 

objective of crashworthy structures. It is necessary to comprehend the failure mechanisms 

associated with stable failure and unstable failure [88]. 

 

The geometric dimensions of composite tubes play an essential role in determining 

whether they will experience stable or unstable failure. The length to diameter (L/d) ratio 

of a composite tube explains how slender the tube is and can help determine if the 
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composite will undergo global buckling (Figure 9). Tube dimensions are usually selected 

to avoid global buckling as this type of composite tube collapse mode results in deficient 

energy absorption. Likewise, the ratio of a composite tube’s diameter to its wall thickness 

(D/t, for circular composite tubes) or the ratio of composite tube’s length of a side to its 

wall thickness (S/t, for square, equilateral triangle composite tubes) are significant [89].  

 

 

Figure 9. Illustrations of: a) global buckling and b) local buckling of a composite tube under 

axial compression [90] 

 

According to Mamalis et al. [88], the failure modes commonly explicitly observed 

in thin-walled cylindrical composite tubes when subjected to quasi-static axial compression 

can be broadly divided into three different modes; referred to as Mode-I, Mode-II, and 

Mode-III. In Mode-I, failure occurs due to the progressive crushing, accompanied by micro 

fragmentation, of the composite tube. The distinguishing trait of this particular failure 

Mode-Is long interlaminar, intra-laminar, and axial cracks that exceed the length of the 

composites' laminate thickness. These cracks divide the fibers into bunches, commonly 
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known as fronds [91].  These fronds spread radially outwards and inwards from the surface 

of contact between the composite tube and the compression platen, causing the appearance 

of the crushed cylindrical composite sample to resemble a mushroom. The curved fronds' 

radius changes depending on the fiber, matrix, and laminate properties of the composite. 

Sigalas et al. [92] identify the forces that emerge in the crush zone in the course of frond 

formation as follows: compressive loads experienced by fronds and debris wedge, abrasion 

forces as the fronds scrape across the load plates, abrasion forces between the fronds and 

the debris wedge, abrasion forces that exist between the lamina of the composite and fronds 

as they twist through the radii of curvature and hoop forces that occur as a result of the 

inner and outer fibers attempting to resist longitudinal crack propagation. There are several 

means by which composites that experience this failure mode attempt to dissipate the 

resulting energy, including energy absorbed due to the formation of cracks in the 

longitudinal wall, energy absorbed due to delamination and the process of forming fronds, 

energy used in curving the fronds, energy absorbed due to the fracture of fibers, energy 

used up by the numerous forms of abrasion mentioned above and finally, the energy needed 

to form additional cracks, like those resulting from axial tube splitting [93]. In existing 

studies, the amount of energy dissipated due to each process is not clear, although it is 

known that the numerous abrasion forces account for as much as half of the total energy 

dissipated due to Mode-I failure [94]. Of the three failure modes described, Mode-I was 

identified as the failure mode that results in the highest amount of energy being absorbed 

during crushing and usually also results in the most stable failure. An example of a 

composite tube that has undergone Mode-I failure when subjected to quasi-static axial 

compression can be seen in Figure 10a). 
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Figure 10. Examples of composite tubes that have undergone: a) Mode-I, b) Mode-II, and 

c) Mode-III failure [95, 96, 97] 

 

In Mode-II, failure occurs due to brittle fracture of the composite tube. This failure 

mode may be initiated by either longitudinal or circumferential crack propagation. 

Transverse shear is also usually a contributing factor. In some cases of failure due to 

transverse shear, the two halves of the crushed composite sample on either side of the 

consequent fracture plane not wholly separate. Further loading may then result in the 

interpenetration of the two halves of the composite tube. This interpenetration, in turn, can 

give the composite tube some residual load-bearing capacity. The energy absorption occurs 

during the fragmentation failure Mode-Is mainly from the fracture of fibers and the matrix 

material. As there is an absence of fronds or other debris pieces that can slide against each 

other or the load plates, it has been seen that abrasion effects hardly contribute to the 

specific energy absorption of composite tubes that fail due to fragmentation [98]. Usually, 

a debris wedge does not form in the fragmentation failure mode. The broken fragments of 

the samples fall away from the crush zone, and after this, they do no contribute a different 
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part to the energy absorption. Mode-II is the failure mode associated with the least energy 

absorption of the three failure modes specified and generally also results in relatively 

unstable failure. An example of a composite tube that has undergone Mode-II failure when 

subjected to quasi-static axial compression is included in Figure 10b). 

 

Finally, in Mode-III, failure occurs due to progressive folding and hinging, 

reminiscent of thin-walled metal and plastic tubes' compression behavior. Folding occurs 

when the compressive stress exerted on the composite tube is large enough that it causes 

the tube wall to buckle locally and form a hinge. Once the compressive stress reaches high 

enough once again, another hinge will form under the existing one, and the process recurs. 

Each hinge results in the formation of an additional fold until the entire length of the tube 

collapses. When tubes undergo Mode-III failure, this may cause them to have a 

considerable amount of interlaminar and circumferential cracks due to hinge formation 

[91]. One of the advantages that this failure mode has compared to fiber splaying and 

fragmentation is that the matrix material and fibers remain relatively undamaged. This 

means that the tube's fragments will not break off during crushing, which is useful for cases 

where energy-absorbing structures must remain fastened after a crash. Composite 

specimens that contain some ductile fibers demonstrate this property, and therefore, the 

need for this trait sometimes can lead to the use of hybrid composites [99]. When compared 

to Modes I and II, Mode-III exhibits a medium energy absorbing capacity. An example of 

a composite tube that has undergone Mode-III failure when subjected to quasi-static axial 

compression is shown in Figure 10c). 

 



38 

 

During the actual failure of a composite, these failure modes may occur 

concurrently. In general, energy is absorbed through the breakdown of the composite. 

Energy absorption mechanisms common to all three failure modes include delamination/ 

debonding, bending (during folding), fiber breakage, matrix cracking, and frictional 

resistance to axial movement between adjacent layers composite tube. In Mode-I, there are 

some additional energy absorption mechanisms due to the formation of fronds. 

 

2.10. Existing Research on Energy Absorption of Composite Tubes 

The energy absorption properties of composite tubes intended for use in structures 

that may experience collisions can be tailored by adjusting numerous parameters such as 

fiber type, matrix type, fiber orientation, the geometry of the composite, manufacturing 

conditions, and fiber volume fraction. This section reviews the related literature. As such, 

the papers reviewed are exclusively those in which composite tubes undergo quasi-static 

axial compression. 

 

Sun et al. [100] carried out a study in which the composite tubes tested were made 

up of an inner aluminum tube overwrapped in carbon fiber reinforcement, while epoxy 

resin served as the composite’s matrix material. These hybrid aluminum/CFRP tubes were 

manufactured using the filament winding method. Quasi-static axial compression tests 

were performed to investigate the effects of fiber orientation angle and the composite tubes’ 

wall thickness on their crashworthiness characteristics. The hybrid tube's energy absorption 

results, the aluminum tube on its own, and the CFRP tubes on its own were compared to 

demonstrate the advantages of the hybrid tube. Twenty-five different circular tubes were 
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tested with four different fiber angles (25°, 50°, 75°, and 90°) and three contrasting wall 

thicknesses (3-ply, 6-ply, and 9-ply) being made use of, specifically consisting of 1 

individual aluminum tube, 12 CFRP tubes of specific parameters and 12 aluminum/CFRP 

hybrid tubes of differing parameters.  The quasi-static axial compression tests were carried 

out using a standard universal testing machine INSTRON-5985, which has a maximum 

load capacity of 150 kN at standard temperatures. For all the experiments conducted, the 

machine's upper crosshead speed was set to a constant value of 4 mm/min. The CFRP 

reinforced aluminum tube's effectiveness is observed by contrasting the sum of the energy 

absorbed by the individual components to the hybrid's energy absorbed. Both the fiber 

orientation angle and the composite tube wall thickness were found to significantly affect 

the failure modes and crushing properties of the CFRP and hybrid tubes. For specimens 

with equivalent laminate thickness, an increase in the winding angle of the tested composite 

tube was shown to decrease the specific energy absorbed (SEA), energy absorbed (EA), 

and the peak crushing force (PCF) for both the samples consisting of CFRP only and the 

hybrid tubes. For samples with the same fiber orientation angle for the CFRP tubes, an 

increased thickness of the CFRP tubes increased in the SEA, EA, and PCF for the samples 

consisting of CFRP tubes only and the hybrid tubes. The samples that had the highest 

overall SEA were the 9-ply CFRP tube with a winding angle of 25° and the 9-ply 

CFRP/aluminum hybrid tube with a winding angle of 25° (48.74 J/g and 79.05 J/g), 

respectively. Furthermore, it was determined that the energy absorbed by the hybrid tubes 

was more significant than the sum of that of the individual CFRP and aluminum tubes, 

which shows that the hybrid tubes had better crashworthiness characteristics than their 

constituents. 
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Mahdi et al. [101] carried out an experimental investigation to optimize the energy 

absorbed by composite tubes due to quasi-static axial crushing. The circular composite 

tubes tested were manufactured using layers of E-glass woven fabric and epoxy resin. All 

the composite tube walls of the samples were fabricated using eight layers of E-glass 

fiber/epoxy. The main objective of the study was to investigate the effect of using different 

fiber orientation angles, specifically 0°/90°, 15°/-75°, 30°/-60°, 45°/-45°, 60°/-30°, and 

75°/-15°. The wet wrapping process was utilized when fabricating the specimens, as this 

method is cost-effective. Quasi-static axial compression tests were conducted to determine 

the primary failure mechanisms of the tested composite tubes and how much energy they 

absorbed. Five tests were carried out for each fiber orientation angle to demonstrate the 

repeatability of the results, and the average results of these tests were determined. The data 

acquisition system of the universal tensile testing machine used recorded the load and 

displacement values for the compression tests conducted, for which the upper load plate 

was set to move downwards with a constant crosshead speed of 15 mm/min. The results 

showed that the composite tubes with a fiber orientation of 15°/-75° and 75°/-15° 

respectively had the largest load-carrying capacity and possessed the highest initial peak 

force. Following this, the composite tubes with the second-largest load-carrying capacity 

were those with a fiber orientation of 30°/-60° and 60°/-30°, respectively. For the pre-

crushing stage, the composite tube that absorbed an enormous amount of energy was the 

tube with a fiber orientation angle of 15°/-75°, with a value of 0.425 kJ, followed by the 

tube with a fiber orientation of 45°/-45°, with a value of 0.316 kJ. For the post-crushing 

stage, the most considerable amount of energy was absorbed by the composite tube with 
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fiber orientation of 15°/-75°, with a value of 7.927 kJ, followed by the tube with a fiber 

orientation of 30°/-60°, with a value of 6.585 kJ.  Therefore, from analysis of the overall 

results for the tested material system, the fiber orientations 15°/-75° and 75°/-15° had the 

best load capacity and energy absorption performance and are recommended for use as a 

collapsible composite tubular energy absorber. 

 

Chiu et al. [102] published a paper that focused on the experimental investigation 

of a carbon fiber/epoxy composite tube's energy absorption behavior under quasi-static and 

dynamic loading with varying strain rates not exceeding 100 s-1. The main reason this 

research was conducted despite a large number of existing studies on the performance of 

composite structures under compressive loading is that there is still disagreement in the 

literature regarding the effect of changing the strain rate on the crushing behavior of 

composites. The energy absorption behavior of cylindrical carbon fiber/epoxy composite 

samples with a tulip trigger subjected to compression at increasing strain rates was 

inspected. The failure mechanisms were identified through post-test examinations. The 

tests' load-displacement response was used to determine the specific energy absorbed 

(SEA), peak and steady-state loads, and crush force efficiency. Analysis of the results 

indicated that the tested composite tubes were strain rate-independent for strain rates not 

exceeding 100 s-1. The failure modes were found to remain unchanged with the increasing 

loading rate the composite tube specimens experienced. The specific energy absorbed and 

the steady-state crush force did not change significantly for the applied strain rates. 

Although there was some variation in the peak force and the samples' crushing force 

efficiency, this was credited to the experimental procedure used as opposed to changes in 
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the composite tube’s behavior. It was concluded that this independence rate could be 

attributed to the composite having a high fiber volume fraction. For materials that have a 

similarly high fiber volume fraction, it is expected that the effect of the strain rate can be 

ignored. This assumption can potentially speed up the analysis of composite energy-

absorbing structures by decreasing the required material property data necessary for input, 

thereby permitting the analysis to be carried out using quasi-static assumptions and 

utilizing time scaling in numerical models viable. 

 

Jia et al. [103] systematically evaluated the effects of a geometric factor, fiber 

orientation angle, and pre-crack angle on the energy absorption behavior of filament wound 

CFRP circular composite tubes subjected to quasi-static axial crushing. Using a particular 

geometric factor, known as an end reinforcing layer (Figure 11), on the crushing behavior 

of CFRP cylinders was examined. 

  

 

Figure 11. Images of CFRP cylinders subjected to crushing (a) without and (b) with an end 

reinforcing layers [103] 
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The change of compressive behavior of CFRP circular composite tubes with 

varying carbon fiber orientation angles was also assessed. For the tests carried out, the 

corresponding failure mechanisms and crushing force efficiency were evaluated using 

optical and SEM observations. In addition, the effect of the pre-crack angle on the crushing 

behavior of CFRP circular composite tubes was also analyzed. With the selected matrix 

material, epoxy resin, filament wound composite circular tube specimens with fiber 

orientation angles of 20°, 40°, 60°, and 90° were fabricated, with four carbon fiber layers 

each, using a filament winding machine. Quasi-static axial compression tests were 

conducted on the composite cylinder specimens using a universal tensile testing machine 

(Instron 1121), with the crosshead speed set to 0.5 mm/min. The load plates were parallel 

to one another prior to testing, and all-composite cylinders were compressed up to a 

predetermined displacement. The final load-displacement values used for each specimen 

were averaged from five tests. The CFRP composite tubes with end reinforcing layers 

demonstrated good compressive characteristics, and failure was observed to take place due 

to crack propagation in the samples’ central circumference. With an increase in fiber 

orientation angle, the compressive strength, compressive modulus, and the length of cracks 

in the composite cylinder typically demonstrated a decreasing trend, while, in contrast, the 

crushing efficiency increased. At a low fiber orientation angle of 20°, the composite tubes 

exhibited brittle fracture failure mode, while composite tubes exhibited transverse shear 

failure mode at higher fiber orientation angles of 60° and 80°. On the other hand, the 

composite tubes' failure mechanisms were predominantly the local buckling failure mode 

at the medium angle of 40°. Finally, with increasing pre-crack angle, the compressive 

strength and modulus of the composite tubes initially reduced to their minimum values up 
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till the pre-crack angle were equivalent to the fiber orientation angle, after which the values 

increased. 

 

Mahdi and Sebaey [104] carried out a study where composite tubes with four 

distinct transverse cross-sectional geometries underwent quasi-static axial compression 

testing to determine which cross-section performed the best in terms of the crushing load 

and energy absorption capabilities. Three of these cross-sections were nonconventional, 

and the composite tubes manufactured with these cross-sections were subjected to quasi-

static axial compression tests with similar test conditions. The crushing behavior of these 

composite tubes was then compared with that of traditional circular composite tubes. One 

of the tubes' cross-section consisted of an arc, with a slightly larger circumference than a 

semicircle, joined to a flat section. The other two nonconventional tubes consisted of 

circular cross-sections with one and two webs inside the tubes, respectively, to improve 

the buckling behavior by increasing the structure’s moment of inertia (Figure 12). 
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Figure 12. Illustration of the cross-sections of the examined specimens (all dimensions in 

mm) [104] 

 

The E-glass woven fabric/epoxy composite tubes with eight layers were fabricated 

and tested to determine their basic failure mechanisms' energy absorption capability. This 

testing machine's data acquisition system recorded the load and displacement values for 

the tests, while specimens were crushed at a constant crosshead speed of 15 mm/min. The 

results demonstrated that the tubes with webs had the best performance in peak load, 

average crushing load, crush load efficiency, energy absorbed, and specific energy 

absorbed. In comparison with the conventional circular tube, the tube with two geometrical 

reinforcements, which had the overall best performance of the tested cross-sectional 

geometries, showed a 41% enhancement in the peak load, a 98% increase in the average 

crushing load, and a 38% increase in the specific energy absorbed. The tubes with a cross-

section consisting of an arc, with a slightly larger circumference than a semicircle, joined 

to a flat section exhibited the most inadequate response when compared to that of the other 

tubes. The results of this show that it is possible to improve the crashworthiness 
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characteristics of composite tubes by reinforcing the interior of the tubes with composite 

webs. 

 

Hu et al. [105] experimentally investigated the effect of fiber orientation angle on 

the crashworthiness properties of composite circular tubes manufactured from 759/5224 

woven glass cloth/epoxy under quasi-static axial compression and impact testing. This 

study aimed to determine whether the performance of the composite tube allowed them to 

be utilized in the subfloor structure of a helicopter. 759/5224 woven glass cloth is 

considerably more affordable than carbon, and the manufacture of composites using this 

material is significantly less complicated. Composite tubes with a fiber orientation of ±15°, 

±30°, ±45°, ±60°, and ±75° were fabricated and tested. During fabrication, the top end of 

each sample was chamfered with an external angle of 45°. The purpose of this chamfer was 

to act as a trigger, thus reducing the peak load and helping to make the failure more 

progressive. Quasi-static axial compression tests were carried out using a standard servo-

hydraulic system MTS 880 with a maximum load capacity of 250 kN. The specimens were 

compressed up to a displacement of 100 mm at a load rate of 10 mm/min. The axial impact 

crushing tests were conducted with a drop hammer testing system. The drop hammer had 

a mass of 81.5 kg. The specimens were carefully positioned at the center of the impact 

testing system platform, directly underneath the center of mass of the hammer. 

Experimental results demonstrated that fiber orientation had a considerable influence on 

the composite tubes' energy absorption capabilities. For both the quasi-static compression 

and impact tests, the peak load initially reduced with increasing fiber orientation from 15° 

to 45° but subsequently increased with rising fiber orientation from 45° to 75°. Crushing 
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load efficiency first demonstrated a tendency to increase with rising fiber orientation from 

15° to 60° but after this showed a decreasing trend with rising fiber orientation from 60° to 

75° for both quasi-static compression and impact tests. On the other hand, specific energy 

absorbed (SEA) did not show a notable trend with increasing fiber orientation. The 

composite tube with a fiber orientation of 45° had the smallest SEA for both the quasi-

static compression and impact tests, while the composite tubes with fiber orientation of 30° 

and 60° had comparatively high SEA. 

 

Hamada et al. [106] carried out quasi-static axial compression tests on carbon 

fiber/epoxy and carbon fiber/PEEK tubes manufactured using unidirectional prepreg 

fabrics. This paper examines the matrix material's crashworthy characteristics, with 

particular focus on the contrast between thermosetting and thermoplastic polymers. Three 

fiber orientation angles were also inspected, i.e., unidirectional fibers parallel (0°) to the 

composite tube axis, ±30°, and ±45°. A set of composite tubes was fabricated with a 45° 

chamfer at the top end in order to encourage progressive crushing, while another set had 

conventional square ends to ascertain the compressive strength of the composite 

specimens. The composite tubes were manufactured using unidirectional fiber prepreg 

sheets from Q-112/HTA Toho Rayon Co for the carbon fiber/ epoxy and from APC-2/AS4 

ICI-Fiberite Co for the carbon fiber/ PEEK samples. The fiber volume fractions of the 

prepregs were 55% and 61%, respectively. The specimens were subjected to quasi-static 

axial compression tests using a Mand 250 kN servo-hydraulic machine. In the crushing 

tests carried out on the chamfered specimens, the crosshead speed was a constant 1 

mm/min, while for the compressive tests conducted on the square-ended specimens, the 
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crosshead speed was maintained at 0.01 mm/min. The most noteworthy aspect of the results 

was the incredibly high specific energy absorption value (180 kJ kg -1) found for the 0° 

carbon fiber/PEEK tubes. On the other hand, the chamfered 0° carbon fiber/epoxy tubes 

underwent failure at low loads, with substantial cracks forming parallel to the fibers. This 

demonstrates that samples using PEEK as a matrix material are much more resistant to 

crack formation between the fibers, meaning that these samples are more likely to exhibit 

progressive crushing failure. Stable, progressive crushing was observed only for the ±45° 

carbon fiber/epoxy tubes and the 0° carbon fiber/PEEK tubes. A limited portion of the 

progressive crushing was present in the load-displacement curve for the ±30° carbon 

fiber/PEEK tubes. For the composite tubes where progressive crushing was observed, 

generally a decrease in mean crush load, mean crush stress, and specific energy absorption 

occurred with increasing fiber orientation from 0° to ±30° to ±45°. 

 

Elgalai et al. [107] examined the crushing behavior of composite corrugated tubes 

subjected to quasi-static axial compression. This study aimed at exploring the effect of 

geometry and material on the crashworthiness characteristics of composite corrugated 

tubes. The effect of geometry was examined by utilizing four corrugation angles (β =10°, 

20°, 30°, and 40°) (Figure 13). On the other hand, for the effect of material, two kinds of 

fiber reinforcement material were tested. These were woven roving glass fiber and 

unidirectional carbon fiber with a fiber orientation of 90°. Epoxy resin was used as the 

matrix material for the fabrication of the composite corrugated tubes. 
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Figure 13. Sketch of typical corrugated tubes [107] 

 

The volume fractions for the glass and carbon fibers employed were 0.55 and 0.56 

respectively. The wet filament winding method was utilized to manufacture the carbon 

fiber/epoxy composite tubes, while the wet roving wrapping method was utilized for the 

production of the woven roving glass fiber/epoxy composite tubes. Quasi-static axial 

compression tests were conducted using an Instron 8500 digital-testing machine with a 

maximum load capacity of 250 kN. Testing was carried out at a constant crosshead speed 

of 25 mm/min. The results for this study indicated that the GFRE specimens exhibited a 

more stable load-carrying capacity as compared to the CFRE specimens. Although there 

were cases where the carbon fiber/epoxy composite corrugated tubes produced greater 

crush failure loads, this was accompanied by a higher chance of the CFRE specimens 

experiencing catastrophic failure during the post-crushing failure stage as compared to the 

GFRE composite corrugated tubes. The amount of specific crushing energy absorbed by 

the axially crushed composite corrugated tubes was found to change significantly with 

increasing corrugation angle. It could be seen that for the carbon fiber/epoxy composite 

corrugated tubes, as the corrugation angle rose, the specific energy increased. On the other 

hand, for the glass fiber/epoxy composite corrugated tubes, there was no clear, consistent 
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trend observed in the changing amount of specific energy absorbed corresponding when 

the corrugation angle varied. 

 

Yan et al. [108] experimentally investigated the effect of utilizing foam filler and 

trigger mechanisms to improve the crashworthiness characteristics of natural fiber 

reinforced composite tubes. The composite tubes manufactured for this study use flax 

fabric as the reinforcing material and epoxy as the matrix material. All manufactured 

samples had a circular cross-section. Polyurethane foam with a density of 160 kg/m3  was 

selected as the foam filler to be used. Composite tubes of two different inner diameters, 64 

mm and 86 mm, were manufactured with the walls of the tubes consisting of 2, 4, and 6 

plies of woven flax fabric/epoxy respectively, giving a total of 6 different composite tube 

configurations. For each of these configurations, samples of four types were produced. 

These were: 1) empty woven flax fabric/epoxy composite tube samples without a trigger, 

2) empty woven flax fabric/epoxy composite tube samples with a 45° chamfer trigger, 3) 

polyurethane foam filled woven flax fabric/epoxy composite tube samples without a trigger 

and 4) polyurethane foam filled woven flax fabric/epoxy composite tube samples with a 

45° chamfer trigger. All in all, a total of 24 different sample considerations were 

experimentally investigated. Quasi-static axial compression of the composite tube samples 

was conducted using an Instron 5567 universal testing machine with a maximum load 

capacity of 100 kN. Tests were carried out with a crosshead speed of 10 mm/min. From 

the test results, it was seen that, for a particular inner tube diameter, there was generally a 

higher load-bearing capacity and energy absorption capability as the number of plies 

increased. Also, the composite tube samples with an inner diameter of 64 mm generally 
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had better crashworthiness characteristics than those with an inner diameter of 86 mm. For 

the effect of using a chamfer trigger, it was concluded that the presence of a trigger 

mechanism noticeably decreased the initial peak load while also increasing the mean 

crushing load, thereby resulting in a remarkable increase in crush force efficiency. On the 

other hand, the presence of polyurethane foam significantly increased the amount of energy 

absorbed during crushing. The combination of a 45° chamfer and polyurethane foam was 

able to comprehensively increase the crashworthiness characteristics of the woven flax 

fabric/epoxy composite tubes tested. 
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CHAPTER 3. METHODOLOGY 

The methodology used to perform the present study is described. To this end, the 

fabrication process of GFRP overwrapped PVC tubes, preparation of specimens, testing 

procedure, and energy absorption calculations procedure will be explained in detail.  

 

3.1. Fabrication Process 

The winding process used to prepare samples is an automated open molding process 

that uses a rotating mandrel as the mold. Winding process results in a high degree of fiber 

loading, which provides high tensile strength in the manufacture of hollow and circular 

tubes. Continuous reinforcement was fed through a resin bath and wound onto a rotating 

mandrel. For the fabrication of composite tube specimens for this thesis, glass fiber was 

used as the reinforcing material in the form of E glass fiber rovings, while the epoxy resin 

was used as the matrix material.  The ratio of hardener to epoxy resin is 30 parts to 100 

parts. The roving feed is run through a trolley that moves along the length of the mandrel. 

The reinforcement was laid down according to a preprogrammed geometric pattern that 

provides maximum strength in the requisite directions. Once sufficient layers had been 

applied, the laminate was allowed cured on the mandrel. The wrapped PVC tube was then 

removed from the mandrel. This process was used to wrap long PVC pipes with glass 

fiber/epoxy at winding angles of 45°, 55°, 65°, and 90°, where the reference axis 0° 

corresponds to the longitudinal axis of the tubes. The specific engineering properties of 

GFRP are shown in Table 3. For each angle, a total of 8 layers was applied before curing. 

Table 4 summarizes the values selected for the winding process.  Figure 14 shows the five-
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axis machine and the ongoing fabrication of overwrapped PVC plastic pipe. On the other 

hand, Figure 15 shows the glass fiber/epoxy overwrapped pipes before cutting. 

 

Table 3. Typical Engineering Properties of GFRP 

Properties GFRP 

E11(GPa) 40.0 

E22(GPa) 11.9 

E33(GPa) 11.9 

G12(GPa) 3.52 

G13(GPa) 3.52 

G23(GPa) 3.28 

12 0.28 

13 0.66 

23 0.28 

 

  

Table 4. Summary of the Winding Values in the Fabrication Process 

Winding angle 

(degree) 

Fiber speed 

(m/min) 

Feed          

(m/min) 

Spindle speed 

(RPM) 

90 7.8 9.56 27 

65 25 9.92 27 

55 25 10.2 27 

45 25 10.6 27 
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 a) 

 

b) 

Figure 14. a) 5-axis filament winding machine, b) Ongoing fabrication of GFRP 

composite overwrapped PVC pipe 

 

 

Figure 15. Glass fiber/epoxy overwrapped PVC pipes before cutting 
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3.2. Loading Conditions 

One loading condition was applied to all the circular composite tubes. The loading 

condition was quasi-static axial crushing, as shown in Figure 16. 

 

 

Figure 16. Schematic representation of the loading condition 

 

Quasi-static crushing was carried out using the INSTRON material testing 

machine. Before testing started, the upper and lower plates were positioned to contact the 

upper and lower surfaces of the tested sample, respectively. The lower plate of the testing 

machine was kept static/stationary while the upper plate moved downwards at a constant 

speed. All specimens were crushed at a 500 mm/min speed up to a displacement of 75 mm. 

The PVC pipe specimens (unwrapped) were an exception to this as it was found that they 

experienced material densification at a displacement of over 75 mm. Therefore, for the 

PVC pipe specimens, the tests were stopped once a 180 kN load was reached instead. The 

maximum capacity of the machine used was 250kN. The machine computerized data 

acquisition system automatically recorded Load-displacement curves. Videos of the 
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crushing process for all specimens under compressive loading were taken to provide the 

crushing process's history and allow the crushing mechanisms to be observed. 

  

3.3. Experimental Procedure 

Specimens of approximately 100 m were cut from the overwrapped PVC pipes 

using a pipe cutter. These specimens were then flattened on either side using a turning 

machine to ensure that the circular faces of each side of the specimen were perpendicular 

to each other, as necessary for compressive testing (Figure 17). 

 

 

Figure 17. The sample being faced using a turning machine 

 

The final samples prepared for compressive testing had a length of 94 mm. The 

PVC tube itself had an outer diameter of 50 mm and a thickness of 2 mm. In addition, the 

thickness of the overwrapped glass fiber/epoxy was an average value of approximately 3 

mm (Figure 18). The thickness of the samples was different, although eight layers were 

applied for each fiber orientation angle. It was noted that the thickness for the 45° samples 
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was closer to 2.5 mm, with the thickness increasing for increasing fiber orientation angle 

until approximately 3.5 mm for the 90° samples. This was also reflected when weighing 

the samples' mass as it was found that the 45° samples weighed the least while the 90° 

samples weighed the most. ALL samples were weighed before carrying out the 

compressive tests as the samples' masses were needed for specific energy absorption 

calculations. 

 

 

Figure 18. Front and top view for overwrapped circular tube samples 

 

It should also be remembered that the surface of the overwrapped samples was 

uneven, meaning that the glass fiber/epoxy thickness fluctuated along the surface of the 

samples (Figure 19). 
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Figure 19. Completed sample with an uneven surface 

 

The completed samples were then placed between square plates for the compression 

tests (Figure 20), which were carried out using an Instron Universal Testing Machine.  

 

 

Figure 20. Sample positioned between compressive plates before the test 

 

As a standard, a total of 3 tests were carried out for each of the four wrapping 

angles, respectively, in order to verify the results obtained. Three tests were also carried 

out on PVC pipe samples of the same size without any wrapping to show the effectiveness 
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of the glass fiber/epoxy reinforcement. After this, samples were prepared for each 

wrapping angle by completely removing 3.5 mm of the fiberglass/epoxy wrapping from 

the top of the reinforced PVC pipes (Figure 21). This slight change of the samples' design 

compared to the conventional circular tube geometry was introduced based on the results 

for the PVC tube samples. Further explanation of this change's reasoning in the design of 

the geometry will be given in section 4. Orthographic front and top views for composite 

tubes with this design change implemented are illustrated below: 

 

 

Figure 21. Front and top view for overwrapped samples with 3.5 mm fiberglass removed 

 

A total of 3 tests were carried out for this design for each of the four wrapping 

angles, respectively, to verify the results obtained. Following the analysis of the results 

obtained for these tests, a further change was introduced into the circular tubes' design. 

Fiberglass/epoxy wrapping was first wholly removed from the top 3.5 mm section of the 

reinforced PVC pipes, as was done previously. After this, a 1 mm thickness of the glass 
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fiber/epoxy wrapping was removed from the 10 mm section of the tube directly below this 

3.5 mm section. The orthographic front and top views for this second design tested are 

shown in Figure 22. 

 

 

Figure 22. Front and top view for overwrapped samples with 3.5 mm fiberglass removed 

and a further 1 mm of glass fiber/epoxy removed for the following 10 mm length of the 

tube 

 

As for the previous geometrical designs, a total of 3 tests were carried out for each 

of the four wrapping angles, respectively, in order to verify the results obtained. 

  

From all the crushing tests up to this point, the above design, with 3.5 mm of glass 

fiber/epoxy wholly removed from the top section of the samples followed by 1 mm of glass 

fiber/epoxy being removed from the subsequent 10 mm section of the tubes, was shown to 

be effective. In particular, the specimens with a fiber orientation of 45°, and these changes 
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implemented were shown to have the best performance of all the preceding tested samples. 

As it was seen that the effect of the implementation of these changes was very similar to 

that of a trigger mechanism, samples with a fiber orientation of 45° and chamfer triggers 

(Figure 23) were prepared to serve as a direct comparison.    

 

 

 

Figure 23. Front and top view for overwrapped samples with chamfer trigger 

 

 For a more comprehensive comparison, samples with a fiber orientation of 45° and 

chamfer trigger angles of β = 30°, 45°, and 60° respectively were prepared. A total of 3 

tests were carried out for each chamfer trigger angle to verify the results obtained. 

 

Finally, composite tube samples with a fiber orientation of 45° and 3.5 mm of glass 

fiber/epoxy wholly removed from the top section of the samples, followed by 1 mm of 

glass fiber/epoxy being removed from the subsequent 10 mm section of the tubes, were 



62 

 

filled with foam cores in an attempt to enhance their performance further. For the final 

tested samples, foam cores were machined using a CNC (Figure 24) machine and inserted 

into the center of the composite tube samples. Foam cores of four different geometries were 

machined from a sheet of low-density rigid polyurethane foam, which had a density of 

approximately 10 kg/m3.  

 

 

Figure 24. CNC machine used for machining foam cores 

 

All the machined foam cores had a height of 94 mm, which was the same as that 

for the composite tubes, and an outer diameter of about 46.5 mm, which was slightly larger 

than the inner diameter of the PVC tubes used as the frame for the composite tubes. This 

allowed an interference fit to form between the composite tubes and foam cores so that 

adhesive did not have to be applied before testing. The design specifications for the four 

different geometries of the foam cores used are shown in Figure 25.  
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Figure 25. Front, top, and right orthographic views for Core 1, Core 2, Core 3, and Core 4 

 

A SOLIDWORKS 3D view of the four foam core geometries is shown in Figure 

26. The CNC machine employed the 3D step files for the foam core geometries for 

fabrication purposes. 
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Figure 26. SOLIDWORKS 3D view of core geometries Core 1, Core 2, Core 3, and Core 

4 (from left to right) 

 

A total of 3 tests were carried out using each of the four core geometries 

respectively in combination with the composite tube sample configuration with the best 

performance, as specified previously, to verify the results obtained. 

 

For the energy absorption calculations wolframalpha.com, an online computational 

search engine, was used to calculate the area under the load-displacement curves for the 

compressive tests. The load-displacement curves were first to split into the pre-crushing 

stage, post-crushing stage, and material densification stage (Figure 27).   

 

https://www.wolframalpha.com/
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Figure 27. Pre-crush, post-crushing and material densification stages for 45° sample 

 

Once the load-displacement graph was separated into three separate graphs, Excel 

was used to find the trendlines for each of these graphs (e.g., the graph of the pre-crushing 

stage for 45° sample in Figure 28), and the corresponding trendline equations were then 

utilized, along with the respective displacement values, to find the area under the curves 

using integration on wolfram alpha.  

 

 

Figure 28. Graph, trendline, and trendline equation for the pre-crushing stage for 45° 

sample 
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As can be seen from the graph, the R2 for the graph is relatively high, which shows 

that the trendline is a good fit for the data. The R2 values for most of the trendlines were 

above 0.9. It should be noted that the energy absorption calculations were carried out using 

curves produced from the average load-displacement values from the three tests carried out 

for each respective sample.  

 

Finally, a single sample of each of the GFRP/PVC composite tubes of different 

fiber orientations with standard circular tube geometry, after crushing, was given to the 

Central Laboratory Unit (CLU) to take zoomed-in images of the structure of the samples 

using a scanning electron microscope (SEM). The SEM uses the feedback of the 

interactions of a focused beam of electrons with the samples' surface topography to produce 

zoomed-in images of the samples. These zoomed-in images allow one to examine the 

microstructure changes of the samples that have been crushed. So, through the use of 

videos taken during the quasi-static crushing, one can examine the macroscopic 

mechanisms of failure, while the microscopic images taken by the SEM allow one to 

examine the changes in the microstructure of the composites that result due to these 

mechanisms of failure 
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CHAPTER 4. RESULTS AND DISCUSSION 

In this chapter, the results of quasi-static axial compression tests carried out on the 

various composite tubes are categorized, presented, and discussed. The effect of many 

factors on the load-bearing behavior, crush force efficiency, and energy absorption 

capability is examined in detail. First, the effect of reinforcing PVC pipes using GFRP 

wrapping is demonstrated. Next, the effect of changing the fiber orientation of the GFRP 

wrapping is examined. Following this, the effect of making slight changes to the design of 

a conventional circular composite tube is shown. The reasons for the specific changes made 

to the design are also explained. After implementing the two suggested design changes, the 

sample configuration with the overall best performance from all the previously tested 

samples is selected. Finally, the selected composite tube was tested in combination with 

four different polyurethane foam cores to compare the performance of core and core-less 

composite tubes. For all quasi-static axial compression tests conducted, videos were taken 

and some images corresponding to the tested composite tubes' load-displacement behavior 

to assist in identifying the failure modes that the samples experienced.   

 

4.1. Effect of Reinforcing PVC Pipes Using GFRP Wrapping 

4.1.1. Effect on Load Bearing Behavior 

In order to distinguish the effect of using GFRP wrapping to reinforce the PVC 

tubes used as the frame for the composite tubes, it was necessary to first observe the load 

behavior of a PVC tube on its own, with the PVC tube having dimensions identical to those 

used in the composite tubes for the crushing tests. Figure 29 shows the load-displacement 

curve for the PVC tube and the corresponding images. 



68 

 

 

 

 

Figure 29. Load displacement curve for axial compression test of PVC pipe and 

corresponding images 
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It can be seen from Figure 29 that initially, the graph has a straight-line region, 

where load increases in direct proportion to the displacement of the composite tube. This 

region is referred to as the elastic region. For composite testing, the pre-crushing stage 

includes the elastic region and ends at the displacement corresponding with the first turning 

point of the graph, at which the specimen experiences its first drop in load-bearing 

capability. The maximum load reached before this drop is the initial peak force. For the 

PVC tube, the initial peak force had a value of approximately 15.14 kN and occurred at a 

displacement of about 4.599 mm. From the images in Figure 27, it can be seen that the 

failure mechanism for the PVC tube was progressive folding. This was expected as plastic 

tubes usually undergo progressive folding under compression, as is characteristic of Mode-

III failure. The compressive stress exerted on the PVC tube increased until it was large 

enough that it caused the tube wall to buckle locally and form a hinge. It was observed that 

the formation of the first hinge in the PVC tube happened simultaneously as the initial peak 

force was reached. After this, for the first fold, quite a considerable drop in load-bearing 

capability occurred, indicative of catastrophic failure, as it dropped from 15.14 kN down 

to about 2.732 kN. Following this, folds continued to form, and for each fold, stresses built 

up in the tube wall, forming a hinge, followed by a subsequent drop in the load-bearing 

capacity as folding occurred. However, for the second fold onwards, the load's rise and fall 

were not as high, and the failure was more stable as a result. The region starting from the 

displacement where the initial peak force occurred, 4.599 mm, up to the displacement at 

which densification began for the PVC tube, 77.56 mm, is commonly referred to as the 

post-crushing stage. For the post-crushing stage of the PVC tube, the average load was 

approximately 4.397 kN. After the displacement value of 77.56 mm, the load value 
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increases drastically. This is the densification stage. The rapid rise of the load value is 

because the length of the PVC tube was already consumed, and the mass of the tube is 

subsequently being compressed. 

 

The load-displacement curves for all the conventional circular composite tubes with 

different fiber orientation angles were plotted on the same graph as the load-displacement 

curve for the PVC tube (Figure 30). 

 

 

Figure 30. Load displacement curve for axial compression test of all GFRP overwrapped 

samples vs. PVC pipe 
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tube on its own. For a more quantifiable comparison, the PVC tube can be compared to the 

GFRP/PVC tube with a fiber orientation of 45°, which has the lowest minimum load in the 

post-crushing region besides the PVC tube for the displayed curves. The PVC tube's initial 

peak force was 15.14 kN, while the initial peak force for GFRP/PVC 45° composite tube 

was approximately 41.11 kN, more than double that of the PVC tube. Also, if we compare 

the average loads for the post-crushing stages for both the specimens, the PVC tube had an 

average load of 4.397 kN, while the GFRP/PVC 45° composite tube had an average load 

of about 27.16 kN, which is over six times that of the PVC tube.  

 

4.1.2. Effect on Crush Force Efficiency 

 

Table 5. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC Tubes and the PVC Tube 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

PVC 0.2903 28.21 

GFRP/PVC @45° 0.6607 31.27 

GFRP/PVC @55° 0.5017 29.12 

GFRP/PVC @65° 0.6569 39.53 

GFRP/PVC @90° 0.6838 57.07 

 

From Table 5, it can be seen that the crush force efficiency for all the GFRP 

overwrapped PVC tubes was noticeably more extensive than that of the PVC tube. The 

GFRP/PVC 55°, the sample with the lowest CFE from the overwrapped samples, had a 

crush force efficiency of 0.5017, which was a significant 72.82% higher than the CFE value 

of 0.2903 for the PVC tube. Although the percentage instantaneous crush force efficiency 



72 

 

within 0.1 of the excellent value was also higher for the overwrapped samples than the 

PVC tube, there was not as much of a difference. The GFRP/PVC 55°, the sample with the 

lowest % iCFE within 0.1 of the ideal from the overwrapped samples, had a 29.12% value, 

which was only 0.91% larger than the 28.21% value for the PVC tube.  

 

4.1.3. Effect on Energy Absorption Capability 

 

 

Figure 31. Energy absorbed by the GFRP overwrapped PVC tubes and the PVC tube on its 

own 

 

To determine the energy absorbed by the different composite tubes, the area under 
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mm displacement, the energy absorbed during the material densification stage was not 

considered. From Figure 31, for both the pre-crushing and post-crushing stages; however, 

it could be seen that the energy absorbed by the PVC tube was considerably less than that 

absorbed by the GFRP overwrapped PVC tubes. Since the energy absorbed that is 

considered useful during collision is from the pre-crushing and post-crushing stages, this 

is a significant result. The energy absorbed by the PVC tube can be compared to the energy 

absorbed by the GFRP/PVC 55° specimen, which had the lowest pre-crushing and post-

crushing absorbed energies from the tested overwrapped samples. For the pre-crushing 

stage, the PVC tube absorbed about 0.0233 kJ of energy while the GFRP/PVC 55° tube 

absorbed approximately 0.0593 kJ of energy, which was more than double that of the PVC 

tube. For the post-crushing stage, the PVC tube absorbed about 0.2820 kJ of energy while 

the GFRP/PVC 55° tube absorbed approximately 1.190 kJ of energy, which was over four 

times that of the PVC tube. However, it is essential to note that the considerably lighter 

weight of the PVC tubes was not taken into account for these calculations. Therefore, it is 

more significant to calculate the specific energy absorbed, so the masses of all samples 

were measured before carrying out compression tests. The specific energy absorbed by the 

tested samples was calculated (Figure 32). 
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Figure 32. Specific energy absorbed by the GFRP overwrapped PVC tubes and the PVC 

tube on its own 

 

The specific energy absorption results in Figure 32 show that taking the mass into 

account when considering the energy absorbed can make a considerable difference. For the 

pre-crushing stage, the specific energy absorbed by the PVC tube was comparable to that 
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specific energy absorbed by the PVC tube can be compared to the specific energy absorbed 

by the GFRP/PVC 55° specimen, which had the lowest pre-crushing and post-crushing 

specific absorbed energies from the tested overwrapped samples. For the pre-crushing 

stage, the PVC tube's specific energy absorption value was about 0.6090 kJ/kg, while the 

specific energy absorption value for the GFRP/PVC 55° tube was approximately 0.4603 
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kJ/kg, which was noticeably 24.41% less than that of the PVC tube. For the post-crushing 

stage, the PVC tube's specific energy absorption value was about 7.370 kJ/kg, while the 

specific energy absorption value for the GFRP/PVC 55° tube was approximately 9.234 

kJ/kg, which was just 25.29% more than that of the PVC tube. For the post crush stage, 

this difference is much less than when energy absorbed, in kilojoules, is compared.  

 

4.2. Effect of Different Fiber Orientations of GFRP Wrapping 

4.2.1. Effect on Load Bearing Behavior 

Specimens were prepared by wrapping PVC in GFRP at four different fiber 

orientations, respectively. The selected fiber orientation angles for investigation were 45°, 

55°, 65°, and 90°. It was noted that the thickness of the samples was different, although 

eight layers of GFRP were applied for each fiber orientation angle. The thickness for the 

45° samples was closer to 2.5 mm, while there was an increase in thickness for increasing 

fiber orientation angle until approximately 3.5 mm for the 90° samples. The 45° samples 

weighed the least while the 90° samples weighed the most. 
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Figure 33. Load displacement curve for axial compression test of GFRP/PVC 45° sample 

and corresponding images 
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Figure 33 shows the load-displacement graph for the GFRP/PVC 45° composite 

tube when subjected to quasi-static axial crushing and the images corresponding to the 

graph's labeled points. It can be seen that the failure mode first exhibited by this sample 

was Mode-III failure as the initial failure of the tube occurred due to local buckling, with a 

hinge forming at the initial peak force of about 41.11 kN, at a displacement of 5.409 mm. 

Once this fold formed fully, the load reached a local minimum of approximately 27.60 kN, 

while the displacement at this point was about 10.93 mm. After this, until a displacement 

of approximately 44.09 mm, the GFRP/PVC 45° composite tube continued to display 

Mode-III failure as the load fluctuated about a mean value of 27.16 kN and a second fold 

formed in the composite tube. Subsequently, however, the top of the tube collapsed into 

itself, resulting in a noticeable drop in load-bearing capacity to a new overall minimum of 

16.59 kN at a displacement of approximately 59.01 mm and severe matrix cracking. This 

drop-in load-bearing capacity bore a closer resemblance to the kind of behavior that would 

be expected of Mode-II brittle failure. Thus, it can be observed that the GFRP/PVC 45° 

composite sample exhibited Mode-III failure until a displacement of about 44.09 mm. After 

this, the failure mode changed to Mode-II failure until the composite tube load rose steeply 

as the composite tube was compacted in the densification stage. Although the damage to 

the GFRP/PVC 45° composite tube due to buckling, matrix cracking, and the final collapse 

of the sample was considerable, it was seen that the adhesion between the GFRP 

overwrapping and the PVC inner tube remained as the two components of the composite 

tube did not separate. Also, debonding during failure was negligible as even after 

densification, there were no noticeable hanging loose bunches of the GFRP wrapping. This 

was confirmed by examining a part of the sample, after crushing, that was not significantly 
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affected by buckling and matrix cracking using an SEM. From the SEM image of a section 

of the GFRP/PVC 45° composite tube after crushing, Figure 34a), it can be seen that 

although matrix cracking occurred, the GFRP/PVC 45° was not as damaged as the other 

samples. The width of the matrix crack observed was relatively smaller. 

 

 

Figure 34. SEM images of side surfaces of GFRP/PVC composite tubes with fiber 

orientation angles of a) 45°, b) 55°, c) 65°, and d) 90° after crushing (1000 x magnification) 
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Figure 35 shows the load-displacement graph for the GFRP/PVC 55° composite 

tube when subjected to quasi-static axial crushing and the images corresponding to the 

points labeled in the graph. 

  

 

 

Figure 35. Load displacement curve for axial compression test of GFRP/PVC 55° sample 

and corresponding images 
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During the pre-crushing stage, the top section of the tube first shifted noticeably 

towards one side due to transverse shear failure. During this transverse shear failure, 

longitudinal cracking was almost negligible and the cracks formed were predominantly 

along the angle of fiber orientation. The transverse shear was not sufficient to cause 

complete separation across the fracture plane, and eventually, the interpenetration of the 

two halves of the tube on either side of the fracture plane occurred at the initial peak force 

of 43.21 kN and a displacement of 3.666 mm. The two halves of the tube then continued 

to interpenetrate through one another, causing a considerable drop in load-bearing capacity 

and significant matrix cracking. This type of catastrophic failure is characteristic of Mode-

II failure. The bearing capacity reached a minimum of about 16.56 kN at a displacement 

of approximately 22.43 mm due to this. After this, the fold due to interpenetration enlarged, 

resulting in the matrix cracks lengthening noticeably. While the fold was enlarged, loading 

was relatively stable until a displacement of about 40.10 mm. Then the interpenetration 

fold collapsed, and the two halves of the specimen began compacting together 

accompanied by a rise in load. Finally, the compaction of the composite tube continued 

throughout the densification stage. The compaction at the end of the composite tube failure 

caused noticeable debonding. From the SEM image of a section of the GFRP/PVC 55° 

composite tube after crushing, Figure 34b), the matrix cracking that occurred can be seen. 

 

Figure 36 shows the load-displacement graph for the GFRP/PVC 65° composite 

tube when subjected to quasi-static axial compression and the images corresponding to the 

points labelled in the graph. At first, due to the build-up of transverse shear stress, the top 
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third of the composite tube specimen shifted slightly to the side, and a fracture plane was 

formed due to circumferential cracking. The fracture plane fully formed at the initial peak 

load of 46.62 kN, which occurs at a displacement of about 4.245 mm.  

 

 

 

Figure 36. Load displacement curve for axial compression test of GFRP/PVC 65° sample 

and corresponding images 
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The two sections of the tube then continued to interpenetrate through one another, 

while the matrix cracks caused by the split also lengthened, resulting in the tube's load-

bearing capacity decreasing as a result. Following this, the load dropped quite steeply until 

it reached a value of about 29.90 kN at a displacement of 7.625 mm. This type of 

catastrophic drop in load-bearing capacity is characteristic of Mode-II failure. After this, 

the rate at which the specimen's load-bearing capacity was dropping decreased until the 

load reached a local minimum of approximately 24.77 kN, at a displacement of 19.76 mm. 

Then, another small split due to circumferential cracking formed in the bottom third of the 

composite tube. As the split formed, the specimen's load-bearing capacity also increased 

until a fracture plane fully formed at a local maximum load of about 32.61, which occurred 

at a displacement of 36.10 mm. Again, the two newly formed sections on either side of the 

fracture plane interpenetrated one another, causing a slight drop in load-bearing capacity, 

up to a local minimum of 28.45 kN, which corresponded to a displacement of 40.01 mm. 

After this drop, the folding failure mode is observed due to this fracture, and the three 

sections of the tube began to compact together, giving rise to an increase in load. This 

compaction continued up to the densification stage, and the rate at which the load-bearing 

capacity was rising increased as compaction progressed. Along with the progression of 

compaction in the densification stage, a noticeable amount of debonding also occurred. 

From the SEM image of a section of the GFRP/PVC 65° composite tube after crushing, 

Figure 34c), the matrix cracking that occurred can be seen. In particular, it can be seen that 

the cracking observed was more severe than for the GFRP/PVC 45° and GFRP/PVC 55° 

samples. 
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The load-displacement behavior for the GFRP/PVC 90° composite tube when 

subjected to quasi-static axial compression is shown in Figure 37, along with the images 

corresponding to the points labeled in the graph.  

 

 

 

Figure 37. Load displacement curve for axial compression test of GFRP/PVC 90° sample 

and corresponding images 
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As the compression test for this composite tube progressed, due to the build-up of 

buckling stresses in the composite tube, circumferential cracks formed a quarter of the way 

down from the tube's top end. These cracks caused a fracture plane to form, resulting in the 

occurrence of interpenetration failure. This was accompanied by some transverse shear, 

which resulted in the top section of the composite tube shifting slightly to one side as 

interpenetration took place. This fracture plane fully formed at the initial peak load for the 

specimen, which was about 58.51 kN and occurred at a displacement of approximately 

5.400 mm. After this peak, there was a significant drop in load as the two sections of the 

tube continued to compact together. A decrease followed this in the load-bearing capacity 

yo the load is measured to be 36.22 kN, at a displacement of 9.299 mm. This drop-in load 

was accompanied by significant debonding at the fold formed due to interpenetration 

failure, such that part of the GFRP wrapping could be seen hanging loose from the 

composite tube. From this, it could be seen that the GFRP/PVC 90° composite tube 

specimen underwent debonding much more quickly than the other GFRP/PVC specimens, 

as all the other specimens only exhibited debonding in the densification stage. Although 

the interpenetration and consequent drop in failure that occurred were reminiscent of 

Mode-II failure, the GFRP/PVC 90° composite tube's load-bearing capacity remained 

noticeably higher than that of even the GFRP/PVC 45° composite tube, which underwent 

Mode-III failure. This can be attributed mostly to the fiber orientation of the GFRP/PVC 

90° composite tube. As the loading direction was perpendicular to the fiber orientation, the 

fibers provided a higher resistance to loading as compared to the other samples, and 

therefore a higher load was required to overcome this resistance. However, as a direct 
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consequence, the GFRP/PVC 90° composite tube exhibited the most severe debonding of 

the tested samples. Following this, the two sections of the tube were compacted together 

while debonding continued to occur. The compaction of the composite tube would typically 

have resulted in a rise in load while debonding weakens composite tubes and usually causes 

a drop in load. However, compaction and debonding co-occurred, and for a time, they 

balanced each other out, resulting in a relatively stable failure until the displacement 

reached about 21.22 mm. Eventually, the rise in load due to compaction became more 

pronounced while, at the same time, local buckling occurred at the bottom end of the tube, 

resulting in a rise in load up to a local maximum of approximately 50.38 kN, at a 

displacement of 29.05 mm. After a hinge formed due to the local buckling at the tube's 

bottom end, there was a subsequent drop in load as the tube folded inwards at the hinge. 

After this, the two opposing failure mechanisms, compaction and debonding, continued 

with a relatively stable load being maintained as a result until a displacement of about 52.05 

mm. Finally, in the densification stage, the amount of weakening due to debonding could 

not keep up with the increasing load due to compaction, and the rate at which the load-

bearing capacity rose increased as the compaction progressed. After the compression tests 

were carried out from the state of the specimens, the GFRP/PVC 90° specimen had a 

noticeably higher number of loose bunches of GFRP hanging from the specimen as 

compared to the other specimens. The comparatively more severe matrix cracking that 

occurred can also be seen from the SEM image of a section of the GFRP/PVC 90° 

composite tube after crushing, Figure 34d). 
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The load-bearing behavior for all the tested GFRP/PVC composite tubes is shown 

in Figure 38 in order to allow for easier comparison. For all the GFRP overwrapped PVC 

tubes, it was previously seen that local buckling and interpenetration failure were the 

causes of the initial failure in the tubes, and as a result, all the tubes exhibited a noticeable 

drop in load-bearing capacity after the initial peak load was reached. It was observed that 

as the fiber orientation angle of the tested samples increased, the initial peak load also 

increased. The GFRP/PVC 90° sample had the highest initial peak load of approximately 

58.51 kN, while the GFRP/PVC 45° sample had the lowest initial peak load of about 41.11 

kN. There was an irregularity in this trend for the mean crushing force of the samples 

during the post-crash stage. 

  

 

Figure 38. Load displacement curves for axial compression test of all GFRP overwrapped 

PVC tubes 
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The mean crushing force of the GFRP/PVC 55° sample was determined to have the 

lowest value during the post-crushing stage of 21.68 kN. For the rest of the samples, as the 

samples' orientation angle increased, the mean crushing load also increased. The 

GFRP/PVC 45° composite tube had a mean crushing force of 27.16 kN for the course of 

the post-crushing stage, followed by the GFRP/PVC 65° sample with a mean crushing load 

of 30.68 kN and finally, the GFRP/PVC 90° composite tube had the highest mean crushing 

load of 40.01 kN. Therefore, in terms of overall load-bearing capability, the GFRP/PVC 

90° composite tube performed the best. This can be attributed to the fiber orientation of the 

GFRP/PVC 90° composite tube. As the loading direction was perpendicular to the fiber 

orientation, the fibers provided a higher resistance to loading. This load-bearing behavior 

suggests that the tested composite tubes had a reasonably high fiber volume fraction as 

only with a high fiber volume fraction would the spacing between the fibers in the 

GFRP/PVC 90° sample be small enough to allow for the fibers to bundle together and 

support each other effectively when subjected to compressive loading. The irregularity in 

the mean crushing force of the GFRP/PVC 45° specimen can be attributed to the fact that 

this sample exhibited Mode-III failure while all the other tested GFRP/PVC composite 

tubes exhibited Mode-II failure.  

 

It can also be observed that the GFRP/PVC 55°, GFRP/PVC 65°, and GFRP/PVC 

90° composite tube samples experienced transverse shear failure to different degrees. The 

load-bearing behavior of these samples indicated that with a decrease in the degree of 

transverse shear failure, there was a corresponding increase in load-bearing capacity. 
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Additionally, the matrix cracks that formed the transverse fracture planes for each of these 

samples respectively mostly formed along the direction of fiber orientation. This implies 

that crack propagation perpendicular to the fiber direction was inhibited effectively by the 

fibers. Another notable observation made was that no Mode-I failure, which is the most 

desired failure mode due to its high energy absorption, occurred during the conducted 

crushing experiments. This seems to be due to the PVC inner tubes' presence in the samples 

and the strong adhesion between the GFRP overwrapping and these inner tubes. These two 

factors prevent the formation of fronds while seemingly promoting the occurrence of 

Mode-III failure. On the other hand, the PVC inner tubes' presence also seems to reduce 

the severity of brittle fracture when Mode-II failure occurs. Additionally, compared to 

composite tubes that undergo Mode-I failure, the crushed samples' fragmentation was not 

as severe. 

 

4.2.2. Effect on Crush Force Efficiency 

 

Table 6. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC Tubes 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

GFRP/PVC @45° 0.6607 31.27 

GFRP/PVC @55° 0.5017 29.12 

GFRP/PVC @65° 0.6569 39.53 

GFRP/PVC @90° 0.6838 57.07 
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From the overall CFE and % iCFE within 0.1 of ideal values in Table 6, it can be 

seen that, in addition to having the best load-bearing performance, the GFRP/PVC 90° 

composite tube also has the most stable failure for the tested fiber orientations. From the 

overall CFE, it can also be seen that the GFRP/PVC 45° sample performs slightly better 

than the GFRP/PVC 65° sample in terms of overall failure during the post-crushing stage. 

However, the fact that the GFRP/PVC 65° composite tube has a higher value for the % 

iCFE within 0.1 of the ideal value shows that the load-bearing capacity of the GFRP/PVC 

45° sample has a higher degree of deviation from the mean crushing load. Finally, it was 

seen that the GFRP/PVC 55° sample exhibited the lowest performance in terms of crush 

force efficiency.      

 

4.2.3. Effect on Energy Absorption Capability 

For the energy absorption capability of composite structures, it is essential to 

remember that the sum of the energies absorbed in the pre-crushing and post-crushing 

stages is the energy that is considered useful for crashworthiness applications. It is also 

more important to consider the specific energy absorbed as the relatively lightweight of 

composites is one of the main reasons for the increasing use of composites in 

crashworthiness applications. 
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Figure 39. Specific energy absorbed by the GFRP overwrapped PVC tubes of different 

fiber orientation 

 

For the total specific energy absorbed by the tested composite tubes (Figure 39), it 

was seen that the GFRP/PVC 45° composite tube performed the best, with pre-crushing 

and post-crushing specific energy absorbed adding up to approximately 16.47 kJ/kg. Thus, 

it was seen that although the load-bearing capability of the GFRP/PVC 45° sample did not 

stand out, due to its comparatively lower mass, it was able to perform well in terms of 

energy absorption capability. The GFRP/PVC 90° sample exhibited the next best 

performance with total specific energy absorbed of 15.05 kJ/kg. The energy absorption of 

the GFRP/PVC 55° composite tube proved to be the most lacking, at total specific energy 

absorbed of 9.695 kJ/kg.  
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4.3. Effect of Changes in Design of Conventional Circular Composite Tube 

Although a considerable amount of work has been done concerning using different 

geometries of composite tubes, there is little work done that looks into further improving 

the performance of existing conventionally used geometries by making slight changes to 

the standard design of the geometry. The conventional geometry selected for this study was 

the circular composite tube, as this geometry has proven to be useful in past research work 

conducted on composites and can be easily incorporated in crashworthiness applications. 

The changes proposed to the conventional circular tube geometry in this section aim to 

reduce the amount of material present in a circular composite tube, thereby reducing its 

mass while at the same time maintaining its load-bearing capacity and crushing force 

efficiency. This will, in turn, result in an increase in specific energy absorption for the 

composite tube. Composite structures themselves are favored due to their high strength to 

weight ratios, and the aim of further reducing the composite samples’ weight while 

maintaining their performance ability is to aim further to enhance one of a composite’s 

most vital points. 

     

4.3.1. First Design Change 

When quasi-static axial compression tests were conducted for the PVC tube on its 

own, it was found that the initial peak load of the PVC tube was 15.14 kN and occurred at 

a displacement of 4.599 mm. Before this point, the behavior of the PVC tube was elastic. 

From this, it was expected that if the GFRP wrapping was removed entirely from the top 

section of a GFRP overwrapped PVC tube sample, and the height of removed material was 
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less than 4.599 mm. Also, the section of exposed PVC tube at the top of the sample would 

be able to support quasi-static axial compression until the GFRP overwrapped portion of 

the tube was reached without experiencing a drop in load-bearing capacity. Therefore, for 

the first design change, it was proposed that a portion of the GFRP wrapping at the top 

section of the circular composite tube samples should be removed entirely. The suggested 

height of removed material was set to 3.5 mm to leave a slight safety buffer and avoid a 

premature drop in load-bearing capacity. Therefore, specimens were prepared by removing 

the top 3.5 mm section of GFRP from GFRP overwrapped PVC tubes of the four previously 

tested fiber orientations, i.e., 45°, 55°, 65°, and 90°. A total of 3 tests were carried out for 

this design for each of the four wrapping angles, respectively, to verify the results obtained. 

From this point onwards, the samples with the top 3.5 mm section of GFRP wrapping 

removed are referred to by using ‘R’ after the fiber orientation angle, for ease of 

identification, e.g., GFRP/PVC 45°R sample will refer to a PVC tube that has been 

overwrapped with GFRP at 45° and then had the top 3.5 mm section of GFRP wholly 

removed. 

 

4.3.1.1. Effect on Load Bearing Behavior 

The load-displacement curves for before and after the design change for each fiber 

orientation angle will be compared to examine the effect of the first proposed design 

change on the composite tube samples' load-bearing behavior. 

 

Figure 40 shows the load-displacement curves for the compression test of both the 

GFRP/PVC 45° and GFRP/PVC 45°R samples. It was observed that the GFRP/PVC 45°R 
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sample had a higher initial peak load of about 47.15 kN than the GFRP/PVC 45° sample, 

which had an initial peak load of 41.11 kN. However, it was also seen that the minimum 

load of the GFRP/PVC 45°R sample, which was 13.21 kN, was slightly lower than that for 

the GFRP/PVC 45° sample. Comparing the mean crushing loads for the two samples 

during the post-crushing stage, the GFRP/PVC 45°R sample had a mean load of 24.54 KN, 

only 9.65% less than the mean load of the GFRP/PVC 45° sample, which was 27.16 kN. 

 

 

Figure 40. Load displacement curves for compression test of samples GFRP/PVC 45° and 

GFRP/PVC 45°R 

 

Overall, it was seen that the load-bearing behavior of the two samples was 

reasonably similar. Therefore, it was shown that completely removing the top 3.5 mm 
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section of GFRP wrapping from the GFRP/PVC 45° sample did not significantly 

deteriorate the load-bearing capacity of the composite tube. 

 

Figure 41 shows the load-displacement curves for the compression test of both the 

GFRP/PVC 55° and GFRP/PVC 55°R samples. Upon initial observation, it can be seen 

that completely removing the top 3.5 mm section of GFRP wrapping from the GFRP/PVC 

55° sample seems to have increased the load-bearing capacity of the composite tube. It was 

observed that the GFRP/PVC 55°R sample had a higher initial peak load of about 48.47 

kN than the GFRP/PVC 55° sample, which had an initial peak load of 43.21 kN. 

Comparing the mean crushing loads for the two samples during the post-crushing stage, 

the GFRP/PVC 55°R sample had a mean load of 34.94 kN, a considerable 61.16% higher 

than the 21.68 kN mean load of the GFRP/PVC 55° sample. 
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Figure 41. Load displacement curves for compression test of samples GFRP/PVC 55° and 

GFRP/PVC 55°R 

 

The load-displacement curves for the compression test of both the GFRP/PVC 65° 

and GFRP/PVC 65°R samples are shown in Figure 42. At first glance, it can be observed 

that the load-bearing behavior for the two samples is very similar. It was seen that the 

GFRP/PVC 65°R sample had an initial peak load of about 47.48 kN, only slightly higher 

than the initial peak load of the GFRP/PVC 65° sample, which was 46.62 kN. Comparing 

the mean crushing loads for the two samples during the post-crushing stage, the 

GFRP/PVC 65°R sample had a mean load of 30.85 kN, almost equivalent to the mean load 

of the GFRP/PVC 65° sample, which was approximately 30.63 kN. Therefore, it can be 

seen that completely removing the top 3.5 mm section of GFRP wrapping from the 

GFRP/PVC 65° sample did not adversely affect its load-bearing capabilities. 
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Figure 42. Load displacement curves for compression test of samples GFRP/PVC 65° and 

GFRP/PVC 65°R 

 

Figure 43 below shows the load-displacement curves for the compression test of 

both the GFRP/PVC 90° and GFRP/PVC 90°R samples. For these two samples as well, 

the load-bearing behavior seems to be comparable. The GFRP/PVC 90°R sample had an 

initial peak load of about 59.81 kN, only slightly higher than the initial peak load of the 

GFRP/PVC 90° sample 58.51 kN. The mean crushing loads of the pre-crushing stages for 

the GFRP/PVC 90°R and the GFRP/PVC 90° samples was 41.35 kN and 40.01 kN, 

respectively, which were very close in value. This shows that for the GFRP/PVC 90° 

sample, completely removing the top 3.5 mm section of GFRP wrapping from the sample 

did not adversely affect its load-bearing capabilities.  
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Figure 43. Load displacement curves for compression test of samples GFRP/PVC 90° and 

GFRP/PVC 90°R 

 

In summary, it was shown that the load-bearing capabilities of the samples for all 

tested fiber orientations were acceptably maintained when the first proposed design change 

was implemented. 

 

4.3.1.2. Effect on Crush Force Efficiency 

From Table 7, containing the CFE and % iCFE within 0.1 of the ideal, it can be 

seen that there are some notable changes to the value of these two parameters due to 

implementing the proposed design change. There is a significant 21.20% drop in the CFE 

value of the GFRP/PVC 45°R sample and a noticeable 21.50% drop in its % iCFE within 
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0.1 of the excellent value, as compared to the GFRP/PVC 45° sample. This shows that the 

GFRP/PVC 45°R sample exhibits a more considerable amount of fluctuation around the 

mean and has a more considerable difference between its mean and initial peak load values. 

In contrast, the two parameters increased significantly for the GFRP/PVC 55°R, as 

compared to the GFRP/PVC 55° sample. For the GFRP/PVC 55°R sample, the composite 

load's failure is comparatively more stable after the proposed design change, and the mean 

and initial peak load values are close together. Only the CFE for the GFRP/PVC 65°R and 

GFRP/PVC 90°R samples remained almost unchanged after implementing the proposed 

design change. 

 

Table 7. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC Tubes and GFRP/PVC R 

Tubes 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

GFRP/PVC @45° 0.6607 31.27 

GFRP/PVC @55° 0.5017 29.12 

GFRP/PVC @65° 0.6569 39.53 

GFRP/PVC @90° 0.6838 57.07 

GFRP/PVC°@45°R 0.5206 9.77 

GFRP/PVC @55°R 0.7208 63.59 

GFRP/PVC @65°R 0.6498 36.62 

GFRP/PVC @90°R 0.6914 39.53 

 

However, there was a slight drop in % iCFE within 0.1 of the ideal values for the 

GFRP/PVC 65°R sample and GFRP/PVC 90°R sample, as compared to the GFRP/PVC 

65° sample and the GFRP/PVC 90° sample. This shows that the failure of the GFRP/PVC 
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65°R and GFRP/PVC 90°R samples due to axial compression shows more deviation from 

the mean than their counterparts. Overall, the GFRP/PVC 55°R is an outlier in this case, 

and the spike in the initial peak load of the tested samples after the design change lower 

the crush force efficiency of the samples.  

 

4.3.1.3. Effect on Energy Absorption Capability 

 

 

Figure 44. Specific energy absorbed by the GFRP/PVC tubes and GFRP/PVC R tubes 

 

From an earlier section of the report, it was seen that the load-bearing capabilities 

of the samples for all tested fiber orientations were acceptably maintained when the 

proposed design change was implemented. At the same time, it should be remembered that 

the design change entailed removing GFRP wrapping, which would also lead to a decrease 
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in the mass of the samples. Therefore, one would expect that the GFRP/PVC R tubes' 

specific energy absorbed values would be noticeably higher than those for the GFRP/PVC 

tubes. This is reflected in the results shown in Figure 44. 

 

As was mentioned previously, the sum of the energies absorbed in the pre-crushing 

and post-crushing stages is the energy that is considered useful for crashworthiness 

applications. The specific energy absorbed by the GFRP/PVC 45°R tube was 

approximately 18.91 kJ/kg, a significant 14.81% higher than the 16.47 kJ/kg value for the 

GFRP/PVC 45° sample. It should also be noted that the GFRP/PVC 45°R sample was the 

sample with the best performance in terms of use specific energy absorbed. The composite 

tubes with fiber orientations of 65° and 90° also experienced a significant increase in the 

specific energy absorbed due to the proposed design change. The useful energy absorbed 

value for the 65° sample increased from 13.12 kJ/kg to 16.51 kJ/kg, while that for the 90° 

sample rose from 15.05 kJ/kg to 17.95 kJ/kg. However, the most pronounced increase was 

experienced by the composite tube sample with a fiber orientation of 55°. The useful energy 

absorbed value for the 55° sample rose by a steep 70.19%, from 9.695 kJ/kg to 16.50 kJ/kg, 

after the first design change was implemented. 

 

4.3.2. Second Design Change 

After the first proposed design change to the conventional circular tube, geometry 

was implemented, it was observed that although the load-bearing capabilities of the 

samples were maintained and their specific energy absorption values increased, the spike 

in initial peak load of the tested samples after the design change lower the crush force 
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efficiency of the samples. However, if the transition from the top 3.5 mm section of the 

composite tube samples, for which the GFRP wrapping was removed entirely, and the 

overwrapped portion of the tubes directly below was more gradual, this could potentially 

deter the spike in initial peak load that occurs and, by so doing, increase the crush force 

efficiency of the samples. Whether or not the advantages of maintained load-bearing 

capacity and increased specific energy absorption would be retained as well remains to be 

seen. Therefore, for the second proposed design change, the GFRP wrapping was first 

wholly removed from the top 3.5 mm section of the GFRP/PVC tubes, as was done for the 

first design change. After this, a 1 mm thickness of the GFRP wrapping was removed from 

the 10 mm section of the tube directly below this 3.5 mm section, essentially forming a 

small step. Orthographic views for this second proposed design change can be seen in 

Chapter 3. A total of 3 tests were carried out for this design for each of the four wrapping 

angles, respectively, to verify the results obtained. From this point onwards, the samples 

with the second proposed design change will be referred to by using ‘RS’ after the fiber 

orientation angle, where ‘R’ signifies the repetition of the first proposed design change and 

‘S’ signifies the small step added to act as a transition. e.g., GFRP/PVC 45°RS sample will 

refer to a PVC tube that has been overwrapped with GFRP at 45° and then had the top 3.5 

mm section of GFRP wholly removed, followed by the removal of a 1 mm thickness of the 

GFRP wrapping from the 10 mm section of wrapping directly below this 3.5 mm section. 

 

4.3.2.1. Effect on Load Bearing Behavior 

Previously, it was determined that the load-bearing capabilities for the composite 

tubes tested after implementation of the first proposed design change were comparable to 
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those of the composite tubes with a conventional circular geometry tested before the first 

design change was applied. One of the main reasons for the suggestion of the second design 

change was to deter the spike in the initial peak force that occurred as a result of the first 

design change. Therefore, to examine the effectiveness of the second proposed design 

change, the load-displacement curves for composite tubes that have undergone the first 

design change and composite tubes that have experienced the second design change will 

be compared.  

 

 

Figure 45. Load displacement curves for compression test of samples GFRP/PVC 45°R 

and GFRP/PVC 45°RS 

 

Figure 45 shows the load-displacement curves for the compression test of both the 

GFRP/PVC 45°R and GFRP/PVC 45°RS samples. After implementing the second design 
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change, it was seen that the GFRP/PVC 45°RS sample had a considerably lower initial 

peak load of 27.15 kN than the GFRP/PVC 45°R sample, which had an initial peak load of 

about 47.15 kN. Thus, when implementing the second proposed design change, the spike 

in the initial peak load resulting from the first design change was deterred, as desired. 

Comparing the mean crushing loads for the two samples during the post-crushing stage, 

the GFRP/PVC 45°RS sample had a mean load of 28.23 KN, slightly higher than the mean 

load of the GFRP/PVC 45°R sample, which was 24.54 kN. Therefore, it can be concluded 

that the load-bearing capacity of the composite tube was maintained after applying the 

second design change. 

 

 

Figure 46. Load displacement curves for compression test of samples GFRP/PVC 55°R 

and GFRP/PVC 55°RS 
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The load-displacement curves for the compression test of both the GFRP/PVC 

55°R and GFRP/PVC 55°RS samples are shown in Figure 46. After applying the second 

design change, it was seen that the GFRP/PVC 55°RS sample had a significantly lower 

initial peak load of about 35.67 kN than the GFRP/PVC 55°R sample, which had an initial 

peak load of 48.47 kN. Thus, the aim of reducing the initial peak load was achieved. 

Comparing the mean crushing loads for the two samples during the post-crushinging stage, 

the GFRP/PVC 55°RS sample had a mean load of 30.36 kN, only slightly lower than the 

mean load of the GFRP/PVC 55°R sample, which was approximately 34.94 kN. Therefore, 

it can be determined that implementing the second proposed design change did not 

significantly deteriorate the load-bearing capacity of the composite tube.  

 

 

Figure 47. Load displacement curves for compression test of samples GFRP/PVC 65°R 

and GFRP/PVC 65°RS 
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Figure 47 shows the load-displacement curves for the compression test of both the 

GFRP/PVC 65°R and GFRP/PVC 65°RS samples. After implementing the second design 

change, it was seen that the GFRP/PVC 65°RS sample had a lower initial peak load of 

about 38.51 kN than the GFRP/PVC 65°R sample, which had an initial peak load of 47.48 

kN. Thus, when implementing the second proposed design change, the spike in the initial 

peak load resulting from the first design change was deterred, as desired. Comparing the 

mean crushing loads for the two samples during the post-crushinging stage, the GFRP/PVC 

65°RS sample had a mean load of 31.355 kN, slightly higher than the mean load of the 

GFRP/PVC 65°R sample, which was approximately 30.85 kN. Therefore, it can be 

concluded that the load-bearing capabilities of the composite tube were maintained after 

applying the second design change. 
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Figure 48. Load displacement curves for compression test of samples GFRP/PVC 90°R 

and GFRP/PVC 90°RS 

 

The load-displacement curves for the compression test of both the GFRP/PVC 

90°R and GFRP/PVC 90°RS samples are shown in Figure 48. After applying the second 

design change, it was seen that the GFRP/PVC 90°RS sample had a noticeably lower initial 

peak load of about 45.97 kN than the GFRP/PVC 90°R sample, which had an initial peak 

load of 59.81 kN. Thus, the aim of reducing the initial peak load was achieved. Comparing 

the mean crushing loads for the two samples during the post-crushing stage, the 

GFRP/PVC 90°RS sample had a mean load of 40.71 kN, only slightly lower than the mean 

load of the GFRP/PVC 90°R sample, which was approximately 41.35 kN. Therefore, it can 

be determined that implementing the second proposed design change did not significantly 

deteriorate the load-bearing capacity of the composite tube.  
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In summary, it was shown that the load-bearing capabilities of the samples for all tested 

fiber orientations were acceptably maintained when the second design change was 

implemented. 

 

4.3.2.2. Effect on Crush Force Efficiency 

 

Table 8. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC R Tubes and GFRP/PVC 

RS Tubes 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

GFRP/PVC @45°R 0.5206 9.77 

GFRP/PVC @55°R 0.7208 63.59 

GFRP/PVC @65°R 0.6498 36.62 

GFRP/PVC @90°R 0.6914 39.53 

GFRP/PVC°@45°RS 1.0396 69.87 

GFRP/PVC @55°RS 0.8521 15.13 

GFRP/PVC @65°RS 0.8401 52.59 

GFRP/PVC @90°RS 0.8854 18.17 

 

The overall CFE values for the GFRP/PVC RS tubes in Table 8 indicate that the 

second proposed design change's implementation increased the crush force efficiency of 

the composite tubes considerably. On average, the overall CFE values for the different 

samples increased by 43.82%, compared to those after the first design change was applied. 

However, it can be seen that although the CFE values rose significantly for the 55° and 90° 

samples after applying the second design change, their % iCFE within 0.1 from ideal values 

also noticeably decreased. This shows that for these two fiber orientations, although the 
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samples’ mean crushing load became closer to their initial peak load due to the second 

design change, the amount of deviation from the mean that they experienced during their 

failure also increased. On the other hand, the 45° and 65° samples experienced a rise in 

both overall CFE and % iCFE within 0.1 from ideal values after applying the second design 

change, which demonstrates that for these two fiber orientations, their mean crushing load 

became closer to their initial peak load while their failure also became more stable. This 

was especially true for the GFRP/PVC 45° RS tube, which demonstrated the most sizeable 

increase in overall CFE and % iCFE within 0.1 from ideal values due to the second design 

change implementation. Of particular note was that the overall CFE value for the 

GFRP/PVC 45° RS samples was very close to 1, showing that it had been close to ideal 

failure. 

 

4.3.2.3. Effect on Energy Absorption Capability 

When the specific energy absorbed during the pre-crushing and post-crushing 

stages is added together, this gives the specific energy absorbed that is considered useful 

for crashworthiness applications. As was previously shown, implementing the first design 

change resulted in a significant increase in the specific energy absorbed for the composite 

tubes of all the different tested fiber orientations. Therefore, when applying the second 

proposed design change, the main aim of energy absorption capabilities was to maintain 

the higher specific energy absorption that resulted in the composite tubes tested after the 

first design implementation. 
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Figure 49. Specific energy absorbed by the GFRP/PVC R tubes and GFRP/PVC RS tubes 

 

From the bar graph's values shown in Figure 49, it can be seen that this aim was 

achieved. Since the second design change had the effect of reducing the initial peak force, 

there was a reduction in the specific energy absorbed as compared to the tested samples 

after the first design change. However, the specific energy absorbed by the samples for 

each fiber orientation was still higher than for the tested initially samples with conventional 

circular tube geometry. For the samples with a fiber orientation of 45°, there was only a 

very slight 0.53% decrease in specific energy absorbed after the second design change was 

applied, from 18.91 kJ/kg to 18.81 kJ/kg. For the samples with a fiber orientation of 65° 

and 90°, there was a noticeable reduction in specific energy absorbed after the second 

design change was applied, from 16.51 kJ/kg to 15.86 kJ/kg and from 17.95 kJ/kg to 17.27 

kJ/kg. On the other hand, the 55° samples exhibited a considerable 12.24% reduction in 
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specific energy absorbed, from 16.50 kJ/kg to 14.48 kJ/kg, after the second design change 

was implemented. 

 

Therefore, it was demonstrated that by applying the second proposed design 

change, the advantage of increased specific energy absorption was retained, while at the 

same time, there was a sizeable increase in crush force efficiency. At the same time, the 

load-bearing capacity of the samples was maintained. 

 

4.4. Selection of Composite Tube with Best Performance 

In this section, the composite tube with the best performance from all the samples 

tested in this study is selected. A weighted scoring system is used to score the composite 

tubes' performance in terms of their crashworthiness characteristics. Table 9 shows the 

values of the parameters used for scoring, the composites' ranking for each parameter, and 

the total scores for all the tested composite tubes. The weight attributed to each parameter 

is shown next to the table's parameter in square brackets. The formula used to find the score 

for each parameter is also shown below. From the weighting, it can be seen that the crush 

force efficiency was given the most importance. This was followed by the specific energy 

absorbed and, lastly, the load-bearing capacity. The cost was also taken into account and 

was considered directly proportional to the composite tubes' mass. Cost and initial peak 

force are the only parameters in the table for which a lower value is awarded a higher 

ranking. This is because a reduced cost is advantageous while a lower initial peak force 

helps to reduce the size of reaction forces experienced by a passenger when an energy 
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absorber is utilized. On the other hand, for all the other parameters in the table, a larger 

value is desirable and is accordingly given a higher ranking.  
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𝑆𝑐𝑜𝑟𝑒 𝑓𝑜𝑟 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 = 𝑃𝑜𝑖𝑛𝑡𝑠 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑡𝑜 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 − [𝑃𝑜𝑖𝑛𝑡𝑠 𝑎𝑙𝑙𝑜𝑐𝑎𝑡𝑒𝑑 𝑡𝑜 𝑐𝑎𝑡𝑒𝑔𝑜𝑟𝑦 × (
𝑟𝑎𝑛𝑘 − 1

13 − 1
)] 

 

Table 9. Weighted Scoring Table to Select Composite with Best Performance 

Sample 

configuration 

Cost [/1] Load at 1st Failure 

[/1] 

Pre-crushing 

Energy [/2] 

Post-crushing 

Energy [/4]  

Densification 

Energy [/1] 

Overall CFE [/6] % iCFE ±0.1 

from Ideal [/10] 

Total Score 

[/25] 

Rank mass 

(kg) 

Rank (kN) Rank SE 

(kJ/kg) 

Rank SE 

(kJ/kg) 

Rank SE 

(kJ/kg) 

Rank (Unitless) Rank %  

PVC 1 0.0382 13 15.1431 12 0.6090 13 7.3707 13 0 13 0.2903 10 28.21 3.67 

GFRP/PVC@45 4 0.0977 9 41.1104 2 1.1810 7 15.2859 10 5.8274 8 0.6607 8 31.27 11.83 

GFRP/PVC@55 7 0.1289 8 43.2145 13 0.4603 12 9.2343 4 12.1891 12 0.5017 9 29.12 5.83 

GFRP/PVC@65 12 0.1420 6 46.6240 11 0.6151 11 12.5037 2 14.1643 9 0.6569 5 39.53 11.25 

GFRP/PVC@90 13 0.1421 2 58.5122 7 0.8516 9 14.1960 1 14.4039 7 0.6838 3 57.07 15.58 

GFRP/PVC@45R 3 0.0968 5 47.1451 1 1.2882 2 17.6230 12 3.8379 11 0.5206 13 9.77 8.25 

GFRP/PVC@55R 6 0.1281 3 48.4683 4 0.9628 5 15.5415 9 8.0646 5 0.7208 2 63.59 19.08 

GFRP/PVC@65R 10 0.1378 4 47.4769 3 1.0187 6 15.4911 7 11.3499 10 0.6498 7 36.62 12.00 

GFRP/PVC@90R 11 0.1383 1 59.8086 5 0.9355 3 17.0187 6 11.5555 6 0.6914 5 39.53 16.58 

GFRP/PVC@45RS 2 0.0947 12 27.1524 9 0.7896 1 18.0182 11 4.6505 1 1.0396 1 69.87 21.83 

GFRP/PVC@55RS 5 0.1248 11 35.6743 10 0.7848 10 13.6916 8 11.3361 3 0.8521 12 15.13 8.58 

GFRP/PVC@65RS 9 0.1342 10 38.5153 8 0.8475 8 15.0098 3 12.5511 4 0.8401 4 52.59 15.92 

GFRP/PVC@90RS 8 0.1336 7 45.9743 6 0.9046 4 16.3667 5 11.7072 2 0.8854 11 18.17 12.92 
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The GFRP/PVC 45° RS tube was selected as the composite tube with the best 

performance. Comparing the individual parameter scores for the GFRP/PVC 45° and 

GFRP/PVC 45° R samples to that of the GFRP/PVC 45° RS sample, its effectiveness of 

the two proposed design changes can be clearly seen. Implementing the first designed 

change is significantly increased the specific energy absorbed, while there was also a 

corresponding decrease in crush force efficiency. Applying the second change resulted in 

a slight drop in the specific energy absorbed. However, the specific energy absorbed was 

still higher than that of the original GFRP/PVC 45° sample. On the other hand, executing 

the second design change resulted in a considerable increase in crush force efficiency. The 

crush force efficiency of 1.0396 and % iCFE within 0.1 from the ideal value of 69.87 for 

the GFRP/PVC 45° RS sample was the highest of all the tested samples. 

 

4.5. Comparison with Effect of Trigger Mechanisms 

It is often the case that when composite tubes undergo crushing failure, they 

experience a catastrophic drop in load-bearing capacity after reaching their initial peak 

crushing force. This change indicates unstable failure and can also have a negative 

influence on the amount of energy absorbed by composite tubes. Trigger mechanisms are 

regularly used to solve this issue as they generally can reduce the initial peak crushing force 

of composite tubes, thereby noticeably increasing the stability of their failure. Combining 

the two proposed design changes to the conventional geometry of composite tubes in the 

previous sections has effects similar to that of a trigger mechanism. This combination of 

design can be considered a novel step trigger that can be applied to composite tubes with 

an inner tube. From all of the tested samples up to this section, the GFRP/PVC 45°RS 
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sample was performed the best. To compare the combined effect of the proposed design 

changes with that of a conventional trigger mechanism, composite tubes with a fiber 

orientation of 45° and chamfers of 30°, 45°, and 60°, respectively, were prepared. These 

samples are referred to as GFRP/PVC 45°C30, GFRP/PVC 45°C45, and GFRP/PVC 

45°C60 from this point onwards for ease of identification.    

 

4.5.1. Effect on Load Bearing Behavior 

 

 

Figure 50. Load displacement curves for axial compression test of GFRP/PVC 45°, 

GFRP/PVC 45°RS, and all chamfer trigger samples 

 

 From Figure 50, it can be seen that the initial peak crushing force for all the chamfer 

trigger specimens was lower than that of the GFRP/PVC 45°, showing the effectiveness of 

this conventional trigger. Also, for the chamfer triggers, it is apparent that as the angle of 

the chamfer triggers increased, the initial peak force correspondingly decreased. The initial 
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peak loads achieved by the samples were 36.45 kN, 33.67 kN, and 30.72 kN for a chamfer 

angle of 30°, 45°, and 60°, respectively. For the GFRP/PVC 45°C60 sample, in particular, 

the trigger was able to reduce the initial peak force by 25.27%. However, the GFRP/PVC 

45°RS was able to outperform all the chamfer triggers in this respect, with an initial peak 

force of 27.15, 33.96 % lower than that of the GFRP/PVC 45° sample. On the other hand, 

there was no clear trend for the effect of the various triggers on the mean crushing force. 

The mean crushing force for the GFRP/PVC 45° sample was approximately 27.16 kN. For 

the chamfer trigger samples, there was only a slight increase in this value. The mean 

crushing force for the GFRP/PVC 45°C30, GFRP/PVC 45°C45, and GFRP/PVC 45°C60 

samples was 27.27 kN, 28.70 kN, and 27.21 kN, respectively. Similarly, the GFRP/PVC 

45°RS sample had a mean crushing force of 28.23 kN, which was only 3.94% higher than 

that of the GFRP/PVC 45° sample.   

 

4.5.2. Effect on Crush Force Efficiency 

 

Table 10. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC 45°, GFRP/PVC 45°RS, 

and all chamfer trigger samples 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

GFRP/PVC°@45° 0.6607 31.27 

GFRP/PVC°@45°RS 1.0396 69.87 

GFRP/PVC°@45°C30 0.7481 40.56 

GFRP/PVC @45°C45 0.8524 73.20 

GFRP/PVC @45°C60 0.8856 28.36 
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Both the combined effect of the proposed design changes and the chamfer triggers 

significantly increased the overall crush force efficiency of the composite tubes with 45° 

fiber orientation. From the overall CFE values in Table 10, it can be concluded that the 

overall stability of failure increased with increasing chamfer angle for the chamfer trigger 

samples. On the other hand, the GFRP/PVC 45°RS sample had an overall CFE value closer 

to the ideal CFE of 1 than that of the chamfer trigger sample with the most stable overall 

failure. For the GFRP/PVC 45°RS sample, the overall CFE was only 3.96% greater than 

1, while for the GFRP/PVC 45°C60 sample, the overall CFE was 11.44 % less than 1.  

Thus, the proposed design changes' combined effect resulted in a more stable overall failure 

than any of the chamfer triggers tested. The value of %iCFE withing 0.1 of ideal did not 

show a clear trend for the various samples. However, the value of %iCFE withing 0.1 of 

the ideal of 28.36 % for the GFRP/PVC 45°C60 sample indicates that although this sample 

had the largest overall CFE from chamfer triggers, it also had the highest amount of 

deviation from the mean. As this deviation was evenly spread around the mean, the 

sample's overall CFE remained relatively high. This is an example of how consideration of 

only the overall CFE value when looking at failure's stability can sometimes be misleading. 

 

4.5.3. Effect on Energy Absorption Capability 

When the specific energy absorbed during the pre-crushing and post-crushing 

stages is added together, this gives the specific energy absorbed that is considered useful 

for crashworthiness applications. From Figure 51, it can be seen that the specific energy 

absorbed by both GFRP/PVC 45°C30 sample and the GFRP/PVC 45°C45 sample was very 

close in value to that of the GFRP/PVC 45° sample. The GFRP/PVC 45°C60 sample 
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outperformed both of its chamfer trigger counterparts with a specific energy absorbed value 

of 17.72 kJ/kg, 7.59% greater than that of the GFRP/PVC 45° sample. In contrast, the 

GFRP/PVC 45°RS sample had a specific energy absorbed value of 18.81 kJ/kg, 14.21% 

higher than that of the GFRP/PVC 45° sample. 

 

 

Figure 51. Specific energy absorbed by GFRP/PVC 45°, GFRP/PVC 45°RS, and all 

chamfer trigger samples 

 

Overall, the GFRP/PVC 45°RS sample outperformed all the chamfer trigger 

specimens to suppress the initial peak force, failure stability, and energy absorption 

capability. Thus, the combination of the two proposed design changes was 

comprehensively more effective in enhancing the crashworthiness characteristics of the 
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composite tubes with a 45° fiber orientation compared to the conventional triggers 

considered. 

    

4.6. Effect of Filling Composite Tube with Foam Core 

As was stated previously, engineering theory is known that the flexural stiffness of 

a structure is proportional to the cube of its thickness. Intuitively, it would also be expected 

that filling a composite tube with a core would increase its load-bearing capability, as the 

load the composite tube is subjected to will be spread over a larger contact surface area. 

The core material selected for this study was low-density rigid polyurethane foam, as this 

material was expected to allow for a significant increase in stiffness while minimizing the 

additional weight of the composite. Thus, by using foam cores fabricated from this 

material, the specific energy absorbed by core composite tubes was expected to be 

significantly larger than for core-less composite tubes. However, what remains to be seen 

is the effect that introducing the foam cores will have on the stability of failure. A total of 

four different core geometries, designated as Core 1, Core 2, Core 3, and Core 4, were used 

in combination with the GFRP/PVC 45°RS sample configuration. The design for these 

core geometries can be seen in Chapter 3. The samples formed by filling this composite 

tube configuration with the different foam cores are referred to as GFRP/PVC 45°RSFC1, 

GFRP/PVC 45°RSFC2, GFRP/PVC 45°RSFC3, and GFRP/PVC 45°RSFC4, respectively 

from this point onwards for ease of identification. 
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4.6.1. Effect on Load Bearing Behavior 

As was expected, it can be seen from Figure 52 that the introduction of foam cores 

was able to noticeably increase the load-bearing capability of the GFRP/PVC 45°RS 

sample. To compare the GFRP/PVC 45°RS core-less sample's initial peak load with the 

lowest initial peak load achieved by the four GFRP/PVC 45°RS core samples, a 29.13% 

increase in value was seen, from about 27.15 kN to 35.06 kN. For the mean crushing load, 

the difference was not as pronounced, with the mean load of the GFRP/PVC 45°RS core-

less sample, which was approximately 28.23 kN, being only 8.18% lower than that of the 

smallest mean load achieved by the GFRP/PVC 45°RS core samples, with a value of 30.54 

kN. 

 

 

Figure 52. Load displacement curves for axial compression test of all GFRP/PVC 45°RS 

samples with foam cores vs. GFRP/PVC 45°RS core-less sample 
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The initial peak loads achieved by the GFRP/PVC 45° RS core samples were 42.20 

kN, 37.19 kN, 35.06 kN, and 36.69 kN for Core 1, Core 2, Core 3, and Core 4, respectively. 

So, it can be seen that as the volume of material for the foam cores decreased, there was a 

corresponding decrease in initial peak load, up to the GFRP/PVC 45°RSFC3 sample. 

However, the initial peak load for the GFRP/PVC 45°RSFC4 sample was higher than that 

for the GFRP/PVC 45°RSFC3 sample. However, for the mean crushing load, this trend 

was reversed. The mean crushing loads achieved by the GFRP/PVC 45°RS foam core 

samples was 30.54 kN, 32.41 kN, 34.83 kN, and 33.05 kN for Core 1, Core 2, Core 3, and 

Core 4, respectively. Therefore, it can be seen that as the volume of material for the foam 

cores decreased, there was a corresponding increase in mean crushing load up to the 

GFRP/PVC 45°RSFC3 sample. The GFRP/PVC 45°RSFC4 sample was once again the 

exception to the general trend, as it is average crushing load was lower than that for the 

GFRP/PVC 45°RSFC3 sample.   

 

4.6.2. Effect on Crush Force Efficiency 

 

Table 11. CFE and %iCFE within 0.1 from Ideal for GFRP/PVC 45°RS Tube and 

GFRP/PVC RSFC Tubes 

Sample configuration Overall CFE % iCFE ±0.1 from Ideal 

GFRP/PVC°@45°RS 1.0396 69.87 

GFRP/PVC°@45°RSFC1 0.7237 61.71 

GFRP/PVC @45°RSFC2 0.8716 38.48 

GFRP/PVC @45°RSFC3 0.9935 52.22 

GFRP/PVC @45°RSFC4 0.9008 55.55 
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Looking at the values of overall CFE and % iCFE within 0.1 of the ideal in Table 

11, it can be seen that when the foam cores Core 1, Core 2, and Core 4 are used in 

combination with the GFRP/PVC 45°RS, the stability of failure is adversely affected. For 

these three cores, it can be seen that as the volume of material in the foam core decreases, 

the value of overall CFE becomes closer to its ideal value of 1. The value of %iCFE withing 

0.1 of ideal, however, does not show a clear trend, with the GFRP/PVC 45°RSFC2 sample 

having the lowest value, indicating that the GFRP/PVC 45°RSFC2 sample shows the 

largest deviation of the load from the mean during the post-crushing stage. However, the 

sample that shows the most significant results is the GFRP/PVC 45°RSFC3 sample. For 

this sample, the overall CFE value is lower than that for the GFRP/PVC 45°RS core-less 

sample. Nevertheless, it should be mentioned that for the overall CFE value, what is 

important is how far the value is from the ideal value of 1. For the GFRP/PVC 45°RSFC3 

sample, the overall CFE value was only 0.65 % less than the ideal value, while for the 

GFRP/PVC 45°RS core-less sample, the overall CFE was 3.96% greater than ideal. Thus, 

it can be determined that in terms of the overall CFE, the failure of the GFRP/PVC 

45°RSFC3 sample was more stable than for the GFRP/PVC 45°RS core-less sample. 

However, from the %iCFE within 0.1 from ideal, the GFRP/PVC 45°RSFC3 sample had a 

17.65 % lower value than for the GFRP/PVC 45°RS core-less sample. This shows that the 

GFRP/PVC 45°RSFC3 sample's load exhibited comparatively more deviation from the 

mean crushing load during the post-crushing stage.      
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4.6.3. Effect on Energy Absorption Capability 

Low-density rigid polyurethane foam was chosen as the material to fabricate the 

foam cores used in combination with the GFRP/PVC 45°RS composite tubes. This material 

was expected to allow for a significant increase in stiffness while minimizing the 

composite's additional weight. As can be seen from the increased specific energy absorbed 

by core composite tubes compared to the core-less samples (Figure 53), the use of cores 

proved to be effective in raising the energy absorption capabilities of the GFRP/PVC 

45°RS composite tubes. It was found that the foam cores used had an average mass of only 

0.0050 kg, as compared to the GFRP/PVC 45°RS composite tubes, which had an average 

mass of 0.0944 kg. The additional energy absorbed due to the use of foam cores more than 

made up for the very slight increase in the samples' mass due to their inclusion. It is known 

that when the specific energy absorbed during the pre-crushing and post-crushing stages is 

added together, this gives the specific energy absorbed that is considered useful for 

crashworthiness applications. 
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Figure 53. Specific energy absorbed by the GFRP/PVC 45°RS tube and GFRP/PVC RSFC 

tubes 

 

Even for the core composite tube sample with the lowest specific energy absorption 

value, the GFRP/PVC 45°RSFC4 composite tube, the specific energy absorbed of 18.41 

kJ/kg was about 9.649 % greater than that of the GFRP/PVC 45°RS core-less composite 

tube, which was approximately 16.79 kJ/kg. The specific energy absorbed values for the 

core composite tubes with core geometries Core 1, Core 2, and Core 4 were 20.38 kJ/kg, 

19.76 kJ/kg, and 18.41 kJ/kg. So it was observed that, for these three core geometries, as 

the foam core volume decreased, there was a corresponding fall in the specific energy 

absorbed. The GFRP/PVC 45°RSFC3 sample was the exception to this rule and had the 

highest specific energy absorbed value of approximately 24.44 kJ/kg. This was a 

considerable 45.56 % higher than the specific energy absorbed by the GFRP/PVC 45°RS 

core-less sample. 
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In summary, the introduction of foam cores was able to noticeably increase both 

the load-bearing capability and the specific energy absorption of the GFRP/PVC 45°RS 

composite tubes. Simultaneously, though, the failure of the composite tubes with cores was 

not as stable. In particular, the GFRP/PVC 45°RSFC3 sample absorbed approximately 

45.56% more specific energy than the GFRP/PVC 45°RS core-less sample. Also, the 

GFRP/PVC 45°RS3 sample's crush force efficiency was not as adversely affected as the 

rest of the core composite tubes. It was determined that in terms of the overall CFE, the 

GFRP/PVC 45°RSFC3 sample's failure was more stable than for the GFRP/PVC 45°RS 

core-less sample. However, from the %iCFE within 0.1 from ideal values, it was seen that 

the load for the GFRP/PVC 45°RSFC3 sample for the post crushing stage showed a higher 

degree of fluctuation from the mean that the GFRP/PVC 45°RS core-less sample. Thus, 

although the 45°RSFC3 sample had a mean crushing load that was closer to its initial peak 

value, as compared to its core-less counterpart, its failure exhibited a more considerable 

amount of fluctuation from the mean and therefore was not as stable. However, the 

45°RSFC3 sample's advantages in its increased load-bearing capacity and energy 

absorption abilities are apparent. Choosing between the 45°RSFC3 sample and the 45°RS 

core-less sample would depend on the most important for the intended application.  
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CHAPTER 5. CONCLUSION AND RECOMMENDATIONS 

In this study, PVC tubes overwrapped in GFRP at four different fiber orientations were 

subjected to quasi-static axial compression tests to determine the effect of fiber orientation 

on their crashworthiness properties. Furthermore, slight changes were made to the design 

of conventionally used circular composite tubes to improve the crashworthy characteristics 

of the GFRP overwrapped PVC pipes tested for all of the four different fiber orientations. 

The proposed design changes aimed to reduce the composite samples’ weight while 

maintaining their load-bearing capabilities and crush force efficiency during failure. The 

combined effect of the proposed design changes was very similar to that of trigger 

mechanisms. Crushing tests were carried out on composite tubes with chamfer triggers of 

three different angles, which had the same fiber orientation as the best performance 

composite tube. Following this, a direct comparison was made between the effect of the 

proposed design changes and conventional chamfer triggers. Finally, foam cores of four 

different geometries were used in combination with the composite tube sample 

configuration with the best performance. Low-density rigid polyurethane foam was used 

to fabricate the foam cores, as this material was expected to allow for a significant increase 

in stiffness while minimizing the additional weight of the composite.  

 

5.1. Conclusion 

Based on the experimental results, the following conclusions were drawn: 

i. The composite formed by wrapping PVC tube with GFRP has a significantly higher 

load-bearing capacity, crush force efficiency, and energy absorption capability 

during failure due to compression than the PVC tube on its own. 
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ii. The failure mechanisms commonly exhibited by the GFRP/PVC composite tubes 

used when crushed were local bucking, transverse shear, interpenetration, 

debonding, and matrix cracking. 

iii. For the GFRP/PVC samples of different fiber orientations with standard circular 

tube geometry, load-bearing capacity and crush force efficiency generally 

improved with increasing fiber orientation. The GFRP/PVC 55° sample was an 

exception to this rule, as it exhibited the worst crashworthiness characteristics of 

the tested samples. 

iv. For the GFRP/PVC samples of different fiber orientation with standard circular 

tube geometry, energy absorption capability generally improved with increasing 

fiber orientation. The GFRP/PVC 45° sample was an exception to this rule as, due 

to its comparatively lower mass and the fact that it underwent Mode-III failure, it 

had the highest value for the specific energy absorbed. 

v. The first proposed design change to the conventional circular composite tube 

geometry increased specific energy absorbed, while load-bearing capacity was also 

maintained. However, it also resulted in a noticeable decrease in crush force 

efficiency during failure. The GFRP/PVC 55°R sample was an exception to this 

rule, as it exhibited an increase in crush force efficiency. 

vi. In the second proposed design change to the conventional circular composite tube 

geometry, the advantages of maintained load-bearing capacity and increased 

specific energy absorption, seen for the first design change, were retained. At the 

same time, a sizeable increase in crush force efficiency was also observed. The 
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GFRP/PVC 55°RS sample was an exception to this rule, as it exhibited a decrease 

in crush force efficiency. 

vii. The GFRP/PVC 45°RS sample was the composite tube that exhibited the best 

performance when using the weighted scoring system proposed to score the tested 

sample configurations in terms of their crashworthiness characteristics. 

viii. The GFRP/PVC 45°RS sample outperformed all the tested chamfer trigger 

specimens to suppress the initial peak force, failure stability, and energy absorption 

capability. 

ix. The introduction of foam cores was able to noticeably increase both the load-

bearing capability and the specific energy absorption of the GFRP/PVC 45°RS 

composite tubes. Simultaneously, though, the failure of the composite tubes with 

cores was not as stable. In particular, the GFRP/PVC 45°RSFC3 sample absorbed 

approximately 45.56% more specific energy than the GFRP/PVC 45°RS core-less 

sample.   

 

5.2. Recommendations for Future Work 

It is recommended that non-linear finite element analysis be utilized to find the best 

design for an energy absorber fabricated from the composite material used in this study. 

Although experimental work is essential, finite element analysis has the edge in terms of 

cost-effectiveness and flexibility. Factors that have not been investigated in this study that 

could be examined in the future include: 

i. The use of an inner tube of a different material. Aluminium is an alternative 

inner tube material that has been investigated extensively. 
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ii. Foam cores of various densities can be considered, as well as foam cores of 

different materials. 

iii. The number of layers of GFRP can be changed and layers of different fiber 

orientation can be combined for each sample. 

iv. Different loading conditions can be considered, such as quasi-static oblique 

loading and axial impact loading. 

v. Alternative reinforcing and matrix materials can also be considered. 
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APPENDIX 

 

The following graphs were used to find the % iCFE within 0.1 from ideal values used when 

examining crush force efficiency performance: 
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