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Abstract 

Glass fibre reinforced polymer (GFRP) composites find application in diverse industries such 

as aerospace, marine, automotive, infrastructure and sport. GFRP composite products can be 

manufactured by a variety of methods, including the commonly employed Liquid Composite 

Moulding (LCM) group of techniques. Whatever the method, compression of the fibrous 

reinforcement is usually necessary in its natural dry state, and depending upon the technique, 

also after injection of a polymeric resin into a mould containing the reinforcement. A good 

understanding of the compression deformation behaviour of the reinforcement aids 

development of better models to describe and predict the manufacturing process, evaluate 

stresses acting on the mould, mould clamping and tooling forces required, and improvement 

of finished product quality. 

 

LCM models commonly assume non-linear elastic deformation of the fibre reinforcement 

network, while some also take into account viscoelastic behaviour. Earlier investigations 

demonstrated reinforcement stress relaxation under constant compressive strain. 

Reinforcements under loading (compaction) and unloading (release) follow different paths for 

the two phases. These phenomena indicate viscoelastic behaviour. Cyclic loading and 

unloading of reinforcements show a progressive shift of the fibre volume fraction - 

compression stress curve, signifying non-recoverable strain. This research further investigated 

these complex compression deformation phenomena which are not normally considered for 

modelling simulations. 

 

A series of experiments were conducted on glass fibre reinforcements of different architecture 

to determine and quantify in order of importance, different components of compression 

deformation. Permanent deformation was found to occur in all cases, and is comparable in 

magnitude to the elastic deformation of the reinforcement. Permanent deformation of the 

reinforcement considerably increased after just a few cycles of repeated compression and 

release. Time-dependent recovery of deformation on release of the compaction strain was 

found to largely depend on the number of layers of material in Continuous Filament Random 

Mat and Plain Weave Fabric reinforcements, it being of significant magnitude only with Plain 

Weave Fabric. A five component Maxwell-based model was developed to help explain and 

predict stress relaxation in the reinforcements under constant compressive strain. 
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X-ray micro-computed tomography (micro-CT) scanning and imaging technology was 

utilised to investigate fibre reinforcement deformation in manufactured composite laminates. 

It was hypothesised that permanent deformation in Biaxial Stitched Fabric and Plain Weave 

Fabric reinforcements occurs by means of changes to fibre bundle cross-sections, while time-

dependent recovery of deformation on release of the compaction strain is related to the 

undulations of fibre bundles in the direction of loading, and also to the tow crimp in the case 

of Plain Weave Fabric reinforcements. Analysis of the micro-CT images proved correct the 

hypothesis in the case of Continuous Filament Random Mat, while there was support for Plain 

Weave Fabric. It was also proposed that permanent deformation in Continuous Filament 

Random Mat reinforcements is via filament bending and displacement, while time-dependent 

recovery of deformation is based on filament – filament interactions. In this case CT scanning 

images provide some support towards understanding filament spread but more information is 

needed to conclusively prove the hypothesis.  
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Chapter 1: Introduction 

A composite can be defined as a product formed by the combination of two or more discrete 

materials, without much chemical interaction between these constituents, and with the 

resultant product having the required mechanical, chemical, thermal and functional properties. 

It is this combination of materials that provides the necessary features in the finished part. A 

composite product typically has a reinforcing phase which provides the mechanical properties 

and stiffness, surrounded by a matrix that gives the article its form, appearance, surface finish 

and colour, and also protection to the core. Reinforcements can be of different types, 

including foam cores, fibrous structures of different architecture and particles. Various 

materials can be used to manufacture reinforcements – different metals, ceramics, glass, 

carbon, natural (plant) fibres and wood, to name some. There is also a range of matrix 

materials that can be utilised to make composites – metals, ceramics and polymeric resins 

among them. Composite products find application in a wide variety of industries such as 

aerospace, automotive, marine, infrastructure and sport. Figure 1.1 shows some example 

composite products. 

 

This research has been concerned with the complex compaction behaviour of glass fibre 

reinforcements in composites manufacturing processes and henceforward discussion focuses 

on this area. Many methods can be employed to manufacture glass fibre reinforced polymer 

(GFRP) composites, including pultrusion, filament winding and liquid composite moulding 

(LCM), a term that encompasses a group of closed-mould techniques such as resin transfer 

moulding (RTM), injection/compression moulding (I/CM), vacuum-assisted resin transfer 

moulding (VARTM) and Seeman’s Composites Resin Infusion Moulding Process (SCRIMP). 

General schematic representations of LCM methodology and reinforcement compaction and 

resin injection in RTM are presented in Figures 1.2 and 1.3, respectively. In an LCM process, 

a fibrous reinforcement is placed in a closed mould, compacted partially or fully to its desired 

final part thickness (fibre content) and a polymeric resin is injected into the mould. If the 

reinforcement has been partially compressed, the remaining compaction takes place with the 

resin present. The resin is cured, and the composite product is formed. Irrespective of the 

method or technique, fibrous reinforcements usually need to be compressed to achieve the 

required volume of fibre (fibre volume fraction) in the finished product.  

 1
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(a)                 (b) 

 

  

(c) 

(d)

(e) 

 
Figure1.11: Example composite products: (a) power poles and cross arms, (b) fibreglass tanks, 

(c) wind turbine blades, (d) parts of aircraft fuselage, and (e) trailer unit. 

                                                 
1 Davies, Ian. “Applications of Composite Materials”. Department of Mechanical Engineering, Curtin University 
of Technology. http://mech-eng.curtin.edu.au/davies/pdf/Applications_of_composite_materials_02.pdf/ 
(accessed 6 December 2008). 
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The through-thickness compression deformation behaviour of fibrous reinforcements affects 

the quality of the finished composite part, including its thickness, strength, shape and surface 

appearance. In some process such as vacuum-bagged VARTM and SCRIMP the part 

thickness varies through the process, and this is dominated by the reinforcement compression 

response. Reinforcement compaction deformation behaviour also influences mould closing 

and clamping forces required, and stresses acting on the mould. Residual stresses are 

sometimes present in composite products, and these could partly be related to stresses arising 

from the compressive behaviour of the reinforcements within them. 

 
Figure 1.2: Schematic drawing of LCM process 

 

Figure 1.3: Schematic representation of RTM technique 
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A number of simulation models exist to describe and predict various facets of the composite 

part manufacturing process. Reinforcement compression models have traditionally assumed 

non-linear elastic response of these fibrous materials. Some models have also taken into 

account that reinforcements exhibit viscoelastic behaviour when they are compressed. Earlier 

investigations highlighted that stress relaxation takes place when a fibrous reinforcement is 

compacted and the compaction strain is held constant. Reinforcements subjected to a cycle of 

loading (compression) and unloading (release) follow different paths for the two phases. 

These phenomena indicate viscoelastic behaviour of the reinforcement, as there is a change in 

state over time or due to the influence of strain rate. When a reinforcement is compacted and 

released a number of times, the loading and unloading curves show a progressive shift, as 

shown schematically in Figure 1.4. This suggests that non-recoverable strain of the 

reinforcement occurs during this process. These compression deformation phenomena are 

generally not accounted for in modelling simulations. 

Fibre Volume Fraction

C
om

pr
es

si
on

 S
tr

es
s

Cycle 1

2

3

0, 0

Loading

Unloading

 
Figure 1.4: Schematic diagram of cyclic loading and unloading of reinforcement 

 

It is thus evident that reinforcement compaction response is complex in nature and further 

investigation of the compression deformation behaviour of fibrous reinforcements would 

facilitate improvements to composites manufacturing processes, including better estimation of 

tooling forces and mould stresses, improved product quality and more accurate modelling 

simulations of different aspects of composites moulding processes.  
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Glass fibre reinforcements are commonly used to manufacture composite products for 

industries such as automotive, marine and infrastructure, and were hence chosen for this 

study. This research project was carried out by utilising four common but very different types 

of glass fibre reinforcements – Biaxial Stitched Fabric (BSF), Continuous Filament Random 

Mat (CFRM), Chopped Strand Mat (CSM) and Plain Weave Wabric (PWF). 

 

1.1 Aim 
The aim of this research project was to further investigate the complex compression 

deformation behaviour of the selected glass fibre reinforcements, by means of a detailed study 

of its constituents, influences of manufacturing and process parameters, and mechanisms 

responsible for the observed behaviours and results.  

 

1.2 Objectives 
The major objectives of this research can be described as follows: 

1. Exploration of the viscoelastic behaviour of the selected reinforcement materials. 

2. Experimental investigation into and hypothesis on the mechanisms of compression 

deformation and its components. 

3. Development of a model to both explain and predict the observed stress relaxation in the 

reinforcing materials. 

4. Manufacture of composite laminates using the reinforcement materials to study 

compression deformation and its mechanisms.        

 

1.3 Outline of Thesis 
The overall structure of the thesis following this chapter is outlined below. This incorporates 

work covering experimental, modelling and theoretical analysis areas of research: 

1. Chapter 2, Literature Review: Review of composites manufacturing processes, 

reinforcement materials utilised for this project and literature concerning compression 

deformation of fibrous networks – experimental work, modelling, theoretical analysis 

and application of micro-computed tomography to study of compression deformation. 

2. Chapter 3, Experiments on Reinforcement Viscoelastic Behaviour: Experimental work 

to explore the stress relaxation behaviour of selected reinforcement materials in their 

natural (dry) state. Study of the long term loading (compression) and unloading (release) 
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behaviour of these reinforcement materials in both their dry and wet (resin-infiltrated) 

states. 

3. Chapter 4, Experiments on Compression Deformation Components: Experimental 

programme using selected reinforcement materials to determine and quantify different 

components of compressive deformation. Study of the influence of various 

manufacturing process parameters on the different deformation components. Hypothesis 

on the mechanism of compression deformation. 

4. Chapter 5, Stress Relaxation Modelling: Development of a Maxwell-based spring and 

dashpot model with a combination of components to both explain and predict stress 

relaxation in the reinforcement materials when under constant compaction strain. 

5. Chapter 6, Compression Deformation Visualisation and Image Analysis: Manufacture 

of composite laminates with chosen reinforcement materials using different 

manufacturing parameters. Study of samples of the moulded panels with the aid of x-ray 

micro-computed tomography scanning and imaging technology and image analysis 

software to investigate fibre bundle deformation, and the influence of manufacturing 

parameters. Explore the applicability of hypothesis on the mechanism of compression 

deformation.  

6. Chapter 7, Conclusions and Recommendations: Summing up of the overall conclusions 

of this research project, and recommendations for further work. 

7. Appendix A, List of Achievements: Lists the main achievements of this project.  

 

 

 



Chapter 2: Literature Review 

2.1 Introduction 
Glass fibre reinforced polymer (GFRP) composites have a wide variety of applications in 

aerospace, automotive, marine, infrastructure, civil and construction, industrial applications, 

sports goods and consumer products. Glass fibre reinforcements have the advantages of low 

cost as compared to other reinforcement materials, while still offering good strength and 

moderate stiffness-to-weight ratio. They are classified based on the type of glass fibres used 

and on the structure of the reinforcement. Glass fibres are available in different categories 

such as E-Glass (with good electrical insulation properties), S-Glass (greater silica content to 

withstand higher temperatures) and C-Glass (for better corrosion resistance). They vary in 

size from 5 μm to 25 μm in diameter. A large number of individual fibres are put together to 

form a filament or tow, and these are in turn used to manufacture the reinforcement material. 

The reinforcements themselves come in a variety of architecture such as woven (crimped) 

fabrics with different weave structures, non-woven (non-crimped) with one or more layers in 

different orientations stitched together, continuous filament random mat and chopped strand 

mat. A number of methods can be employed to manufacture glass fibre composite products, 

using different thermoset and thermoplastic resins as the matrix material. The type of 

reinforcement, resin used and method of manufacture are inter-related and are determined by 

the end product and its application. 

 

2.2 Composites Manufacturing Methods 
Some of the methods of manufacturing GFRP composite products are outlined in this section. 

Pultrusion is a technique that can be applied to manufacturing composites with both thermoset 

and thermoplastic resins. A schematic of this process is shown in Figure 2.1. In this process, 

fibres and matrix materials are pulled through a tool that is designed for the final cross-

sectional shape of the product. This system is suitable for manufacture of long or continuous 

lengths of product. In the case of thermosets, the fibres are immersed in a resin bath prior to 

being pulled through the tool. For thermoplastic pultrusion long fibre reinforcements that are 

preimpregnated with resin or dragged through a polymer powder bed are used. This system 

has a pre-heater and a heated tool to enable curing of the resin.

 7
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Figure 2.1: Schematic of pultrusion for (a) thermosets, and (b) thermoplastics (from Advani 

and Sozer, 2003). 

 

Filament winding is another method in composites manufacturing that can be utilised with 

both thermoset and thermoplastic polymers. A schematic representation of this process is 

shown in Figure 2.2. This technique is suitable for making cylindrical or other products that 

can be rotated about a central axis. In this process a filament that has been wetted out by a 

resin or preimpregnated reinforcement tape is wound onto a rotating mandrel. The angle of 

winding of the fibre can be controlled by adjusting the movement of the carriage and the 

speed of rotation of the mandrel. A heating system is included in the process for thermoplastic 

polymers while curing in an autoclave after winding is necessary for thermosets.  

 

 
Figure 2.2: Schematic drawing of filament winding process (from Mazumdar, 2002). 

 

Resin Transfer Moulding (RTM) is commonly used with long fibre reinforcements and 

thermoset resins. This method is shown schematically in Figure 2.3.  
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Figure 2.3: Schematic of Resin Transfer Moulding (from Advani and Sozer, 2003). 

 

Two rigid mould halves enclose the reinforcement that has been cut to the shape of the final 

part and has the required fibre content. The preform is compressed in the mould, following 

which resin is injected into it so that the compacted preform is infiltrated with resin, and any 

trapped air is expelled. In some cases there is a need to heat the mould to enable curing of the 

catalysed resin. The cure time varies depending on the part and the resin. When resin 

solidification is complete or nearly complete, the mould halves are separated and the part 

removed. Near net shape products with complex geometry and good surface finish can be 

manufactured by this process. Proper resin infiltration, curing, heat generated during curing 

(exothermic reactions) and thermal expansion and contraction of the mould are important 

issues with this process. A variation of RTM is Injection Compression Moulding (I/CM) 

wherein the preform is partially compacted and resin is then injected into the mould. Preform 

compression (to the required part thickness) is then continued with the resin inside the mould. 

This second compaction phase also squeezes the resin into the preform and facilitates proper 

infiltration. 

 

Vacuum Assisted Resin Transfer Moulding (VARTM) involves a single rigid mould piece 

(the bottom half) over which the preform is draped. A schematic diagram of this technique 

can be seen in Figure 2.4. 

 
Figure 2.4: Schematic drawing of VARTM (from Advani and Sozer, 2003). 
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A flexible bag covers the preform and is sealed over it using tacky tape. A vacuum pump is 

used to remove the air from within the enclosed mould. When sufficient vacuum pressure 

exists, resin from a resin pot is drawn into the mould and saturates the preform. The part is 

removed after curing of the resin. This method is suitable for large parts. However, the part 

thickness varies during resin infiltration, and the surface finish on the flexible bag side may 

not be good. VARTM is a labour-intensive technique. Resin flow through the thickness of the 

part can take a long time. A variation of VARTM is Seeman’s Composites Resin Infusion 

Moulding Process (SCRIMP) wherein a distribution medium is placed on top of the preform 

to speed up resin flow through the part thickness. 

 

2.3 Reinforcement Materials 
Reinforcement materials that were studied in this experimental programme are a Continuous 

Filament Random Mat (CFRM, 450 g/m2), a Chopped Strand Mat (CSM, 430 g/m2), a Plain 

Weave Fabric (PWF, 600 g/m2) and a Biaxial Stitched Fabric (BSF, 820 g/m2), all of which 

are high purity glass (E-Glass/Advantex®) fibre reinforcements. The specifications of the 

four reinforcing materials are given in Table 2.1, while photographs of these materials are 

presented in Figure 2.5. Details of the sample geometry and layups used in different types of 

experiments are given in the relevant sections. These four reinforcement structures were 

chosen due to their common use as preform materials and their very different architecture 

relative to one another. 

 

CFRM is generally formed by randomly laying out continuous filaments, each filament being 

composed of tens of individual glass fibres, to form a mat. It also contains a small quantity of 

binder to hold the fibres together and to help with resin compatibility. Continuous Filament 

Random Mats find application in the manufacture of electrical and non-electrical laminates, 

utilising compression moulding and pultrusion techniques. These products have good 

mechanical and electrical properties. Items such as ladder rails, rapid-transit third-rail covers 

and high-voltage transmission line equipment are manufactured1.  

 

CSM is formed by the random spraying of finite lengths of glass fibre strand, held together by 

a considerable amount of binder. Each strand contains tens of individual glass fibres. 

 
1 Owens Corning. (2007). Composite Materials and Solutions from Owens Corning. Retrieved 8 May 2007, from 
http://secure.owenscorning.net/  
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Chopped Strand Mats are used for contact moulding (hand lay-up) applications such as boats, 

surfboard panels and tanks.  

 

Table 2.1: Specifications of reinforcement materials 

  

Material Areal 
Density 
(g/m2) 

Material 
Details 

Manufacturer 
 

Supplier 
 

Continuous 
Filament 

Random Mat 
(CFRM) 

450 Filament is a bundle of Advantex® 
glass fibres. Single fibre diameter is 

18.5 – 19 microns. Roll width 130 cm. 

Owens 
Corning 

Product Code: 
M8610 

Aurora 
Glass 

Fibre New 
Zealand 

Chopped 
Strand Mat 

(CSM) 

430 (Measured: Filament length 37-38 
mm). 

Owens 
Corning 

Aurora 
Glass 

Fibre New 
Zealand 

Plain 
Weave 
Fabric 
(PWF) 

600 
(nominal) 

Input Material: 
Warp: 111A 1200 tex 
Weft: 111A 600 tex 

Tow count: 
Warp: 27 per 100 mm 

Weft: 22 x 2 per 100 mm 
Input material supplied by Owens 

Corning. Product 111A is a bundle of 
Advantex® glass fibres. Single fibre 

diameter is 18.5 – 19 microns. 
(Calculation: 1627 – 1743 fibres per 

tow. Observation: Gap of about 2 mm 
between tows in weft direction). 

Aurora Glass 
Fibre New 

Zealand 

Aurora 
Glass 

Fibre New 
Zealand 

Biaxial 
Stitched 
Fabric 
(BSF) 

820 (with 
stitching) 

Biaxial 0º/90º reinforcement. 
 0º: 405.2 g/m2; 90º: 399.4 g/m2.  
Tows compose of E-glass fibres. 

Epoxy-polyester finish, stitched, 14 
stitch rows per inch of roll width. Dry 

thickness 0.686 mm. 
(Estimation: 1000 – 1100 fibres per 

tow. 9-10 fibre bundles per inch of roll 
length. Observation: Gap of about 0.5 
mm between tows in 90º direction).  

Vectorply 
Corporation 

Product Code: 
E-LT 2400-

14P 

High 
Modulus 
(NZ) Ltd. 
Product 
Code: 

EB820-
1270 

The PWF reinforcement is made up of parallel bundles (or tows) of glass fibres in 

longitudinal (warp) and transverse (weft) directions, woven together. Single tows of 1200 tex 

(g/km length) in the warp direction and two tows of 600 tex each in the weft direction (run 

from opposite sides) were used to manufacture the fabric. Each tow contains hundreds of 

individual fibres. Some of the applications of PWF are in the manufacture of boat panels and 

printed circuit boards. 
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 (a)                                                                       (b) 

 

  

(c)

(d) 

 

(e)

Figure 2.5: Reinforcement material samples: (a) Continuous Filament Random Mat, (b) Plain 

Weave Fabric, (c) Chopped Strand Mat, (d) Biaxial Stitched Fabric (warp tows), and (e) 

Biaxial Stitched Fabric (weft tows). 
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BSF is also composed of tows that contain hundreds of fibres like PWF; however, the 

structure of the material is significantly different. Tows are laid side-by-side along the warp 

direction to form a layer of material. Another layer of material is formed by laying tows side-

by-side in the weft direction, on top of the row of tows in the warp direction. The two layers 

of tows are then stitched together to form a single ply of BSF reinforcement material. BSF 

provides increased fibre alignment, stiffness and strength to the laminate, while reducing its 

weight. The double layer structure of the reinforcement reduces the number of plies needed to 

achieve the required fibre volume fraction in the finished part, and saves on time and labour 

costs. This reinforcement material is employed in the manufacture of panels for trucks and 

trailers, boat hulls and wind mill blades.  

 

2.4 Research Survey 
This research has been concerned with furthering the understanding of compression 

deformation behaviour of different types of glass fibre reinforcements in composites 

manufacturing processes. The work has been organised into studying the viscoelastic 

behaviour of the reinforcing materials selected for this project, experimental work to 

investigate and understand the components of compression deformation, model stress 

relaxation under constant compressive strain, and study of the mechanisms of compression 

deformation using x-ray micro-computed tomography (micro-CT) and image analysis 

techniques. This review of literature encompasses research concerning these areas. 

 

A survey of published literature reveals good research covering many aspects of composites 

manufacturing. Research publications on composites using synthetic material fibrous 

reinforcements such as glass, Kevlar and Aramid, as well as carbon and natural materials such 

as plant and wood fibres can be found. There is also a large body of work concerning fibrous 

reinforcements that appear in textile composites literature. In addition, studies into the 

compression of soils have relevance to the investigation of fibrous reinforcement compaction 

behaviour. Therefore, it has been necessary for the sake of brevity to briefly touch on soil 

compression before review of other work which is of direct import to this research. The 

survey has been classified into different sections for convenience, although in some instances 

the reviewed work would rightly be in two or more sections. A full list of papers referred to 

for this research is given in Table 2.2 at the end of this chapter. No new references are 
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introduced in the remaining chapters, although it is necessary to refer to the work of other 

researchers from time-to-time. 

   

Compaction of soil occurs in civil engineering projects when it is used as fill material, under 

tractor wheels in agriculture, under roads and land beneath railway tracks. Soil compaction is 

the process of packing soil particles closer together, usually by mechanical means on site, 

applying the load for short durations of time. There is thus an increase in the dry density of 

the soil (Shroff and Shah, 2003). Compaction results in reduction of air voids in the soil, 

while there is little or no reduction in its water content. Soil consolidation, on the other hand, 

is gradual volume reduction due to prolonged loading while fluid (usually water) is drained 

from the soil. The degree of compaction depends upon the compactive effort, water content in 

the soil and soil grain size. Repeated compression increases the dry density of the soil. During 

the process of compaction air is expelled from the soil mass. At low moisture content, the 

water tends to keep the soil particles apart. As the moisture increases, there is a lubricating 

effect. There is an optimum level of moisture content, beyond which the water tends to push 

the soil particles apart, thus reducing dry density. Coarse-grain soils that are well-graded can 

be compressed more than fine-grain soils. The latter also have higher optimal moisture 

content because they need more water for lubrication owing to their greater surface area. 

Clays that are heavy can be compressed the least.  

 

Cyclic loading and repeated compaction influence soil compression behaviour, just as they do 

with fibrous reinforcements. Some effects and results of cyclic loading and repeated 

compression can be seen via three example research papers presented below. The 

compression of soil by repeated passes of a tractor wheel was studied by Abebe, Tanaka and 

Yamazaki (1989). They stated that often the same tractor would be used for different 

operational requirements. This meant that soils of different load bearing capacities would be 

repeatedly loaded with the same weight. This led to the creation of a dense layer within the 

soil, with poor hydraulic properties for agricultural use. It also caused a cyclic change in soil 

strength. They noted that the number of times a wheel passes over a soil and the load applied 

on it are independent variables that affect the compression behaviour of the soil. The first 

three passes of a loaded wheel and the strength of soil compression within a depth of 120 mm 

are significant factors. The effect of repeatedly driving an agriculture tractor on the same soil 

was also investigated by Pytka (2005). He studied the stress and deformation of a soil that had 

a tractor driven over it at slow speed (5 km/h) many times. Both stress and soil deformation 



Chapter 2: Literature Review 
 

 15

increased as the number of tractor passes increased but the maximum effect was seen in the 

first two passes. Two types of soils were thus tested – sandy and loess. Sandy soil had more 

increase in soil stress, as well as the higher peak stress. This soil also displayed more 

volumetric deformation and less shearing, compared to the loess soil. Sawicki and Swidzinski 

(1995) conducted cyclic compaction experiments on various particulate materials such as 

sand, lead shot, rice, wheat flour and bentonite. A specified vertical loading history was 

applied and the corresponding vertical deformation and compaction-induced lateral stresses 

were recorded. The maximum stress applied to the samples and the number of loading cycles 

were the important factors to influence the vertical compression response. The qualitative 

behaviour of these materials is similar to that of soils.  

 

It can thus be seen that there are many similarities between the compaction behaviour of soils 

and fibrous reinforcements. However, fundamental knowledge gathered from studies of soil 

compaction behaviour has been adopted into research concerning fibrous reinforcement 

compression. 

     

2.4.1 Compression of Random Fibre Assemblies 
One of the early researchers in the field of fibre compaction and deformation was van Wyk 

(1946). His work “Note on the Compressibility of Wool” is well known and is often cited by 

other researchers working in this area. van Wyk pointed out that compression and release of a 

wool fibre sample results in different loading and unloading paths, i.e. there is a hysteresis 

effect. In addition, repeated compression and release of the sample leads to the 

loading/unloading curve shifting with each cycle, finally reaching a steady state position. 

Assuming that compaction of a wool sample resulted in pure bending of fibres, he derived the 

following mathematical equation to relate the compression stress to the volume of fibres in 

the sample:  

⎟
⎠
⎞

⎜
⎝
⎛ −= 3

0
33

3 11
vv

KYmp
ρ

                      (2.1) 

K is a dimensionless constant to account for the mean distance between fibre contacts and 

various factors such as variations in fibre characteristics, element length, diameter and 

elasticity, p is the compression pressure, Y is the Young’s Modulus, m is the mass of the 

sample, ρ is the density of wool, v is the compressed fibre volume fraction, and v0 is the initial 

fibre volume fraction. Good agreement was found to exist in the final compression cycle. The 
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equation was suitable for moderate degrees of compression but needed to be modified for 

other regions of the cyclic loading and unloading curve.  

 

The period following van Wyk’s important work found research into fibre orientation and 

fibre-to-fibre contact in general fibre assemblies continue in the field of textiles. Stearn (1971) 

proposed a theory that provided a factor to modify the calculated number of fibre-to-fibre 

contacts in an anisotropic fibre mass. He found that the alignment of fibres (due to 

compression) increased the number of contacts. Dunlop (1983) extended the early work of 

van Wyk (1946). He reported that most compression curves depart substantially from van 

Wyk’s pressure – fibre volume equation. Determination of the magnitude of the constant K is 

not straight forward, and van Wyk’s theory does not account for variation in properties 

between different types of fibres (with varying compression characteristics). Dunlop also 

pointed out that non-recoverable strain occurs during initial compression of the sample, and 

that there is a mechanical hysteresis when a fibre mass is subjected to compression and 

release. These effects are not accounted for in van Wyk’s equation. Fibre slippages and 

friction were included in Dunlop’s work. These could be related to energy dissipation in 

hysteresis through viscous damping or friction loss. Dunlop introduced models containing 

non-linear springs (representing van Wyk’s fibre bending theory) and friction blocks to 

account for fibre slippage and friction, to improve upon van Wyk’s theory. 

 

Work on fibre-to-fibre contact and number of contact points in anisotropic fibre assemblies 

was also taken up by Komori and Makishima (1977, 1978). In their first paper they included 

changing fibre orientation during compression, and use of fibre orientation density functions. 

In their research cited second, a general formula for determining fibre orientation and length 

in arbitrarily crimped fibre assemblies was developed. Komori and Itoh (1991) built on earlier 

work (Komori and Makishima, 1977, 1978) by proposing a formula to describe the behaviour 

of a fibrous mass under compaction. The mass is treated as an assembly of individual fibre 

elements with their own bending behaviours. The stress-strain relationship and Poisson’s ratio 

are determined by the fibre orientation density, fibre length spatial density and fibre 

properties. Komori and Itoh (1994) later extended earlier work on fibre-to-fibre contact 

(Komori and Makishima, 1977) by defining a new characteristic fibre length called the 

persistent length and taking into consideration steric hindrances between fibres. Persistent 

length is the basic fibre segment that can be treated as an independent entity, while steric 

hindrance between fibres both reduces the chance of contact between fibres by restricting the 
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free fibre length and increases the possibility of contact by narrowing the free volume in the 

fibre mass where a new contact can be made. The total of these two opposing effects 

determines the probability of contact. 

 

Lee and Lee (1985) investigated compressional anisotropy in two fibre assemblies – 

uniaxially oriented and random. They did this by theoretically deriving an initial compression 

modulus and Poisson’s ratio of the fibre assembly in terms of the packing density and a 

direction density function of the constituent fibres. Compression experiments were conducted 

with different types of wool fibre samples and agreement was found with the derived 

equations. Lee continued his research into compression of random fibre assemblies by 

developing a mathematical theory (Lee and Carnaby, 1992a) to analyse the mechanism of 

compression of a random fibre assembly. An energy approach was adopted to relate the 

change in bending energy of fibre segments to the compressional strain and Poissson’s ratio 

of the fibre assembly. This theory was later evaluated experimentally (Lee, Carnaby and 

Tandon, 1992b) using New Zealand wools. Good agreement was found with the theory, 

except for fibre crimp. Compressional hysteresis of fibrous assemblies was also investigated 

by Carnaby and Pan (1989). They analysed large deformations to predict compaction 

response, in particular compression hysteresis. All fibre-to-fibre contact points were treated as 

either slipping or non-slipping, based on a criterion of critical slipping angle. The 

compressional modulus and Poisson’s ratio were derived and an iterative algorithm was 

developed to cope with large and non-linear deformations. Compression experiments were 

conducted on New Zealand wools with different fibre volume fractions. Compression 

hysteresis from experiments and theoretical predictions were compared and found to have 

acceptable concurrence.  

 

2.4.2 Compression Deformation Modelling 
One of the early researchers to work on modelling fibre reinforcement compaction 

deformation behaviour was Gutowski (1985). He proposed that consolidation of continuous 

fibre reinforcements results in elastic deformation of the fibres, with resin flow through the 

reinforcement medium being another important aspect of the process. This initial work was 

extended by Gutowski, Morigaki and Cai (1987a). They developed a mathematical model for 

one dimensional (i.e. through thickness) consolidation of the fibrous network based on beam 

bending theory, assuming the behaviour of the fibres to be deformable, non-linear elastic. 
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This was combined with three dimensional resin flow, based on Darcy’s Law for flow 

through an anisotropic medium. The model equation is as follows: 

( ) 4
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σ is the compaction stress carried by the fibres, As is a “spring constant”, Vf is the fibre 

volume fraction at any time, Vo is the intial fibre volume fraction and Va is the available fibre 

volume fraction (i.e. the maximum possible fibre volume fraction). This model took into 

account load sharing by fibres, which is particularly important at high fibre volume fractions. 

This work was followed by an experimental study by Gutowski et al. (1987b), wherein they 

reported the results of compression tests on aligned graphite fibre prepregs which were 

impregnated with constant viscosity oils. The fibres were wetted out by the oil but there was 

no excess oil in the compression mould, thus enabling the assumption of zero oil pressure in 

the calculations. They suggested another form of the equation for the compaction stress 

carried by the fibres, as follows: 
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4/3 βπEAs =                          (2.4) 

E is the bending stiffness of the fibre and β is the typical (span length)/(span height) for the 

fibre beam network. These experimental results confirmed the applicability of the present 

model, as did the one developed in their earlier work. However, the value of As will be 

different in the two models. The fibre network can be modelled as a non-linear elastic 

network as a first approximation. 

 

In a further study, Cai and Gutowski (1992) presented the viscoelastic behaviour of an 

aligned, lubricated fibre bundle subjected to a 3-D state of stress. They outlined three elastic 

material functions and two viscous material functions to define the response of the fibre 

bundle. Gutowski and Dillon (1992) tested this model against all available experimental data 

for the deformation behaviour of lubricated carbon fibre bundles. It was found that the test 

results, most of which was for transverse compression, showed wide scatter but could be 

brought together by shifting along the fibre volume fraction axis. They suggested that these 

shifts represented different states of the fibre bundle, and could be defined by one variable, 

the available fibre volume fraction, Va. All the data could be fitted to the model by only 

adjusting Va. Finally, a non-linear viscoelastic model to describe the time-dependent 

deformation behaviour of a fibre assembly including braided seals was suggested by Cai 
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(1995). Two non-linear springs and a non-linear dashpot comprised the model and were 

assumed to be functions of the fibre volume fraction. A series of stress relaxation experiments 

on braided seals were conducted to obtain general deformation solutions. The model was then 

applied analyse deformation response in creep and in other cases where compression stress or 

ramp displacement were the conditions. 

  

Lekakou, Johari and Bader (1996) built a viscoelastic compression deformation model for 

plain weave fibre cloths. It was assumed that the applied pressure creates non-linear elastic 

deformation in the reinforcement while its effect on the resin is viscous. The empirical 

constants in the equation describing the relationship between compression pressure and fibre 

volume fraction were determined by means of compression tests on plain weave fabric glass 

fibre reinforcements that were impregnated with a model liquid. The model was validated by 

the experiments.  

 

A three dimensional finite element numerical simulation code to take into account both resin 

flow and reinforcement compaction in Injection Compression Liquid Composite Moulding 

was developed by Pillai, Tucker and Phelan (2001). The 3-D mesh was generated from a 2-D 

shell mesh, with a coarser mesh for the reinforcement compression and a finer one for resin 

flow. A non-linear elastic constitutive equation was designed to describe the mechanical 

compression behaviour of the reinforcement. The model caters for both material and 

geometric nonlinearities.  

 

Breard, Henzel, Trochu and Gauvin (2003) investigated deformation of fibrous 

reinforcements in the second part of a two part work on analysis of dynamic resin flows 

through porous media. The first part highlighted the double scale nature of resin flow in 

fibrous reinforcements, i.e. macroscopically between fibre bundles and microscopically 

within fibre bundles. A deformation model for saturated fibrous reinforcements based on 

Kelvin-Voigt viscoelastic material was developed. The model was tested against experimental 

compaction and relaxation behaviours of random fibre mats and woven fabrics. The model 

took into account the double scale porous structure of the reinforcement by incorporating a 

two scale viscoelastic compression and relaxation. Good agreement between model and 

experimental results was found to exist.  

 

A viscoelastic model to characterise the compression deformation behaviour of fibrous 
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reinforcements in Liquid Composite Moulding processes was developed by Kelly, Umer and 

Bickerton (2006). A free spring in parallel with ‘N’ Maxwell elements was used to represent 

both compaction and relaxation phases. A series of compression tests were conducted with 

Continuous Filament Mat reinforcements in both dry and wet states. A model with one spring 

and a Maxwell element in parallel showed good agreement with experimental results.  

 

Chen and Chou (1999, 2000) conducted a theoretical study into the compaction of woven 

fabric preforms in LCM processes. The first paper considered the elastic deformation of a 

single layer of balanced orthogonal plain weave fabric. A 3D unit cell was proposed, and this, 

along with beam theory, was used to develop analytical expressions to describe the 

relationship between fibre volume fraction, compaction force and thickness reduction of the 

reinforcement. The thickness versus compression pressure curve was split into three regions 

(linear, non-linear and linear), and the study examined the third (last) region of this curve. The 

maximum possible fibre volume fraction was also predicted. This work was extended in the 

second paper to cover nesting in multi-layer woven fabric preforms. Analytical expressions 

were presented for the extreme cases – non-nesting and maximum nesting, while an empirical 

relationship was described for the general nesting case. Further model development in the 

form of a non-linear compaction model for resin transfer moulding was published by Chen, 

Cheng and Chou (2001b), wherein they suggested a physical constant termed “preform bulk 

compressibility” to relate applied pressure to preform bulk volume. Preform bulk 

compressibility is a function of fibre volume fraction and five other parameters. The model 

proposed relates the reinforcement thickness or fibre volume fraction to the applied pressure, 

and covers all three regions of the compaction curve, i.e. the whole compaction process. 

Experimental work with glass plain weave fabrics and non-woven unidirectional materials 

confirmed the applicability of the model.  

 

Incorporation of plastic (permanent) deformation of reinforcements in modelling was 

proposed by Comas-Cardona, Le Grognec, Binetruy and Krawczak (2007). They described a 

non-linear elastic-plastic model for the through thickness compaction of fibre preforms in 

LCM processes. The model can take into account large deformations in both dry and wet 

reinforcements. The plasticity of dry and wet reinforcements for the model was determined 

from experiments. It was assumed that the deformation was homogenous, which is acceptable 

for thin sections. Results of work on glass fibre reinforcements were presented and discussed.  
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Lomov and Verpoest (2000) developed a predictive mathematical model for compaction 

loading of woven reinforcements, based on the minimum energy principle. This model takes 

into account yarn compression and changes in yarn crimp under load, and geometrically 

describes the compacted fabric internal structure. The input information into the model is the 

weave structure, an algorithm written for the model, yarn geometrical and mechanical 

properties from manufacturers’ specifications and yarn mechanical behaviour in bending and 

compression measured on standard textile laboratory equipment. Experiments on glass 

rovings provided input data for the model, while the model itself was tested against 

experimental data for glass reinforcement fabrics. 

 

An energy minimisation numerical approach to modelling the dry compression response of 

textile fabrics was taken by Potluri and Sagar (2008). Non-linear yarn properties in bending 

and transverse compression were measured and used to calculate the energy contained within 

individual yarn segments. Experimental work on glass fibre single and multi-layer 2D and 3D 

fabric specimens compared well with model predictions.  

 

In summary, many models have been developed that provide reasonable to good 

representation in specific cases. However, these models do not generally include permanent 

deformation of the reinforcement, nor do they cover more general cases. Thus the 

applicability of the models discussed is limited to certain situations. 

    

2.4.3 Compression Deformation Experimental Work  
Several researchers have carried out experimental work on the compression behaviour of 

woven and non-woven fabrics, mats, textiles and geo-textiles. A selection of publications in 

this area is enumerated in generally a chronological order in this section. 

 

Experiments using a plain weave fabric (PWF) glass fibre reinforcement in Resin Transfer 

Moulding (RTM) were carried out by Pearce and Summerscales (1995). Load displacement 

curves for monotonic loading and graphs for load relaxation after repeated loading were 

plotted. The former were fitted to power-law relationships and the latter to exponential decay 

functions. From the tests, they found that the amount of relaxation is directly proportional to 

the increase in fibre volume fraction. Repeated loading to the same target load increased the 

fibre volume fraction. Craen, Grove and Summerscales (1998) built on the earlier work of 
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Pearce and Summerscales (1995), and conducted research with plain weave fabric (PWF) and 

biaxial stitched fabric (BSF) glass fibre reinforcements. Samples in both dry and wet states 

were subjected to repeated loading, simulating loads applied by vacuum pressure in the Resin 

Infusion under Flexible Tooling (RIFT) process. They reported that after a number of cycles 

of loading, higher fabric volume fraction was achieved with BSF compared to PWF, although 

the BSF had a higher areal weight. Overall thickness reduced with cyclic loading, with a 

higher proportion of thickness reduction occurring during the early cycles. 

 

Saunders, Lekakou and Bader (1998, 1999a, 1999b) continued the initial viscoelastic 

compression deformation model of Lekakou, Johari and Bader (1996) in the form of three 

publications. In the first of these, tests were conducted on dry and resin-impregnated PWF 

glass fibre reinforcement samples. The effect of various process parameters on the 

compaction response of the samples was studied. It was found that a power law relationship 

(with an index of about 10), existed between applied pressure and fibre volume fraction for 

sample assemblies containing 5, 10 and 20 layers of dry fabric. In addition, micro-structural 

analysis of specimens cured under compression was carried out. They reported that three 

modes of deformation were observed in these cured specimens – nesting of cloths, 

deformation of the yarn waveform, and deformation of the yarn cross-section. The second 

work extended the research conducted earlier by including a range of other glass fibre fabrics 

in addition to plain weave - a twill, a satin and a non-crimped stitch-bonded material, and 

three different types of resins. Twill weave samples were most difficult to compress, while 

plain weave were easiest to compact in the dry state due to nesting. Satin weaves achieved 

highest compaction in the wet state. Micro-structural studies indicated resin rich areas, pore 

structure and void details. The final paper developed a viscoelastic model for the compaction 

of a resin-impregnated plain weave, based on two compression speeds, compression 

hysteresis and pressure relaxation tests. Two different types of resins were used. The model 

takes into account elastic and viscoelastic effects due to both the fibre and resin flow.     

 

Robitaille and Gauvin (1998a, 1998b, 1999) published a comprehensive, three-part study on 

compaction of textile reinforcements for composites manufacturing. The first part is a review 

of experimental results on compaction and relaxation of random mats and woven 

reinforcements available at that time. The effects of various manufacturing parameters were 

investigated and some general trends were observed. The second paper contains the results of 

their own experimental work on three types of woven reinforcements which were compacted 
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both dry and wetted with water. Each loading cycle consisted of compaction, relaxation and 

load retrieval. The effects of various processing parameters on compression behaviour were 

investigated. The cycle number and compaction rate appeared to have the most effect on the 

compression and relaxation responses. Saturating the reinforcement with water affected the 

time-relaxation behaviour of the samples. The effects of reorganisation of the fibre network 

that occurs during compression could be seen in successive compression cycles while this is 

not so in the case of the reorganisation that takes place during relaxation. Experimental and 

theoretical works suggest that the two phenomena are different. The final part presents 

findings of their investigation into reorganisation of the fibre network. Fibre network 

rearrangement had a major influence on compression behaviour of glass fibre textile 

reinforcements. Regular variation in the structure of the sample (leading to the same pattern of 

change in the local fibre volume fraction) led to certain elements of mechanical behaviour of 

the specimens. Repeated compaction cycles reduced voids in the samples. The maximum 

fibre volume fraction reached during each cycle rose quickly in the first few compression 

phases, and became steadier after 10 cycles. The majority of fibre network reorganisation in 

glass fibre woven reinforcements occurred during these first few compaction cycles. It was 

also shown that the effect of friction at fibre-fibre contact points had an important effect on 

the reorganisation of the fibre assembly. In addition, the presence of a fluid in the 

reinforcement had significant effects on its compression response.       

 

An experimental and analytical study of compressibility and relaxation on dry reinforcements 

made of E-glass, graphite cloth, mat, unidirectional material and combinations of two 

different fibre orientations was carried out by Kim, McCarthy and Fanucci (1991). They 

found that random mats and 0°/90° cloth showed much more stress relaxation, compared to 

unidirectional fibres, thus highlighting that relaxation decreases with fibre alignment. Their 

stress relaxation data provided a very good fit with a Maxwell-Wiechert viscoelastic model 

which is five Maxwell elements in parallel.  

 

Luo and Verpoest (1999) conducted experiments on the dry compaction and relaxation of a 

sandwich fabric termed Multimat® which consisted of a weft knit and a random mat, as well 

as on the individual materials themselves, and a plain weave (for comparison). Fabric stiffness 

and volumetric dissipation energy were used to explain stress relaxation. A power law 

relationship was used to fit the compaction stress – fibre volume fraction compression curves, 

and these were in accordance with the clamping pressure determined from the tests. A model 
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was developed to relate the compressibility of Multimat® to that of its constituents.  

 

Experimental research by Binding, Fisher and Jones (2000) was carried out to study the 

compression behaviour of thermoset fibrous materials. They investigated the compaction 

response of some continuous carbon fibre-reinforced materials, both dry and pre-impregnated, 

and observed significant elastic recovery on removal of the compression load. It was 

suggested that this could be a source of distortion and residual stresses after curing of the 

composite.  

 

Chen, Lang and Chou (2001a) presented experimental and theoretical work on the 

compression behaviour of three types of preforms – continuous strand mats, plain weave 

fabric and unidirectional knitted materials. A TekScan system was used to measure contact 

pressure between adjacent layers of material in the sample during the compaction tests. These 

measured pressure distributions were then applied to improve the then existing compaction 

model of a single layer plain weave fabric by using three different pressure distribution 

profiles - uniform, linear and sinusoidal inter-layer. 

 

A study of the compression behaviour of fibre reinforcements by Batch, Cumiskey and 

Macosko (2002) comprised of experiments on a series of woven roving mats, random fibre 

mats, uniaxial and biaxial roving mats, and loose fibre rovings for pultrusion. Combinations 

of different types of reinforcements were also tested. In each case, compression stress was 

plotted against fibre volume fraction. A mathematical model based on fibre bending was also 

developed. The model (which was based on individual materials) could be applied to predict 

the average fibre volume fraction in combinations of reinforcements. In this case, the model 

assumed there was no interaction between layers while in reality higher average fibre volume 

fractions than those predicted by the model were achieved, indicating an efficient packing of 

different types of reinforcements.  

 

Liu, Falzon, Sweeting and Paton (2004) studied the compressibility and radial flow of resin in 

three different types of non-crimp fibreglass fabrics. The samples were composed of layers of 

material of the same type, or of different types, the latter being termed “hybrids”. They 

showed that the effective compressibility of a hybrid reinforcement is mainly dependent on 

the compressibility and amount of material of the constituent fabrics in the sample. A formula 

was derived to determine the effective compressibility of a hybrid from that of the constituent 
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fabrics. A power law model was fitted to the compaction test results of the hybrid specimens, 

and this could also be used to determine the compressibility of hybrids.  

 

The compression behaviour of carbon and fibreglass plain weave fabric specimens under 

static and vibration loads was investigated by Kruckenberg, Ye and Paton (2008). The 

influence of number of plies in the specimen, low viscosity lubrication and relaxation were 

studied in the static compaction tests. The compression behaviour of both materials followed 

a power law model, while the resulting fibre volume fraction and relaxation both increased 

with lubrication and the number of plies. Microstructure analysis showed significant 

differences between the samples subjected to static and vibration loads. 

 

To conclude, the experimental works discussed in this section have covered a wide variety of 

scenarios but have not really investigated in detail permanent deformation of the 

reinforcement in composites manufacturing. 

 

2.4.4 Micromechanics of Compression Deformation 
This section reviews some of the published work into investigation of compression 

deformation at the level of tows and fibres. Simacek and Karbhari (1996) investigated the 

micromechanics of tow deformation in compaction of dry 0°/90° knit (non-woven) and E-

Glass plain weave fabric preform compression in RTM, with the aim of being able to 

incorporate this model into a fabric deformation model later. They modified existing 

equations to include shear deformation, making them more realistic representations of 

practical situations. It was shown that simple analytical modelling could provide estimates of 

shearing behaviour, which was not available from experiments. They observed similarities 

(and some differences) with metal plasticity.  

 

Knight, Backes and Jayaraman (1996) conducted compression experiments on glass fibre 

mats with a thermoplastic polyester binder over a range of temperatures and compression 

speeds. They employed scanning electron microscopy to study the deformation of tows after 

compaction, and noted tows flattening more under compaction at higher temperatures and 

slower speeds. The effect of binder on compression behaviour was also investigated by them. 

They observed the flow of binder along gaps within tows which were created due to 

compaction. The redistribution of binder due to compression facilitated further compression 
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of the reinforcement. Binder viscosity had a significant effect on compaction behaviour.  

 

Chen, Ye and Kruckenberg (2006a) studied the elastic compaction response of a single layer 

woven fabric reinforcement by means of a micromechanical model developed by them. The 

model considers the compression of the yarn cross-section at the micro level, and the bending 

of yarn and flattening of the yarn waviness at the macro level. They reported that the 

compression response of the single layer woven reinforcement is influenced by the fibre 

bending stiffness and the original fibre volume fraction of the yarn. The model can be applied 

to woven fabrics of different architecture, and showed reasonable comparison with 

experimental results for the compaction of a plain weave E-glass fabric. This work was 

extended to multilayer reinforcements by Chen and Ye (2006b). In this case, nesting between 

consecutive layers and inter-layer packing add to the complex mix of factors that affect 

compression behaviour. These factors were incorporated into the earlier predictive model 

which considered yarn cross-sectional deformation, yarn bending and flattening of the yarn 

waveform. The compression response of multilayer plain weave fabric reinforcements was 

significantly affected by the number of plies in the specimen and by shifting. They found that 

nesting increased as the number of layers in the sample increased. Model predictions were 

shown to match well with test results.  

 

2.4.5 Application of X-Ray Micro-Computed 
Tomography to Compression Deformation 
Parnas, Wevers and Verpoest (2003) employed x-ray micro-computed tomography technique 

to obtain 3D image data of a sample volume of a laminate manufactured using a multilayer 

2D woven glass fabric. They first obtained data on 2D warp yarn segments in individual 

images and then the 2D yarns were correlated from image to image in order to identify 3D 

warp yarn structures. However, they had to make considerable use of image analysis work in 

order to obtain the required information. This was due to low contrast between the 

reinforcement and matrix components of the laminate, and the low signal-to-noise ratio.  

 

The application of x-ray micro-computerised tomography (micro-CT) to the study of fibre 

composites was also demonstrated by Shen, Nutt and Hull (2004). They employed this non-

destructive imaging technique to study fibre length and orientation distributions in a 

composite, factors that influence the behaviour of the finished product. A specimen short 
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fibre-reinforced polymer foam composite was analysed using this method, and both 2D and 

3D images were generated. Image analysis software was used to observe individual fibres and 

to compute and quantify fibre length and distribution data. Processing effects on material 

structure could be observed, e.g. fibre breakage during foam expansion.  

 

Another work to explore the application of x-ray micro-CT to the study of microstructure of 

3D textile was carried out by Desplentere et al. (2005). They used this method to characterise 

the microstructural variation of four different 3D textile fabrics. The measured parameters 

such as yarn thickness, width and spacing compared reasonably well to those obtained from 

optical micrographs of the same textiles. They noted large micro-structural variations within a 

given fabric, and estimated the effect of variability of fabric internal geometry on the 

mechanical properties of the finished product by means of a micro-mechanical model.  

 

Schell, Renggli, van Lenthe, Muller and Ermanni (2006) employed the micro-computed 

tomography method to study the geometry of fibre bundles and voids in glass fibre reinforced 

polymer composites. Individual bundles and voids between bundles could be visualised. A 

contrast agent was added to the resin to enable detection of the voids. The contrast between 

glass, resin and voids was good. 



 

Table 2.2: Summary of papers reviewed 

Author(s) Year Summary of Work 

Compression of Random Fibre Assemblies 

van Wyk, C. M. 1946 Equation relating compression pressure to fibre volume, assuming pure fibre bending. Compression and 

release of a wool fibre sample results in different loading and unloading paths, i.e. there is a hysteresis effect. 

Repeated compression and release of the sample leads to the loading/unloading curve shifting with each 

cycle, finally reaching a steady state position. 

Stearn, A. E. 1971 Theory that provided a factor to modify the calculated number of fibre-to-fibre contacts in an anisotropic 

fibre mass. Found that the alignment of fibres increased the number of contacts. 

Dunlop, J. I. 1983 Reported on deficiencies in van Wyk’s equation, and tried to rectify them. Considered fibre slippage and 

friction, and introduced models with non-linear springs (van Wyk’s fibre bending) and friction blocks to 

include fibre slippage and friction, and thus improve upon van Wyk’s equation. 

Komori, T., & Makishima, 

K. 

1977 Included changing fibre orientation during compression, and use of fibre orientation density functions.  

Komori, T., & Makishima, 

K. 

1978 A general formula for determining fibre orientation and length in arbitrarily crimped fibre assemblies. 

Komori, T., & Itoh, M. 1991 Formula to describe the mechanics of a fibre mass under compression. The stress-strain relationship and 

Poisson’s ratio were determined by the fibre orientation density, fibre length spatial density and fibre 

properties. 
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Komori, T., & Itoh, M. 1994 Theory of fibre contact in general fibre assemblies. Defined a new characteristic fibre length called persistent 

length and took into consideration steric hindrances between fibres. Steric hindrances between fibres 

determine the probability of a new contact being established. 

Lee, D. H., & Lee, J. K. 1985 Investigated compressional anisotropy. Derived an initial compression modulus and Poisson’s ratio of the 

fibre assembly in terms of packing density and a direction density function of the constituent fibres. 

Lee, D. H., & Carnaby, G. A. 1992a Proposed a theory that considers the change in bending energy of fibre segments due to compression, in 

terms of compressional strain and Poissson’s ratio of the fibre assembly. 

Lee, D. H., Carnaby, G. A., 

& Tandon, S. K. 

1992bMethod to evaluate earlier theory (Lee and Carnaby, 1992a), based on the energy minimisation principle. 

Technique was tested on New Zealand wool, and good agreement was found between computed and 

experimental results, except for fibre crimp. 

Carnaby, G. A., & Pan, N. 1989 Investigated compression hysteresis of fibrous assemblies. Analysed large deformations to predict 

compressional behaviour. All fibre-to-fibre contact points were treated as either slipping or non-slipping. The 

compressional modulus and Poisson’s ratio were derived and an iterative algorithm developed to cope with 

large and non-linear deformations. 

Compression Deformation Modelling 

Gutowski, T. G. 1985 Proposed that compression of continuous fibre reinforcements results in elastic deformation of the fibres, 

with resin flow through the reinforcement medium being another important aspect of the process. 

Gutowski, T. G., Morigaki, 

T., & Cai, Z. 

1987a Mathematical model for one dimensional (i.e. through thickness) consolidation of the fibrous network, 

assuming its behaviour to be deformable, non-linear elastic. This was combined with three dimensional resin 

flow, based on Darcy’s Law for flow through an anisotropic medium.  
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Gutowski, T. G. et al. 1987bConsolidation experiments on aligned graphite fibre prepregs which were impregnated with constant 

viscosity oils but with no excess oil in the compression mould (zero oil pressure). The results confirmed the 

applicability of the model developed in their earlier work. 

Cai, Z., & Gutowski, T. 1992 Deformation behaviour of an aligned, lubricated fibre bundle subjected to a general 3D state of stress. They 

outlined three elastic material functions and two viscous material functions to define the response of the fibre 

bundle. 

Gutowski, T. G., & Dillon, 

G. 

1992 Tested earlier model (Cai & Gutowski, 1992) against available experimental data. It was found that the test 

results showed wide scatter but could be brought together by shifting along the fibre volume fraction axis. 

They suggested that these shifts represented different states of the fibre bundle, and could be represented in 

the model by a new variable, the available fibre volume fraction, Va. 

Cai, Z. 1995 A modified nonlinear viscoelastic model to describe the time-dependent deformation behaviour of a fibre 

assembly including braided seals. Based on the standard solid model but modified to contain three non-linear 

spring and damper elements.  

Lekakou, C., Johari, M. A. 

K. B., & Bader, M. G. 

1996 Viscoelastic compression deformation model for PWF glass fibre reinforcements. It was assumed that the 

fibre reinforcements deformed elastically under the compression pressure, while the effect of the latter on the 

resin was viscous in nature. Model validated by experiments. 

Pillai, K. M., Tucker, C. L., 

& Phelan, F. R. 

2001 Compression of dry preforms in injection/compression liquid composite moulding is addressed. A non-linear 

elastic constitutive equation was designed to describe the mechanical compression behaviour of the 

reinforcement. The model caters for both material and geometric nonlinearities. 
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Breard, J., Henzel, Y., 

Trochu, F., & Gauvin, R. 

2003 Physical model based on Kelvin-Voigt viscoelastic material model was proposed to describe dynamic 

compression and relaxation behaviours of saturated fibrous reinforcements. Good agreement with 

experimental results was found to exist. 

Kelly, P. A., Umer, R., & 

Bickerton, S. 

2006 Characterised the compression deformation behaviour of dry and resin impregnated fibrous reinforcements in 

Liquid Composite Moulding processes and developed a model incorporating the observed viscoelastic 

response of both dry and wet preforms in compaction and relaxation phases. The model developed showed 

good agreement with the results of those experiments. The aim was to incorporate this model in full 

simulation models of LCM processes. 

Chen, B., & Chou, T.-W. 1999 Study of elastic deformation of single layer plain weave fabric preforms during compaction in liquid 

composite moulding processes. A 3D model of the unit cell was proposed, and this, along with beam theory, 

was used to develop analytical expressions to describe the relationships between fibre volume fraction, 

compaction force and preform thickness reduction. 

Chen, B., & Chou, T.-W. 2000 Nesting and elastic deformation during compaction of multilayer preforms were analysed. A 3D model of the 

unit cell was proposed, and this, along with beam theory, was used to develop analytical expressions to 

describe the relationships between fibre volume fraction, compaction force and preform thickness reduction. 

Chen, B., Cheng, A. H.-D., 

& Chou, T-W. 

2001bModel for predicting non-linear compaction of fibrous reinforcements in resin transfer moulding was 

developed. Proposed a physical constant termed “preform bulk compressibility” to relate applied pressure to 

preform bulk volume. Experimental work with plain weave and non-woven unidirectional materials 

confirmed the applicability of the model. 
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Comas-Cardona, S., Le 

Grognec, P., Binetruy, C., & 

Krawczak, P. 

2007 Described a non-linear elastic-plastic model for the through thickness compaction of fibre preforms in LCM 

processes. Proposed a method to measure plasticity of dry and resin impregnated reinforcements. Results of 

work on glass fibre preforms was presented and discussed. 

Lomov, S. V., & Verpoest, I. 2000 Predictive mathematical model for compaction loading of woven reinforcements was developed. This model 

takes into account yarn compression and changes in yarn crimp under load. Experiments on glass rovings 

provided input data for the model, while the model itself was tested against experimental data for glass 

reinforcement. 

Potluri, P., & Sagar, T. V. 2008 Energy minimisation approach to modelling the dry compression response of textile fabrics was adopted. 

Yarn properties in bending and compression were measured and used to calculate the energy contained 

within individual yarn segments. Experimental work on single and multi-layer 2D and 3D fabric specimens 

compared well with model predictions.        

Compression Deformation Experimental Work 

Pearce, N., & Summerscales, 

J. 

1995 Experiments to determine load required to compact PWF glass fibre reinforcement in RTM process. Loading 

cycle curves were fitted to power law relationships while relaxation cycles were fitted to exponential decay 

functions.  

Craen, J. A., Grove, S. M., & 

Summerscales, J. 

1998 Dry and wet PWF and BSF glass fibre reinforcement samples were subjected to repeated loading at loads 

equivalent to those applied by vacuum pressure in the Resin Infusion under Flexible Tooling (RIFT) process. 

Overall thickness reduced with cyclic loading, with significant compaction occurring in the first quarter of 

the cycle time chosen. It may be possible to predict the laminate thickness within controlled RIFT processes. 
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Saunders, R. A., Lekakou, 

C., & Bader, M. G. 

1998 A series compression tests were conducted on dry and resin-impregnated PWF glass fibre reinforcement 

samples. The effect of various process parameters on the compaction response of the samples was studied. It 

was found that a power law relationship (with an index of about 10), existed between applied pressure and 

fibre volume fraction for sample assemblies containing 5, 10 and 20 layers of fabric. In addition, micro-

structural analysis of specimens cured under compression was carried out. They reported that three modes of 

deformation were observed in these specimens – nesting of cloths, deformation of the yarn waveform, and 

deformation of the yarn cross-section. 

Saunders, R. A., Lekakou, 

C., & Bader, M. G. 

1999a Compression tests on a range of glass fibre fabrics were carried out on both dry and wet specimens, three 

different types of resins being used in the latter case. The effects of a number of manufacturing and 

processing parameters on the compaction response were investigated. Micro-structural studies indicated resin 

rich areas, pore structure and void details. 

Saunders, R. A., Lekakou, 

C., & Bader, M. G. 

1999bExperimental investigation of the compaction of a resin-impregnated plain weave, based on two compression 

speeds, compression hysteresis and pressure relaxation tests. Two different types of resins were used. A 

viscoelastic model that takes into account elastic and viscoelastic effects from the fibre network and viscous 

and elastic effects from the resin flow was developed.     

Robitaille, F., & Gauvin, R. 1998a Review of experimental results on compaction and relaxation of random mats and woven reinforcements 

available at that time. Some general trends were observed and the effects of various processing parameters 

noted. 
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Robitaille, F., & Gauvin, R. 1998bReported experimental work with three types of woven reinforcements in which half the trials of compaction 

when saturated with water while the remaining trials were of relaxation responses. Reorganisation of the 

fibre network that occurs during compression had a different effect on successive compression cycles than 

the fibre network reorganisation during relaxation. 

Robitaille, F., & Gauvin, R. 1999 Investigation into reorganisation of the fibre network. Repeated compaction cycles reduced voids in the 

samples. Maximum fibre volume fraction reached during each cycle was seen to increase quickly within the 

first few cycles, and became more stable after 10 cycles. The majority of fibre network reorganisation 

occurred during this period. It was also shown that the effect of friction at fibre-fibre contact points had an 

important effect on the reorganisation of the fibre assembly.        

Kim, Y. R., McCarthy, S. P., 

& Fanucci, J. P. 

1991 An experimental and analytical study of compressibility and relaxation on dry reinforcements made of E-

glass, graphite cloth, mat, unidirectional material and combinations of two different fibre orientations. They 

found that random mats and 0°/90° cloth showed much more stress relaxation, compared to unidirectional 

fibres, thus highlighting the dependence of relaxation on fibre alignment. Their stress relaxation data 

provided a very good fit with a Maxwell-Wiechert viscoelastic model. 

Luo, Y, & Verpoest, I. 1999 Experiments on the dry compaction and relaxation of a sandwich fabric termed Multimat® which consisted 

of a weft knit and a random mat, as well as on the individual materials themselves, and a plain weave (for 

comparison). Fabric stiffness and volumetric dissipation energy were used to explain stress relaxation. A 

power law relationship was used to fit the compaction stress – fibre volume fraction compression curves, and 

these were in accordance with the clamping pressure determined from the tests. A model was developed to 

relate the compressibility of Multimat® to that of its constituents. 
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Binding, D. M., Fisher, K., & 

Jones, R. S. 

2000 Conducted compaction experiments on thermoset continuous carbon fibre-reinforced fabric materials, and 

observed significant elastic recovery on removal of the compression load. It was suggested that this could 

cause distortion and residual stresses after curing of the composite. 

Chen, B., Lang, E. J., & 

Chou, T-W. 

2001a Experimental and theoretical work on the compression behaviour of three types of preforms – continuous 

strand mats, plain weave fabric and unidirectional knitted materials. A TekScan system was used to measure 

contact pressure between adjacent layers of material in the sample during the compaction tests. These 

measured pressure distributions were then applied to improve the existing compaction model. 

Batch, G. L., Cumiskey, S., 

& Macosko, C. W. 

2002 Compression experiments on a series of woven roving mats, random fibre mats, uniaxial and biaxial roving 

mats, and loose fibre rovings for pultrusion were carried out. Combinations of different types of 

reinforcements were also tested. A mathematical model based on fibre bending was developed. The model 

(which was based on individual materials) could be applied to predict the average fibre volume fraction in 

combinations of reinforcements. The model assumed there was no interaction between layers while in reality 

higher average fibre volume fractions than those predicted by the model were achieved, indicating an 

efficient packing of different types of reinforcements.  

Liu, X. L., Falzon, P. J., 

Sweeting, R., & Paton, R. 

2004 Studied the compressibility and radial flow of resin in three different types of non-crimp fibreglass fabrics. 

The samples were composed of layers of material of the same type, or of different types, the latter being 

termed “hybrids”. Showed that the compressibility of a hybrid reinforcement is mainly dependent on the 

compressibility and amount of material of the constituent fabrics in the sample. A formula was derived to 

determine this from tests on the constituent fabrics. A power law model was fitted to the compaction results 

of the hybrid specimens, and could also be used to determine the compressibility of hybrids. 
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Kruckenberg, T., Ye, L., & 

Paton, R. 

2008 Static and vibration compression behaviour of carbon and fibreglass plain weave fabrics was studied. The 

effects of different parameters were investigated. Both final fibre volume fraction and relaxation increased 

with number of layers in the specimen. Vibration compression resulted in higher fibre volume fraction 

compared to static compression, for the same applied pressure. This was attributed to increased spreading of 

yarns and greater packing of fibres in yarns. 

 
Micromechanics of Compression Deformation 

Simacek, P., & Karbhari, V. M. 1996 Investigated the micromechanics of tow deformation in dry preform compaction, and developed a 

constitutive equation for tow deformation. They modified existing equations to include shear deformation, 

making them more realistic representations of practical situations. It was shown that simple analytical 

modelling could provide estimates of shearing behaviour, which was not available from experiments. They 

observed similarities (and some differences) with metal plasticity. 

Knight, J. C., Backes, D., & 

Jayaraman, K. 

1996 Compression experiments on glass fibre mats over a range of temperatures and compression speeds. 

Employed scanning electron microscopy to study the deformation of tows after compaction, and noted 

tows flattening more under compaction at higher temperatures and slower speeds. Observed the flow of 

binder along gaps within tows which were created due to compaction. The redistribution of binder due to 

compression facilitated further compression of the reinforcement. Binder viscosity had a significant effect 

on compaction behaviour. 
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Chen, Z.-R., Ye, L., & 

Kruckenberg, T. 

2006aStudied the elastic compaction response of a single layer woven fabric reinforcement by means of a 

micromechanical model developed by them. The model considers the compression of the yarn cross-

section at the micro level, and the bending of yarn and flattening of the yarn waviness at the macro level, 

which are two influential effects on the compression behaviour of the preform. Reported that the 

compression response of the single layer woven reinforcement is also influenced by the fibre bending 

stiffness and the original fibre volume fraction of the yarn. The model can be applied to woven fabrics of 

different architecture, and showed reasonable comparison with experimental results for the compaction of 

a plain weave E-glass fabric. 

Chen, Z.-R., & Ye, L. 2006bMicromechanical compaction model for multilayer woven fabric preform. Nesting between consecutive 

layers and inter-layer packing add to the complex mix of factors that affect compression behaviour. These 

factors were incorporated into the earlier predictive model which considered yarn cross-sectional 

deformation, yarn bending and flattening of the yarn waveform. They found that nesting increased as the 

number of layers in the sample increased. Model predictions were shown to match well with test results.     

Application of X-Ray Micro-Computed Tomography to Compression Deformation 

Parnas, R. S., Wevers, M., & 

Verpoest, I. 

2003 Employed x-ray micro-computed tomography technique to obtain 3D image data of a sample volume of 

woven glass fabric laminate. Extensive image analysis work was needed to obtain yarn structure was due 

to low contrast between the reinforcement and matrix components of the laminate, and low signal-to-noise 

ratio. 
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Shen, H., Nutt, S., & Hull, D. 2004 Application of micro-computerised tomography (micro-CT) to the study of fibre composites was 

demonstrated. A specimen short fibre-reinforced polymer foam composite was analysed using this method, 

and both 2D and 3D images were generated. Image analysis software was used to observe individual fibres 

and to compute and quantify fibre length and orientation distributions, factors that influence the behaviour 

of the finished product.  

Desplentere, F. et al. 2005 Explored the application of x-ray CT to the study of microstructure of 3D textile. Used this method to 

characterise the microstructural variation of four different 3D textile fabrics. The measured parameters 

such as yarn thickness, width and spacing compared reasonably well to those obtained from optical 

micrographs of the same textiles. Estimated the effect of fabric internal geometry on the mechanical 

properties of the finished product by means of a micro-mechanical model. 

Schell, J. S. U., Renggli, M., 

van Lenthe, G. H., Muller, R., 

& Ermanni, P. 

2006 Evaluated the use of micro-CT as a technique to investigate the geometry of fibre bundles and voids in 

parts made of glass fibre reinforced polymers. The resolution used enabled the visualisation of separate 

fibre bundles and of voids between bundles. 

Other References 

Kothari, V. K., & Das, A. 1992 Compressional and recovery behaviour of non-woven geo-textile fabrics can be described with the help of 

two parameters, α and β. Compressibility and percentage energy loss are dependent on fabric porosity, 

bonding and fibre characteristics. Cyclic loading leads to reduced compressibility and energy loss, rapidly 

at first and then slowly, finally reaching a steady state. 
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Kothari, V. K., & Das, A. 1994 Studied the change in compressional behaviour of spun-bonded non-woven fabrics under dynamic loading. 

In geo-textile applications, such fabrics are used under roads and railway tracks. Once again, fabric 

compressibility and percentage reduction in fabric thickness reduce as the number of dynamic loading 

cycles increase. 

Falzon, P. J., Herszberg, I., & 

Karbhari, V. M. 

1996 Model to predict the effect of compaction on the strength and stiffness of plain weave fabric composites. 

This model extended a previous model, a point-wise lamination method based on classical laminate theory. 

Values predicted by the model compared reasonably well with experimental and analytical results. 

Servais, C., Michaud, V., & 

Manson, J.-A. E. 

2001 Work on the packing stress of impregnated fibre mats. Found that different mechanisms such as in-plane 

bending of fibre bundles, compression of fibres within a bundle, and buckling, slipping or breakage of out-

of-plane fibres occur simultaneously. 

Rozant, O., Michaud, V., 

Bourban, P.-E., & Manson, J.-

A. E. 

2001 Consolidation of thermoplastic composites with a warp-knitted reinforcement, and development of a 

model to describe it. They reported good comparison between predicted and experimental values in cases 

where local compression of bundles took place. The externally applied stress is mainly resisted by the 

viscous stress of the fibre network. 

Michaud, V., Tornqvist, R., & 

Manson, J.-A. E. 

2001 Considerable compaction of the fibre mat could occur during resin impregnation, while stress relaxation 

happens afterwards over a much longer time span. Micro-impregnation of resin into fibre bundles occurs 

after macro-impregnation of the reinforcement fabric. 

Hammami, A. 2001 Researched the effect of the flow enhancement layers on the overall compression behaviour of preform 

assemblies in the Vacuum Infusion Moulding process. He found that placing this layer inside the 

reinforcement has a direct influence on its overall compaction response.  
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Norman, D. A, Kim, J.-H., & 

Robertson, R. E. 

2001 Friction between a plain weave glass fabric preform and its containing compaction fixture was studied, and 

a model to describe it was built. It was reported that the preforms displayed deformation proportional to 

the load, upto a maximum elastic stress, beyond which the structural properties of the preform are 

compromised. Fabrics with fibres aligned to the load displayed superior resistance to deformation while in 

other cases a scissoring effect was noticed, with considerable deformation at low loads as well. 

Huang, W., & Ghosh, T. K. 2002 Developed an online system to characterise the compaction response of fabrics. A pair of rollers was 

employed to apply a controllable nip to a moving fabric. The compaction force thus generated and the 

corresponding displacement were continuously recorded. The effects of various system parameters on the 

system were considered. Many woven and non-woven fabrics as well as other commercially available 

fabric compaction testers were analysed. Good comparison was found to exist between results obtained 

from the online system and those from commercial systems. 

Lomov, S. V., Verpoest, I., 

Peeters, T., Roose, D., & Zako, 

M. 

2003 Researched the nesting of preforms in textile composites using a 3D geometric model of the fabric. A 

number of fabric parameters were varied, and the Monte Carlo method was employed to investigate the 

effects of these parameters. Found that nesting increased with reduced fabric tightness in woven fabrics, 

while it is determined by the stitching pattern in non-crimp stitched fabrics. Nesting caused an increase in 

fibre volume fraction for the same compression stress, as the number of layers in the preform increased. 

The model could be applied to a number of fabrics.  

Penneru, A. P., Jayaraman, K., 

& Bhattacharyya, D. 

2006 Viscoelastic stress relaxation model for wood. This is a three component model, with one Maxwell 

element and a spring in parallel to the Maxwell element. The moisture content and the amount of 

compaction were varied in the experiments. Reasonably good predictions were obtained by the application 

of this model.  
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Sajn, D., Gersak, J., & Flajs, R. 2006 Studied stress relaxation in fabrics with increased elasticity. Applied existing models to the investigation, 

and reported that it is difficult to predict long term stress response from model built with shorter time 

experimental data. Found that employing models with higher number of components gave better curve fits 

but produced more local minima values, making determination of the global minimum difficult. 

Floeck, M., Stadtfeld, H. C., 

Mitschang, P., & Bickerton, S. 

2006 Investigated influence of stitching techniques on the compression and relaxation response of glass fabrics. 

They found that there was no difference between single-stage and multi-stage compression. The presence 

of stitching causes an increase in the compaction load needed due to the thread also having to be 

compressed. High thread tension caused pre-compaction of the preform, thus reducing the required 

compression force. Narrow seam spacing led to an increase in compaction force while wide spacing did 

not cause significant increase in compression load, compared to unstitched samples. Specimen relaxation 

could not be detected by visual observation, leading the authors to suggest that it must be attributed to 

microstructural reorientation of glass filaments. 

Ogale, A., & Mitschang, P. 2007 Found that stitching parameters thread tension, stitch density and presser foot height affect the compaction 

behaviour of a reinforcement. The stitch stitching parameters should be designed to suit the tool loading, 

compaction and final fibre volume fraction required. 

Li, M., Gu, Y., Zhang, Z., & 

Sun, Z. 

2007 An experimental technique to measure through-thickness compaction and saturated transverse 

permeability as a function of fibre volume fraction. The results of tests on glass and carbon rovings were 

used to fit Gutowski’s compression model, and the modified Kozeny-Carman equation proposed by him. 

Various process parameters were varied, and good correlation was found to exist between the experimental 

results and the models. 
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Lin, H. et al. 2008 Developed a 3D finite element model woven fabric compression together with a non-linear mechanical 

model for the yarn. Reported that fabric compression is related to yarn cross-section stiffness and 

transverse-longitudinal shear modulus while no effect of stiff in the yarn direction could be seen. The 

model could be used to predict the compaction response of new fabrics based on the properties of the 

constituent yarns and yarn interactions. 

Yuexin, D., Zhaoyuan, T., Yan, 

Z., & Jing, S. 

2008 Experimental study of the compression behaviour of dry and wet glass fibre fabrics and carbon fibre 

fabrics in the vacuum infusion process. The effects of some process and manufacturing parameters as well 

as some internal factors such as nesting, elastic recovery of fibres and lubricating effect of resin were 

investigated. 

Yenilmez, B., & Sozer, E. M. 2009 Proposed an experimental method to characterise the compressive response of e-glass performs during the 

initial application of vacuum and mould filling phases of the vacuum infusion process. Random fabric 

displayed significant reduction in thickness when wetted out at constant full compression load, but not 

woven and biaxial fabrics. The rate of change in thickness varied considerably when different compression 

loads were applied during the fibre relaxation stage. 

 

 

 

 

 

 

 

 
 



Chapter 3: Experiments on Reinforcement 
Viscoelastic Behaviour 

3.1 Introduction 
The experimental research conducted into the complex compression deformation behaviour of 

glass fibre reinforcements is presented in two chapters. This chapter covers work on exploring 

the viscoelastic behaviour of the chosen reinforcement materials. The stress relaxation 

response under constant compaction strain and the long term loading (compaction) and 

unloading (release) behaviour were investigated. The next chapter discusses the experimental 

work on investigating different components of compression deformation. 

  

3.2 Stress Relaxation Experiments 

3.2.1 Introduction 
This experimental investigation explored the stress relaxation behaviour under constant 

compaction strain of Continuous Filament Random Mat (CFRM), Chopped Strand Mat 

(CSM) and Plain Weave Fabric (PWF) glass fibre reinforcements, which are commonly used 

in Liquid Composite Moulding (LCM) processes. Samples of these materials were tested in 

two sets of experiments – variation of the final compressed thickness of the sample (final fibre 

volume fraction) and variation of the compaction speed (strain rate). The purpose was to 

consider the influence of these parameters on the stress relaxation response of these materials.  

 

3.2.2 Experimental Procedure 
This experimental study explored the compression behaviour of CFRM, CSM and PWF at 

varying compaction levels (i.e. compaction to different final fibre volume fractions), and at 

various compression speeds (strain rates). Specimens were cut using a pair of scissors from 

rolls of CFRM, CSM and PWF reinforcement material into 200 mm x 200 mm squares. Each 

sample of CFRM, CSM and PWF was made up of 6, 8 and 8 layers of material respectively. 

Samples were placed between a set of rigid, parallel plates set-up within an Instron Universal 

Testing Machine (load frame model # 1186, controller model # 5500R, load cell capacity 200 

kN static load, auto-ranging), as shown schematically in Figure 3.1. The machine was
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controlled using Merlin software (Instron Main Programme version 5.04). The distance 

between the plate surfaces (i.e. the thickness of the sample) at any given time is defined as the 

cavity thickness, h. The initial thickness of the sample before the application of load starts to 

take effect is h0, while h1 is the final thickness required. The experiment is shown 

schematically in Figure 3.2.  

 

Machine  

 
Figure 3.1: Schematic diagram of the stress relaxation experimental setup 

 

 

 

 

 

 

 

 

 

 

Figure 3.2: Schematic diagram of the stress relaxation experiment 
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In one set of tests, samples were compacted at the same compression speed to different final 

fibre volume fractions, and in each case the strain at the final thickness was held constant for 

the same period of time. In the other set of experiments, specimens were compacted at 

different speeds to the same final thickness. As before, the strain at the final thickness was 

held constant in every case for the same time period. A new, untested sample was used for 

each test. Table 3.1 gives details of the experimental parameters. 

 

Table 3.1: Experimental parameters for the stress relaxation experiments 

Sample 
Number 

Final Fibre Volume Fraction Compaction Speed 
mm/min CFRM CSM PWF 

1 0.296 0.28 0.55 2.0 
2 0.346 0.336 0.575 2.0 
3 0.415 0.42 0.625 2.0 
4 0.519 0.56 0.65 2.0 
5 0.415 0.42 0.625 0.5 
6 0.415 0.42 0.625 1.0 
7 0.415 0.42 0.625 5.0 
8 0.415 0.42 0.625 10.0 

 

The final cavity thickness h1 (the final thickness of the sample) was determined from the 

sample final fibre volume fraction νf required as follows: 

 

V(fibre in the sample) = m(sample)/ρ(E-glass, 2.58E-3 g/mm3)         (3.1) 

V(final cavity thickness) = V(fibre in the sample)/νf(final)           (3.2) 

h1 = V(final cavity thickness)/A(of c/s of the sample)             (3.3)

  

The strain ε to which the sample is subjected is defined as follows:  

ε = (h0 – h)/h0                          (3.4) 

For the sake of simplicity, engineering strain was used here rather than true strain. 

 

As νf increases, ε increases; however the relationship between the two quantities is non-linear 

and is given by the following equation: 

νf = V(fibre in the sample)/[A(of c/s of the sample) x h0(1- ε)]          (3.5) 

 

The measured load curves can be presented as stress versus time, stress versus fibre volume 

fraction or stress versus strain. 
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3.2.2.1 Varying Compaction Level Experiments 

Four samples of each reinforcement material were compacted at a compaction speed of 2.0 

mm/min to different final fibre volume fractions, as stated in Table 3.1. Figure 3.3 is a sample 

diagram from this set of experiments. The strain at final cavity thickness was then held 

constant for a set period of time. The applied load was recorded during the initial compaction 

period, and then during the period of constant final cavity thickness. These tests were 

conducted to explore reinforcement stress relaxation at various compaction levels. 
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Figure 3.3: Sample diagram of the compaction level experiment (PWF, CS = 2.0 mm/min) 

 

3.2.2.2 Varying Compression Speed Experiments 

Four samples of each reinforcement type were compressed to the same final fibre volume 

fraction over a range of compression speeds (0.5, 1.0, 5.0 and 10.0 mm/min), as detailed in 

Table 3.1. Figure 3.4 presents a sample diagram from the compression speed experiments. In 

all other respects these tests were completed in an identical manner to those described for the 

compaction level experiments, using the same number of layers. The purpose of these 

experiments was to consider the effect of varying the speed of compaction on the compression 

response of the reinforcements. 
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Figure 3.4: Sample diagram of the compaction speed experiment (PWF, νf = 0.625) 

 

3.2.3 Results and Discussion 

3.2.3.1 Continuous Filament Random Mat 

Data recorded during the compaction level tests with CFRM are presented in Figure 3.5 

(Compression Stress versus Time) and Figure 3.6 (Compression Stress versus Strain), varying 

the final νf from 0.296 through 0.519. Figure 3.5 shows that all four tests followed the same 

loading path with respect to time, except that the peak compaction stress increased as the final 

fibre volume fraction went up. The four samples appear to follow similar stress relaxation 

paths, with the sample most compacted at the top, and the remaining specimens below that in 

decreasing order of final fibre volume fraction. Higher compressive stress with higher final 

fibre volume fraction is to be expected because the material is being compacted to a smaller 

thickness, and hence greater resistance to compression needs to be overcome. Figure 3.6 

shows the four specimens following the same stress versus strain curve, once again with the 

sample with the highest final fibre volume fraction at the top of the plot. The dotted line 

indicates the possible long term stress that is retained after the majority of stress relaxation 

has taken place. Long term stress as a percentage of peak stress increases as the final fibre 

volume fraction is increased, as shown in Figure 3.7. Kim, McCarthy and Fanucci (1991) 

conducted compaction and relaxation experiments on different reinforcing materials, among  

 47



Chapter 3: Experiments on Reinforcement Viscoelastic Behaviour 

0.0

0.5

1.0

1.5

2.0

2.5

3.0

0 500 1000 1500 2000 2500

Time (s)

C
om

pr
es

si
on

 S
tr

es
s 

(M
Pa

) Vf = 0.519

0.415

0.346

0.296

 
Figure 3.5: CFRM compaction level tests, CS = 2.0 mm/min. 
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Figure 3.6: CFRM compaction level tests, CS = 2.0 mm/min. 

 

them E-Glass random mat and plain weave cloth. They also reported that as the peak 

compression stress is increased, a greater percentage of the peak stress remains as long term 

stress. It is surmised that as the final fibre volume fraction goes up, free space within the 

specimen is reduced, this being necessary for stress relaxation by means of fibre network re-

organisation. 
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Figure 3.7: CFRM compaction level tests, CS = 2.0 mm/min. 

 

Figure 3.8 presents plots of stress versus time for the variation of compaction speed tests with 

Continuous Filament Random Mat. It appears that peak stress increases as the mould closing 

speed increases. High compression speeds allow less time for the reinforcement network to 

naturally configure itself to minimising the compaction load, and hence higher compressive 

loads are found in such situations. This is also reflected in Figure 3.9, where the apparent 

increase in compaction stress with increasing mould closing speed can be seen. Thus both 

Figures 3.8 and 3.9 show the dependence of compaction load on the strain rate imposed on the 

CFRM specimen. Irrespective of the compaction speed, the magnitude of the long term stress 

after stress relaxation at constant final strain is about the same in all cases, as can be observed 

from Figure 3.10. While the apparent stress retention (long term stress as a percentage of the 

corresponding peak stress) is higher at lower closing speeds, the actual magnitude of the long 

term stress is not dependent on the speed of compaction. The time allowed for stress 

relaxation permits the reinforcement network to determine and occupy the least stress 

arrangement possible. The experimental observations lead to conclusions that CFRM 

compaction response is repeatable and predictable.  
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Figure 3.8: CFRM compaction speed tests, νf = 0.415. 
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Figure 3.9: CFRM compaction speed tests, νf = 0.415. 
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Figure 3.10: CFRM compaction speed tests, νf = 0.415. 

 

3.2.3.2 Chopped Strand Mat 

Figures 3.11 and 3.12 present the variation of compression stress with time and strain 

respectively for the Compaction Level experiments with Chopped Strand Mat. Once again, all 

four specimens appear to have followed the same loading path, before relaxing to lower stress 

values after a period of constant strain holding time. The dotted line in Figure 3.12 connects 

the long term stress values with the corresponding strain values for the different samples, 

while Figure 3.13 indicates that the long term stress retained (as a percentage of the peak 

compaction stress) is more when the final fibre volume fraction increases. This is as expected 

as the total volume of the sample is reduced at high fibre volume fractions, thus allowing less 

room for movement of the reinforcement network to effect stress relaxation. 
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Figure 3.11: CSM compaction level tests, CS = 2.0 mm/min. 
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Figure 3.12: CSM compaction level tests, CS = 2.0 mm/min. 
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Figure 3.13: CSM compaction level tests, CS = 2.0 mm/min. 

 

The corresponding graphs for the compaction speed experiments with Chopped Strand Mat 

are shown in Figures 3.14, 3.15 and 3.16. 
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Figure 3.14: CSM compaction speed tests, νf = 0.42. 
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Figure 3.15: CSM compaction speed tests, νf = 0.42. 
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Figure 3.16: CSM compaction speed tests, νf = 0.42. 

 

In general, it appears that the peak compression stress increased as the mould closing speed 

was increased, as can be seen in Figure 3.14. This was as expected and as observed with 

CFRM earlier. However, the test with compaction speed of 2.0 mm/min gave the highest 

compaction load, breaking the trend noted above. This difference in response by the 2.0 

mm/min test is also seen in Figure 3.15, where the variation of compaction stress with strain 
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is plotted. Chopped Strand Mat reinforcement material contains significant binder to hold the 

chopped glass filaments together. The presence of a large quantity of binder could be a 

possible reason for the deviation from the pattern. With regard to long term stress retention, 

lower compaction speeds permitted the retention of greater compression stresses as a 

percentage of peak compression stresses, as seen in Figure 3.16. However, the absolute values 

of the long term stresses vary. These decrease at higher compaction speeds, unlike with 

CFRM, where the actual magnitudes of the stresses retained were about the same, irrespective 

of the compaction speed. This difference in response suggests possible strain rate dependency 

by Chopped Strand Mat. The lengths of the strands in CSM are about 30-40 mm, while 

CFRM, as the name suggests, is made up of continuous filaments. This difference in strand 

length and the presence of considerable binder in CSM could be the reasons for the behaviour 

of this material differing from that of CFRM.  

 

3.2.3.3 Plain Weave Fabric 

Figure 3.17 shows variation of compression stress with time for the PWF specimens. It can be 

seen that all four compaction level tests seem to follow the same loading path with respect to 

time, except that the peak compaction stress increased as the final fibre volume fraction went 

up. However, it can be noted from Figure 3.18 that all four samples did not follow the same 

loading path. PWF has a woven (crimped) structure and thus the arrangement of the layers of 

material in the reinforcement (stacking) and settling-in movement of layers during and/or 

after compaction (nesting) would affect its compaction deformation behaviour. (Nesting 

implies fibre bundle cross-over regions in one layer settling into spaces in-between bundle 

cross-over regions in adjoining layers). The influence of stacking and nesting can be noted in 

the data for νf = 0.575 which shows that the compression stress increased much more quickly 

with increase in fibre volume fraction than in the case of the other specimens. This figure also 

shows a ‘Long Term Stress’ (LTS) curve. This curve plots the stress retained by the 

reinforcements once the majority of stress relaxation has occurred.  
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Figure 3.17: PWF compaction level tests, CS = 2.0 mm/min. 
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Figure 3.18: PWF compaction level tests, CS = 2.0 mm/min. 

 

The peak compaction stress and the corresponding long term stress for PWF have been 

plotted against the final fibre volume fraction in Figure 3.19. The stress retentions were 42.4, 

50.8, 55.0 and 60.9% of the maximum stresses, from the lowest to highest final νf. It is seen 

that higher the νf, the higher is the percentage of peak stress that is retained after stress 

relaxation. Pearce and Summerscales (1995) conducted compression experiments on PWF  
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E-Glass reinforcements and also found that as the fibre volume fraction is increased, the stress 

relaxation that is possible is reduced. This present finding with PWF is similar to that noted 

with CFRM and CSM. As the νf is increased, there is less room for fibre/bundle re-alignment 

that is necessary for stress relaxation, and hence greater stress retention is observed.  
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Figure 3.19: PWF compaction level tests, CS = 2.0 mm/min. 

 

The compaction stress versus time behaviour recorded during the compression speed tests 

with PWF is presented in Figure 3.20, while Figure 3.21 shows the variation of compression 

stress with fibre volume fraction. In general it is thought that the peak compaction stress will 

increase when the compaction speed is increased. This is because higher compression speeds 

would allow less time for a fibre/bundle network to determine a position that reduces the 

compaction load. Three of the curves (CS = 1.0, 2.0 and 10.0 mm/min) display increasing 

peak stress with increasing compression speed, while the slowest compression speed breaks 

this trend. This test and the CS = 5.0 mm/min test demonstrate that stacking and nesting of the 

layers of PWF reinforcement material influence the peak compaction stress that is reached. 

Higher resistance to compression at faster compaction speeds was also noted by Pearce and 

Summerscales (1995) with the PWF fabric they used in their tests.  
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Figure 3.20: PWF compaction speed tests, νf = 0.625. 
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Figure 3.21: PWF compaction speed tests, νf = 0.625. 

 

The peak compression stress and the long term stress (i.e. the stress after the majority of stress 

relaxation has occurred) have been plotted in Figure 3.22. In this experiment, the stress 

retentions were 65.8%, 51.8%, 55.0%, 48.1% and 58.5% of the maximum stresses, from the 

lowest to highest compaction speed. From these data it is difficult to identify any clear trends. 

It should be noted that the plane weave under consideration is a heavy fabric, requiring 
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relatively few layers to generate the necessary part thickness. Under such conditions, 

misalignment of even one or two layers can have a significant effect. 
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Figure 3.22: PWF compaction speed tests, νf = 0.625. 

 

3.2.4 Concluding Remarks 
These initial experiments were conducted to explore the stress relaxation behaviour of 

Continuous Filament Random Mat, Chopped Strand Mat and Plain Weave Fabric 

reinforcements. Two sets of experiments were conducted to consider the effects of varying the 

final compacted thickness of the specimen and varying the speed of compaction respectively. 

It was seen that the peak compression stress increased as the final fibre volume fraction 

increased. This was due to the compaction and packing of the material increasing as the final 

fibre volume fraction increased. The compression stress reduced over time when the strain at 

final compacted thickness was held constant. A long term stress was observed to exist after 

majority of stress relaxation had occurred. The long term stress (both in absolute terms and as 

a percentage of the corresponding peak stress) increased as the final fibre volume fraction 

increased. It is thought that higher fibre volume fractions allow less room for fibre/bundle re-

arrangement necessary for stress relaxation.  

 

The compaction speed tests showed that with CFRM the maximum compaction stress 

increased when the speed of compaction of the specimen increased. It is thought that higher 
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compression speeds do not permit the fibre network to determine positions that minimise the 

compaction load. However, the actual long term stress that remained was about the same in all 

cases. The compaction speed tests with CSM showed that the peak stress generally increased 

with compaction speed, but not always. The stress retention as a percentage of the 

corresponding peak stress decreased as the compaction speed was increased. The presence of 

significant binder material to hold the fibres together in CSM is possibly contributing to these 

observed variations. PWF did not display any particular trends in the compaction speed 

experiments. The results point to the role of stacking of layers in the samples, and their 

nesting behaviour during and/or after compaction in affecting compression response.  

 

3.3 Long Term Behaviour Experiments 

3.3.1 Introduction 
The stress relaxation experiments pointed to the existence of a long term stress (under 

constant compaction strain) in the reinforcements, after the majority of stress relaxation had 

occurred. While the stress relaxation tests addressed reinforcement compression response 

after compaction to a final fibre volume fraction, the long term behaviour experiments 

investigated reinforcement behaviour during both loading (compression) and unloading 

(release). Two (medium and high) final fibre volume fractions, and “dry” (natural state) and 

“wet” (infiltration with a test fluid) were the experimental parameters varied. In each case the 

final fibre volume fraction was reached in a step-by-step process, allowing stress relaxation to 

occur at each step. It was thus possible to determine the long term behaviour of these 

reinforcing materials.  

 

3.3.2  Experimental Setup 
A 300 mm internal diameter round aluminium mould was setup on the Instron universal 

testing machine for these tests. A pressure pot was employed to supply a test fluid to the 

mould for tests where the reinforcements were wetted out. Compressed air (in the range of 20 

- 40 kPa) was supplied to the pressure pot to force the test fluid into the mould. Figure 3.23 

shows the arrangement of the equipment for these experiments. (The displacement laser gauge 

and the fluid pressure transducer were not required for these experiments but were part of the 

general arrangement of equipment on the testing machine). Concentrated corn syrup diluted 

with water to an absolute viscosity of 0.1 Pa.s was used as the test fluid for the tests with wet 
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reinforcements.  
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Figure 3.23: Equipment arrangement for the long term behaviour experiments 

  

3.3.3 Experimental Methods 
Reinforcement samples were placed in the mould, and in the first part (the loading phase) of 

the test, were compacted step-by-step to the required final fibre volume fraction. A very low 

compaction speed of 0.5 mm/min was used to allow sufficient time for the samples to settle in 

so that the minimum load required for that particular fibre volume fraction could be 

determined. At each step, a time period of 10 min was allowed for stress relaxation to occur. 

A similar procedure was followed for the unloading phase; reinforcement samples were 

returned to the initial state step-by-step, including a 10 min period of stress relaxation at each 

step. Reinforcements in their natural state and also those wetted by the presence of the test 

fluid were tested. In either case, two experiments were conducted – to a medium final νf and a 

high final νf. For tests with the test fluid present, the samples were wetted out before the 

required first fibre volume fraction step. On completion of the wetting out of the sample, the 

resin supply pipe was clamped shut just below the mould to prevent backflow of resin, and 

the compressed air supply disconnected. Excess resin was removed from the mould by means 
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of a vacuum pipe. Figure 3.24 schematically describes the evolution of cavity thickness 

during the long term behaviour experiment. 

 

A new, untested sample was used for each experiment. Conducting four tests with each 

material (medium final νf and high final νf, with and without the test fluid) made it possible to 

determine whether the loading and unloading paths were repeated, the effect of a higher final 

νf on the unloading path, and the effect of the test fluid on the peak and long term stresses.  

Sample Height 

h0 

h3 

h2 

h1 

Time

 
Figure 3.24: Schematic diagram of the long term behaviour experiment 

 

3.3.4 Experimental Plan 
Each CFRM, CSM and PWF sample was 270 mm in diameter and consisted of 10 layers of 

material that were cut by hand from rolls of these materials. The viscosity of the diluted corn 

syrup used as the test fluid for the wet reinforcement experiments was checked using a 

rheometer, the specifications of which are given in Table 3.2. The details of the experimental 

parameters used are given in Table 3.3. 
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Table 3.2: Rheometer specifications 

Machine Make:  Paar Physica Rheometer 

Machine Model:  Universal Dynamic Spectrometer UDS 200   

Measuring system:  Z2DIN  bob 45 mm 

Temperature Unit:  TU TEZ 180/UDS 

Test:  Constant Shear Rate 

Set temperature:  20° C 

Rotation:  Initial 10 1/s, Final 500 1/s 

             

Table 3.3: Stepwise target fibre volume fractions for the long term behaviour experiments 

 
 
 
Dry: 
Wet: 
 
νf 

Step #

CFRM PWF CSM 
Med Final νf High Final ν

 
Test # 1 
Test # 7 

f
 

Test # 2 
Test # 8 

Med Final νf 
 

Test # 3 
Test # 9 

High Final νf 
 

Test # 4 
Test # 10 

Med Final νf 
 

Test # 5 
Test # 11  

High Final νf
 

Test # 6 
Test # 12 

1 0.1 0.1 0.3 0.3 0.15 0.15 
2 0.15 0.15 0.35 0.35 0.2 0.2 
3 0.2 0.2 0.4 0.4 0.25 0.25 
4 0.25 0.25 0.425 0.45 0.3 0.3 
5 0.3 0.3 0.45 0.5 0.325 0.35 
6 0.325 0.35  0.55 0.35 0.4 
7 0.35 0.4  0.575  0.425 
8  0.425  0.6  0.45 
9  0.45  0.625   
10    0.65   

 

Note: The target Medium Final Fibre Volume Fraction (νf) for Continuous Filament Random 

Mat (CFRM) and Chopped Strand Mat (CSM) was initially set at 0.3. This value was used in 

Test # 1. It was then felt that this was on the low side, and hence increased to 0.35 for all 

subsequent medium final νf tests with CFRM and CSM. 

 

3.3.5 Results and Discussion 
A sample plot of the variation of compression stress and fibre volume fraction with time is 

shown in Figure 3.25 (Test # 6: CSM, High Final Vf, Dry). The compression stress increases 

with increase in νf, and drops significantly when the sample thickness (strain) at the νf is held 

constant. This is the relaxation in stress during constant strain, and was observed in the stress 
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relaxation experiments earlier. In the unloading phase, there is a small increase in 

compression stress during the constant strain periods. Figure 3.26 shows a plot of 

compression stress versus fibre volume fraction from the same test. The decrease (loading 

phase) and increase (unloading phase) in stress when the νf is held constant can also be noted 

in this graph.  
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Figure 3.25: Sample plot of compression stress and νf versus time 

 

Application of load during the loading phase causes deformation of the reinforcement, and as 

the load increases, the deformation imparted to the reinforcement also increases. When the 

compaction strain (at any νf step) is then held constant, the load is only due to the deformation 

already imparted to the reinforcement sample. This resultant load reduces over time till a long 

term stress state is reached. This drop in load is due to viscoelastic stress relaxation in the 

specimen.  

 

It can be seen from these plots that the loading and unloading paths are different, and that the 

stresses during unloading are lower than the corresponding stresses during loading. It is 

suggested that the occurrence of deformation during the loading phase is responsible for 

higher loads in this part of the test, compared to the unloading phase. During the latter phase, 

the sample would have already been deformed. During the loading part of the cycle, the load 

increases as soon as a new νf value is approached. At the new νf the strain is held constant for 

 64



Chapter 3: Experiments on Reinforcement Viscoelastic Behaviour 

a period of time, during which the reinforcement network undergoes re-organisation to reach 

the steady state stress at that strain. This steady-state stress value is less than the compaction 

load first required to reach that νf, and is the minimum stress required to hold that strain. 

During unloading the load drops as soon as the distance between the platens is increased, i.e., 

the νf is reduced. When the strain is then held constant at the new lower νf, the reinforcement 

network again re-arranges to reach the steady-state stress at that νf, which is the maximum 

stress that can be resisted at that state. These aspects are further discussed in Chapter 4.    
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Figure 3.26: Sample plot of compression stress versus fibre volume fraction 

 

The majority of the decrease in compression stress during the loading phase would occur 

within the time period of ten minutes allowed at each step, as evidenced from the stress 

relaxation experiments conducted earlier. For the purposes of analysis, the stress after 10 

minutes at each νf step can be taken as the long term stress at that νf. Thus a graph of the long 

term stresses for each experiment can be generated by plotting the long term stress at each νf 

step.  

 

Figure 3.27 shows plots of the long term stress versus fibre volume fraction at each step for 

all four experiments conducted with Continuous Filament Random Mat – medium final νf 

(dry), medium final νf (wet), high final νf (dry) and high final νf (wet). It can be seen that the 

loading paths for the two dry reinforcement experiments are very close together, while the 
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curve for the high νf test extends further. The same observation could be made with regard to 

the two wet reinforcement experiments, except that the long term stress levels are 

significantly reduced as compared to those in the dry reinforcement tests. These observations 

suggest (i) repeatability in CFRM compression behaviour, and (ii) a lubricating effect of the 

test fluid in the wet reinforcement experiments, resulting in lower compression stresses 

compared to the dry reinforcement tests. The initial νf of CFRM is very low (~ 0.05), leading 

to large loads for compaction to higher fibre volume fractions. On the basis of compression 

and relaxation tests with various materials including E-glass random mat and plain weave 

cloth, Kim, McCarthy and Fanucci (1991) noted that for a given compaction stress, a higher 

final fibre volume fraction can be achieved with lubrication than without it. 
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Figure 3.27: CFRM – Long term stress versus fibre volume fraction 

 

When dry reinforcements are compacted or held under constant compaction strain, the 

compaction stress is due to the resistance of the reinforcement fibre network only. In the case 

of wet reinforcement compaction, the compression stress is the summation of the stress due to 

the fibres and the resin fluid pressure. This statement is the well-known Terzhagi’s Equation, 

and is expressed as follows: 

σ (total) = σ (fibre) + P (resin)                    (3.6)    

Thus the total stress in the wet reinforcement experiments is comprised of the stress due to the 

fibre network and the resin pressure. When the compaction speed is very low (such as in this 

case), the resin pressure is small and can be neglected. It can then be said that the total stress 

is approximately equal to the fibre stress. Thus it can be assumed that in this case there is a 
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direct comparison of stresses between the dry and wet reinforcements. The long term stresses 

in the unloading phase of the wet reinforcement experiments are less than those of the 

corresponding part of the dry reinforcement tests. This result is again due to the fibre network 

being lubricated by the resin, thus resulting in lower compaction stresses. It can also be noted 

from Figure 3.27 that the unloading phase stress values for the high Vf tests are less than the 

corresponding values for the medium νf experiments. Samples that have been compacted more 

would sustain lower loads on unloading, due to the greater deformation they would have 

sustained during the loading phase. Nevertheless, the long term stress values during unloading 

at νf = 0.3 and below are close together for all the experiments, as the load required to hold the 

strain constant under these conditions is small. The reinforcement would have undergone 

deformation during the loading phase, while during the unloading part it is only necessary to 

hold the deformation.  

 

Figure 3.28 displays the long term stress plots for Chopped Strand Mat. In general, the 

comments made above with regard to Continuous Filament Random Mat can also be applied 

to Chopped Strand Mat. However in this case the peak compaction stresses are about an order 

of magnitude less, for the same final νf. The initial νf of CSM is high (about 0.21), compared 

to the maximum fibre volume fractions reached in these tests. It appears that the medium νf 

value of 0.35 used in these experiments is on the low side. Significant difference in the value 

of peak stress between the dry and wet reinforcements is not observed at this νf. However, in 

the high νf experiments, the peak stress with the dry reinforcement is greater than that noted 

with the wet reinforcement test. CSM material has significant binder to hold the glass 

filaments together. The test fluid has less of a lubricating effect on the CSM reinforcement 

specimen, as compared to CFRM. 

 

The long term stress versus fibre volume fraction graphs for the experiments with Plain 

Weave Fabric are presented in Figure 3.29. PWF is a dense, woven and crimped material. Ten 

layers of this material were used to form each PWF sample. This ordered structure has a high 

initial fibre volume fraction (about 0.27). The stacking order used to lay-up the sample and 

the nesting of layers during and/or after compaction affects the peak (and long term) stress,  
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Figure 3.28: CSM – Long term stress versus fibre volume fraction 
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Figure 3.29: PWF – Long term stress versus fibre volume fraction 

 

thus resulting in variation from experiment to experiment. The repeatability in stress versus 

fibre volume fraction noted with CFRM and CSM is not observed with this material. While it 

can be stated that, in general PWF displayed the same basic behaviour as the other two 
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materials in that the presence of the test fluid lowered the peak compaction stress, this was not 

always true (particularly at lower νf values), as can be observed from Figure 3.29. 

 

Table 3.4 gives the peak stresses and the long term stresses (as a percentage of the 

corresponding peak stresses) at the final fibre volume fraction in all the experiments. 

 

Table 3.4: Long term stress as a percentage of peak stress 

 CFRM CSM PWF 

Medium νf High νf Medium νf High νf Medium νf High νf 

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 

Final νf 0.3 0.3 0.45 0.45 0.35 0.35 0.45 0.45 0.45 0.45 0.65 0.65

Peak Stress, 

kPa 

Long Term 

Stress, %  

234.2 

 

72.3 

125.3 

 

71.0 

1124.0

 

81.9 

700.9

 

80.4

21.7

 

70.5

23.6

 

55.0

116.2

 

68.2

109.9

 

60.5

21.4 

 

61.2 

14.4 

 

50.4 

188.5

 

65.7

148.1

 

56.2

 

Note: The long term stress value for CFRM Medium νf (Wet) is taken at νf = 0.3 for the 

purpose of comparison with CFRM Medium νf (Dry). The actual final νf for CFRM Medium 

νf (Wet) was 0.35. 

 

It can be seen that the peak stress in every case (except the CSM medium νf which has been 

discussed earlier) is higher in dry compaction than with a resin present. The long term stress 

(as a percentage of the peak stress) is also higher in the dry tests. This is to be expected as the 

test fluid would have a lubricating effect in the wet compaction experiments, leading to 

greater stress relaxation. In general, the higher the νf, the higher the long term stress, i.e. stress 

relaxation is reduced as the fibre volume fraction increases. 

   

3.3.6 Concluding Remarks 
The study of the long term behaviour of three commonly used LCM reinforcements presented 

here has highlighted the existence of different loading and unloading paths. Every material 

showed significant stress relaxation after compression to a constant volume fraction. The 

magnitude of stress relaxation is strongly dependent on the level of compaction. The stress 

retained after stress relaxation (i.e. the long term stress) increased with increased final fibre 
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volume fraction for all three materials studied. The presence of a test fluid in the wet 

reinforcement experiments had a lubricating effect on the reinforcement network, leading to 

reduced stresses as compared to the dry reinforcement tests. The lubricating effect of the test 

fluid was less for CSM, possibly due to the presence of considerable binder. CFRM and CSM 

showed repeatable behaviour when (new, untested) samples were subjected to the same long 

term experiment. This was not always true with PWF due to the influence of stacking of 

layers in the sample, and their nesting behaviour during and/or after compaction. This 

phenomenon would affect the deformation behaviour of other woven fabrics as well. 



Chapter 4: Experiments on Compression   
Deformation Components 

4.1 Introduction 
Chapter 3 dealt with study of the viscoelastic behaviour of three reinforcement materials 

selected for this research work – investigation of stress relaxation in these materials, and their 

long term behaviour under loading and unloading, both studies conducted by holding samples 

of these reinforcing materials under constant compressive strain. Earlier research has pointed 

towards the existence of complex compression deformation behaviour in reinforcing 

materials. This chapter details investigation into these phenomena, and in particular, the non-

elastic deformation that occurs when these reinforcements are compacted during composites 

manufacturing. The objective of this research was to determine and quantify, in order of 

importance, different components of deformation that occur when reinforcements are 

compressed. Compression deformation consists of elastic, time-dependent and permanent 

components. These quantities are discussed in Section 4.3.1.1. This study has also 

investigated the possible influences of experimental process parameters on the components of 

deformation. Finally, a hypothesis on the mechanisms that are responsible for the occurrence 

of the three components of compression deformation in the studied reinforcement materials is 

proposed.  

 

It is necessary to add a note here regarding the reinforcement materials selected for this 

research project. The project started with three reinforcement materials – Continuous 

Filament Random Mat, Plain Weave Fabric and Chopped Strand Mat. However, the work 

carried out for Chapter 3 made it clear that compressive deformation in Chopped Strand Mat 

was in a completely different class compared to those of other reinforcement materials. Hence 

it would not be possible to study the components of compression deformation using the 

techniques outlined later in this chapter. At that stage of the research, another reinforcement 

material, Biaxial Stitched Fabric, became available from another supplier. This material has 

quite different architecture to those of Continous Filament Random Mat and Plain Weave 

Fabric and yet suitable for the experimental work detailed in this chapter. Hence this new 

material was adopted and Chopped Strand Mat dropped for the work depicted here.  
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4.2 Experimental Procedure 
An Instron Universal Testing Machine (load frame model # 1186, controller model # 5500R, 

load cell capacity 200 kN static load, auto-ranging) was used to conduct the testing 

programme. The machine was controlled using Merlin software (Instron Main Programme 

version 5.04) supplied by the manufacturer, which was run on a Dell 370 Workstation 

computer.  

 

Three very different types of glass fibre reinforcement materials were each formed into 

multilayer samples and compacted between rigid flat platens, using different sets of test 

parameters. The compaction load was released after a period of time. A primary requirement 

in these experiments was the determination of the specimen thickness over time, including the 

period following release of the compaction load. The set-up of the equipment is shown in 

Figure 4.1, while the experiment can be explained by means of a schematic representation as 

shown in Figure 4.2. The specimens were placed on top of the moving crosshead, and 

compacted against a fixed platen connected to the load cell. The load cell itself is fixed to the 

top cross-member of the testing machine frame. The method of measurement of the specimen 

thickness over time is discussed in the following section in detail. 

 

4.2.1 Dynamic Reinforcement Thickness Measurement 
The collection of reinforcement thickness data over time (including after release of the 

compression load) is of importance in a study of this nature. It is this sample thickness versus 

time data that can be interpreted in terms of deformation and its components. It was therefore 

necessary that the specimen thickness versus time information be determined as accurately as 

possible. A pressed aluminium plate (mass 0.49 kg, size 302 mm x 203 mm x 3.01 mm) was 

placed immediately on top of the samples, i.e. between the top of the sample and the top 

platen. Two Laser Gauging Sensors (make: Banner L-Gage, model: LG10A65PU, resolution: 

<10µm, analogue linearity: +/-200µm, sensing range: 75 - 125 mm) were mounted on stands 

fixed to the moving crosshead of the testing machine, and were permanently focussed on the 

aluminium top plate. Such an arrangement enabled determination of the position of the 

aluminium top plate over time, thereby directly determining the evolution of sample thickness 

over time. The two laser gauges were mounted on opposite sides of the sample, and the value 
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Load cell 
 
 
 
 
Laser gauge 
 
Top platen 
 
Aluminium 
plate 
 
Specimen 
 
Bottom  
platen 
 
Moving 
crosshead 

Figure 4.1: Equipment set-up on the Instron universal testing machine 

 

of the specimen thickness was determined by averaging the two sets of readings. The two 

laser gauges also served to check tilting of the top plate. The presence of the aluminium top 

plate on the reinforcement not only facilitated the measurement of the specimen height at any 

given time, but also provided an initial (average) compaction stress of 120 Pa to the sample. A 

repeatable initial compressive stress is useful for defining the initial height (or determining the 

initial fibre volume fraction) of the reinforcements, which is difficult due to the low stiffness 

of these materials in their natural state. The initial height of all the samples in these 

experiments was taken as that height with the top aluminium plate placed on the sample, 

before the start of the test. The compaction load applied to the samples during testing was also 

recorded throughout the experiments, to study the variation of compression stress with 

manufacturing process parameters. 
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Figure 4.2: Schematic diagram of the experiment 

 

4.3 Experimental Methods 
Three classes of experiments were carried out – (1) single cycle compaction, (2) multiple 

cycle compaction, and (3) cyclic loading/unloading. Furthermore, three significantly different 

glass fibre reinforcement structures were chosen – Continuous Filament Random Mat 

(CFRM), Plain Weave Fabric (PWF) and Biaxial Stitched Fabric (BSF). The single cycle 

compaction test consisted of compaction of the specimen to the final fibre volume fraction, 

holding of the final compressive strain for a period of time, followed by quick release of the 

load. Specimen thickness data were continuously collected from the start of the test till 25 

minutes after release of the load. In addition, one sample of each type of reinforcement 

material was subjected to a multiple cycle compaction experiment, which involved repeated 

application of the single cycle compaction test. Such an experiment enabled study of the 

evolution of different deformation components from cycle-to-cycle.  

 

The cyclic loading/unloading experiment involved subjecting reinforcement samples to a 

Load Cell 
 
 
Top Platen 
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number of cycles of compaction to the final fibre volume fraction and return to the initial 

unloaded state. The crosshead speed was maintained constant throughout the loading and 

unloading phases. This test was also used to observe the compaction stress – fibre volume 

fraction relationship over the cycles of loading and unloading. Every combination of test 

parameters was run once using one new sample of each type of reinforcement material, to 

determine compaction response trends. Some selected tests were repeated with multiple 

samples of the same reinforcement type. The deformation quantities computed in these cases 

varied within +/- 2.5% of the mean values. In all these tests only the total force applied to the 

platens was measured, hence stress values reported are average values over the in-plane 

sample area. 

 

4.3.1 Single Cycle Compaction Experiments 
In the single cycle compaction tests, reinforcement specimens were compacted to the final 

fibre volume fraction at constant crosshead speed, and the strain at the compacted final 

thickness was then held constant for a fixed period of time. At the end of this period, the 

testing machine crosshead was returned as rapidly as possible to its initial position, thus 

enabling the reinforcement sample to recover thickness as quickly as possible. The maximum 

crosshead traverse speed at the machine settings employed was 100 mm/min, and this was 

used in all the tests where rapid crosshead retreat was required. It was essential that the 

thickness recovery of the specimen be monitored atleast as long as significant changes took 

place. Sample thickness data were continually collected from the beginning of the test till 25 

minutes after release of the load, and this was sufficient to obtain the required values of 

deformation components. Four parameters – constant compressive strain holding time (at final 

fibre volume fraction), final fibre volume fraction, compaction speed and the number of layers 

in the specimen, were each varied in turn for every type of reinforcement material.  

 

4.3.1.1 Components of Compression Deformation 

The different components of compression deformation can be defined by utilising a schematic 

representation of the single cycle compaction test, as shown in Figure 4.3. Elastic spring-back 

is the immediate thickness recovery of the sample upon quick release of the compaction 

strain. Following elastic spring-back, the specimen continues to slowly increase in height over 

time. This is termed time-dependent recovery. All the unrecovered deformation put together 

constitutes permanent deformation. These definitions and the method of determination of 
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these quantities are further discussed in the following paragraphs.  
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Figure 4.3: Schematic diagram of the single cycle compaction experiment 

 

As stated earlier, the initial height (h0) of the sample is determined by placing the aluminium 

plate on top of the sample, and taking the average of the two laser gauge readings before the 

start of the test. The final thickness (h1) to which the sample must be compressed is calculated 

from the required final fibre volume fraction νf, as follows: 

 

h1 = m(sample)/[ρ(E-glass) * νf(final) * A(of c/s of the sample)]          (4.1) 

 

The sample heights after elastic spring-back (he) and after time-dependent recovery (ht) are 

determined from the laser gauge readings taken during the experiments. The individual 

components of deformation are then calculated as follows: 

 

Total deformation = (h0 - h1)                     (4.2) 

Elastic spring-back = [(he - h1)/total deformation] * 100%           (4.3) 

Time-dependent recovery = [(ht - he)/total deformation] * 100%         (4.4) 

Permanent deformation = [(h0 - ht)/total deformation] * 100%          (4.5) 

 

The determination of the actual values of the different components of compressive 

deformation in the tests can be explained by making use of a typical results graph from a 

single cycle compaction test (Table 4.1, PWF, Test No. 12), as shown in Figure 4.4. This plot 

starts at the end of the constant compaction strain holding period, and ends at t = 3 sec. The 

initial specimen thickness recovery after quick release of the compaction strain can be seen 
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from this figure. It is to be noted that following specimen compaction at the required 

crosshead speed (and holding of the strain), it is necessary to rapidly retreat the crosshead 

towards its initial position, to allow unhindered recovery of the specimen thickness. 

Experimental data show that it takes some time for the load to substantially diminish from the 

start of rapid return of the crosshead, as can be seen from Figure 4.4. 

 

As the crosshead traverses rapidly towards its starting position, the compressed sample freely 

and quickly regains thickness to occupy space created by the retreating crosshead. This rapid 

height recovery is defined as the elastic spring-back component of the total compressive 

deformation of the reinforcement. At a certain point (t = 2.0 seconds in Figure 4.4), the rate of 

increase in specimen thickness suddenly drops while clearance between the aluminium top 

plate on the specimen and the top (fixed) platen of the Instron testing machine starts to 

increase with time. This point represents the end of the specimen’s elastic spring-back and the 

start of time-dependent recovery, which was recorded for 25 minutes in all tests. During this 

period slow but steady increase in sample thickness continues to take place. The total un-

recovered deformation at the end of this period is treated as permanent deformation. In reality, 

thickness recovery does not actually cease completely at this stage, but continues at a very 

slow rate for much longer. Laser displacement gauge readings were noted many hours later in 

some tests, and small increases in sample heights were found to have occurred during that 

time; e.g. CFRM test # 4, sample height increase of 0.29 mm after 68.5 hours (time-dependent 

recovery component increased from 5.2% to 6.2% of the total deformation) and PWF test # 5, 

sample height increase of 0.09 mm after 16 hours (time-dependent recovery increased from 

20.1% to 22.5%), both from Table 4.1.  

 

4.3.2 Multiple Cycle Compaction Experiments 
One sample of each type of reinforcement material was repeatedly subjected to the single 

cycle compaction test twenty times. The purpose of this experiment was to explore how each 

component of deformation evolved from cycle-to-cycle. A time period of five minutes was 

allowed between tests for sample thickness recovery. At the end of the final cycle, a time 

period of 25 minutes was allowed for the specimen to recover thickness.  
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Figure 4.4: Example initial sample thickness recovery in the single cycle compaction 

experiments 

 

4.3.3 Cyclic Loading and Unloading Experiments 
In these experiments, reinforcements were subjected to 20 continuous cycles of loading and 

unloading. In each cycle specimens were compacted to the same final fibre volume fraction 

and returned to the unloaded state. The crosshead speed was kept constant throughout each 

individual test. The experimental parameters varied in this set of experiments were the final 

fibre volume fraction, compaction speed, and the number of layers of material in the 

specimen. Figure 4.5 shows schematically a sample thickness versus time graph for the cyclic 

loading/unloading experiment. A constant crosshead speed throughout meant that elastic and 

time-dependent deformation could not be separated but had to be combined and computed 

together. Permanent deformation was determined in the same way as before – the total 

unrecovered deformation at the end of the test.  
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Figure 4.5: Schematic diagram of the cyclic loading/unloading experiment 

 

4.3.4 Reinforcement Samples 
Square reinforcement samples of size 200 mm x 200 mm were accurately cut using a 

hydraulic press from rolls of Continuous Filament Random Mat (CFRM), Plain Weave Fabric 

(PWF) and Biaxial Stitched Fabric (BSF) glass fibre reinforcements. Figure 4.6(a) shows the 

hydraulic press, while the cutting blade is shown in Figure 4.6(b). Samples of each 

reinforcement type were composed of one or more layers. Each new sample was tested only 

once, to prevent residual deformation influencing the results of later tests. 

 

4.4 Experimental Plan  
Table 4.1 provides the experimental parameters used for the single cycle compaction tests. 

The tests were grouped into four categories, based on the process variable – variation of 

compaction strain holding time (at final fibre volume fraction), final fibre volume fraction 

reached, speed of compaction, and the number of layers in the sample. For each parameter a 

range of values was chosen, with a large difference between the minimum and maximum 

values. The maximum final fibre volume fraction selected for each material type is typical of 

values used in composites manufacturing.  

 

The test parameters for the multiple cycle compaction experiments are shown in Table 4.2. 

One sample of each reinforcement material type was subjected to this experiment. Table 4.3 

presents the experimental parameters for the cyclic loading/unloading tests. The tests are 
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grouped into three, based on the process parameter varied – final fibre volume fraction, 

compaction speed, and the number of layers of material in a sample. The range of values 

chosen is the same as in the single cycle compaction experiments. In every test, the actual 

final fibre volume fraction achieved was within +/- 1.5% of the target final fibre volume 

fraction given in the tables. The actual final fibre volume fractions were calculated from 

Merlin software readings of the crosshead position. 
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Figure 4.6: (a) Hydraulic cutting press, and (b) cutting blade. 
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Table 4.1: Testing programme for the single cycle compaction experiments 

CFRM PWF BSF 
Compaction Speed 

(mm/min) 

Sample
Layers 
(No.) 

Strain
Hold 
Time 
(min)

Test. 
No. 

Target 
Final/ 

Initial νf 

Test. 
No. 

Target 
Final/ 

Initial νf 

Test. 
No. 

Target 
Final/ 

Initial νf 
1 0.40/0.05 1 0.61/0.31 1 0.60/0.27 5 10 0.1 
2 0.40/0.05 2 0.61/0.30 2 0.60/0.27 5 10 10 
3 0.40/0.05 3 0.61/0.29 3 0.60/0.28 5 10 100 
4 0.30/0.05 4 0.51/0.30 4 0.55/0.28 5 10 10 
5 0.40/0.05 5 0.56/0.30 2 0.60/0.27 5 10 10 
6 0.50/0.05 6 0.61/0.30 5 0.65/0.26 5 10 10 
7 0.40/0.05 7 0.56/0.30 6 0.60/0.28 1 10 10 
5 0.40/0.05 5 0.56/0.30 2 0.60/0.27 5 10 10 
8 0.40/0.05 8 0.56/0.30 7 0.60/0.28 25 10 10 
9 0.40/0.04 9 0.61/0.25 8 0.60/0.30 5 1 10 
10 0.40/0.05 10 0.61/0.30 9 0.60/0.29 5 3 10 
11 0.40/0.05 11 0.61/0.28 2 0.60/0.27 5 10 10 
12 0.40/0.05 12 0.61/0.28 10 0.60/0.29 5 15 10 
13 0.40/0.05 13 0.61/0.28 11 0.60/0.29 5 20 10 

 

Table 4.2: Testing programme for the multiple cycle compaction experiments 

Material 
Target 
Final/ 

Initial νf 

Comp. 
Speed 

(mm/min)

Sample 
Layers 
(No.) 

Strain 
Hold 
Time 
(min) 

Sample 
height 

recovery 
after each 

compaction 
and release 

(min) 

Sample 
height 

recovery at 
end of last 
compaction 
and release 

(min) 
CFRM 0.40/0.05 5 10 10 5 25 
PWF 0.61/0.28 5 10 10 5 25 
BSF 0.60/0.35 5 10 10 5 25 

 

Table 4.3: Testing programme for the cyclic loading/unloading experiments 

CFRM PWF BSF Compaction 
Speed 

(mm/min) 

Sample 
Layers 
(No.) 

Test. 
No. 

Target 
Final/ 

Initial νf 

Test. 
No. 

Target 
Final/ 

Initial νf 

Test. 
No. 

Target 
Final/ 

Initial νf 
1 0.30/0.05 1 0.51/0.30 1 0.55/0.28 5 10 
2 0.40/0.05 2 0.56/0.30 2 0.60/0.27 5 10 
3 0.50/0.05 3 0.61/0.30 3 0.65/0.28 5 10 
4 0.40/0.05 4 0.56/0.30 4 0.60/0.29 1 10 
2 0.40/0.05 2 0.56/0.30 2 0.60/0.27 5 10 
5 0.40/0.05 5 0.56/0.30 5 0.60/0.29 25 10 
6 0.40/0.06 6 0.61/0.22 6 0.60/0.33 5 1 
7 0.40/0.05 7 0.61/0.28 7 0.60/0.28 5 3 
8 0.40/0.05 8 0.61/0.29 2 0.60/0.27 5 10 
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4.5 Results and Discussion 

4.5.1 Single Cycle Compaction Experiments 
Figure 4.7 presents data taken from tests with varying strain holding time. This plot shows 

that the holding time had no effect on the three different components of deformation within 

the CFRM specimens, the values being almost identical in all the three tests. For the PWF 

samples, as the holding time increased, a trend of decreasing elastic spring-back and slightly 

increasing permanent deformation emerged.  The BSF material demonstrated no clear 

pattern.
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Figure 4.7: Single cycle compaction tests: components of deformation versus constant strain 

holding time. 

 

The effect of varying the final fibre volume fraction (νf) is highlighted in Figure 4.8(a). 

Increasing the final νf clearly produced increasing permanent deformation (and decreasing 

elastic spring-back) in the case of CFRM. The same figure also shows the opposite trend in 

the case of tests with PWF. Once again, the experiments with BSF specimens did not produce 

any noticeable pattern with regard to the deformation components. Figure 4.8(b) shows that as 

the final νf increased, the required compaction stress also increased with all three materials. 

This is as expected, as higher resistance would be encountered when a reinforcement is  
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Figure 4.8: Single cycle compaction tests with variation of final fibre volume fraction: (a) 

deformation components, and (b) peak compaction stress. 
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compacted into a smaller volume. Increase in compaction stress with increasing νf was also 

reported in Chapter 3, and also by other researchers, among them Kim, McCarthy and Fanucci 

(1991), and Pearce and Summerscales (1995). 

 

Figure 4.9(a) depicts the effect of increasing compaction speed. With CFRM, this resulted in 

reducing permanent deformation, with the elastic spring-back increasing. No definite trends 

can be seen with the available data for PWF and BSF. Peak compaction stress, Figure 4.9(b), 

increased from 0.666 MPa to 0.906 MPa with CFRM, while no trend could be seen with 

PWF. BSF material, once again, displayed no clear pattern. The compression stress versus 

compression speed results in the case of CFRM and PWF mirror those presented in Chapter 3. 

 

As the number of layers of material in the test specimen increased, CFRM showed increasing 

permanent deformation while time-dependent recovery and elastic spring-back reduced, upto 

15 layers, as seen in Figure 4.10(a). On the other hand, PWF displayed increasing permanent 

deformation and time-dependent recovery upto 15 layers, while elastic spring-back 

diminished. No definite pattern can be seen with the results of the tests on BSF samples. 

Figure 4.10(b) shows that peak compaction stress increased upto about 10 layers with all three 

materials, after which CFRM showed reducing stress. No pattern can be seen with PWF after 

this point, while in the case of BSF, the peak compaction stress tended to level off after 10 

layers. Pearce and Summerscales (1995) noted increasing compaction load with increasing 

number of layers (1 through 5) in their experiments on plain weave cloth, and this is in line 

with the findings of this research. Robitaille and Gauvin (1998a) reported that tests on no-

crimp bidirectional glass fabrics showed that for a given compression pressure, the fibre 

volume fraction achieved reduced as the number of layers increased from three to six and then 

twelve. Their result is similar to that shown in Figure 4.10(b) for BSF.  
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Figure 4.9: Single cycle compaction tests with variation of compaction speed: (a) deformation 

components, and (b) peak compaction stress. 
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Figure 4.10: Single cycle compaction tests with variation of number of layers: (a) deformation 

components, and (b) peak compaction stress. 
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From the results presented, it is clear that there was considerable permanent deformation in 

every test. Permanent deformation is as significant as elastic spring-back, and the magnitudes 

of the two quantities are comparable. With the CFRM and PWF materials, as the process 

parameters were varied, elastic spring-back and permanent deformation moved in opposing 

directions. With these two materials, time-dependent recovery of thickness remained constant 

across the range of tests, varying only with the number of layers (1 through to 10-15) in the 

specimen. It was small in the case of CFRM (about 4.1-5.7%), while it was more significant 

with PWF (usually 18-21.5%). BSF did not exhibit any trends with regard to the different 

components of deformation monitored. With this material, permanent deformation was 

consistently around 50% of the total deformation, while time-dependent recovery was small 

(3.9-6.6%). 

 

4.5.1.1 Continuous Filament Random Mat 

It appears that compaction strain holding time does not affect any of the deformation 

quantities. Visco-elastic stress relaxation occurs during this period, and this phenomenon has 

been discussed in Chapter 3. This result seems to suggest that all three deformation 

components are determined during the compression phase itself, based on the test parameters, 

and are not influenced by stress relaxation. CFRM is a material that has a low initial fibre 

volume fraction (≈ 0.05). Over the range of tests conducted with all three materials, the 

maximum difference between the final and initial fibre volume fractions was with CFRM. 

The highest compaction stress was also recorded with this material. Increasing the final νf 

implies that the same initial fibre volume has to be squeezed into a smaller thickness, causing 

greater deformation. CFRM has loose packing of material and a random filament layout 

structure. As the volume fraction is increased, filaments are bent or displaced more, and there 

is space within the reinforcement samples for this to occur. It is suggested that these factors 

are responsible for greater permanent deformation at higher final fibre volume fractions. On 

the other hand, as the compaction speed was increased, elastic spring-back increased, while 

permanent deformation reduced. It is hypothesised that CFRM’s loose structure causes layers 

of stacked reinforcement to display spring-like behaviour, and deform more elastically if 

compacted at higher speeds. Increase in compaction speed also led to increase in peak 

compaction stress. High compression speeds do not allow sufficient time for the filament 

network to move into positions that reduce the load. With an increase in the number of layers, 

both permanent deformation and the average compaction stress increased, the latter happening 
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due to the greater resistance encountered in compressing the specimen to the required final 

fibre volume fraction. 

 

Time-dependent recovery varied only with the number of layers in the specimen, reducing as 

the number of layers in the specimen was increased. This implies that time-dependent 

deformation is influenced by the interaction between adjoining layers of material in the 

specimen.  

 

4.5.1.2 Plain Weave Fabric 

The initial fibre volume fraction of the PWF material is high (νf ≈ 0.3). PWF samples fit 

naturally into compact volumes and layers nest efficiently together under compression. As the 

final νf was increased, a trend of marginally reducing permanent deformation was noticed. 

This may be due to the naturally dense packing (high initial νf) of the samples. It is possible 

there isn’t sufficient space within the specimens to cause greater permanent deformation at 

increasing final fibre volume fraction. The compaction behaviour of woven fabrics is 

significantly affected by how the layers of material are laid up in the specimen, and by the 

nesting of tows. The constant compaction strain holding tests with PWF seem to suggest a 

settling in of layers taking place during the period of constant strain. This is perhaps the 

reason for marginally increasing permanent deformation when the strain is held constant. As 

with CFRM, an increase in the number of layers in the specimen led to an increase in both 

permanent deformation and peak compaction stress. 

 

Of the three materials tested, only PWF displayed significant time-dependent recovery in all 

the tests. Two distinct factors distinguish PWF from CFRM and BSF – the weave structure of 

the material, and the crimp in the tows (or yarn). These two factors facilitate nesting. Tows 

would tend to become straightened (un-crimped) due to compaction. During the free thickness 

recovery period, it is thought that these tows would tend towards their original crimped state. 

The straightening and re-crimping behaviour of PWF tows could be expected to influence the 

nesting behaviour of PWF. These factors might possibly be the reasons why significant time-

dependent recovery was noticed only with this material, and not with the other two tested. As 

with CFRM, time-dependent recovery was only affected by the number of layers in the 

specimen. It increased as the number of layers in the sample was increased, thus suggesting 

interactions between adjoining layers as contributing to this. These findings are further 
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discussed in Section 4.6 that explores the possible mechanisms of deformation.  

 

4.5.1.3 Biaxial Stitched Fabric 

The variation of the four experimental parameters with BSF samples did not result in any 

specific trends in the components of compressive deformation. Time-dependent recovery was 

small in all the tests. Peak compaction stress increased with fibre volume fraction and with the 

number of layers in the specimen, as was the case with the other two materials. The results 

point to less interaction between adjacent layers of material in BSF samples. It is known that 

the stitching would influence the compression response of this reinforcement material.  

 

4.5.2 Multiple Cycle Compaction Experiments 
The multiple cycle compaction experiments aimed to determine how the different components 

of deformation evolved, if a specimen was repeatedly subjected to the single cycle 

compaction test, with the same set of test parameters. Figure 4.11 is an example plot from this 

set of experiments (Table 4.2, CFRM). It can be seen that as the test progressed, both initial 

height of the sample and peak compaction stress reduced from cycle-to-cycle. 
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Figure 4.11: Multiple cycle compaction tests: example plot showing evolution of sample 

height and peak compaction stress from cycle-to-cycle. 
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One sample of each type of material was subjected to this experiment. Two plots have been 

presented for each material, showing how the individual components of deformation vary 

from compaction cycle to compaction cycle. The first plot shows the deformation components 

in each compaction cycle with respect to the height of the sample at the beginning of that 

particular cycle (i.e. the sample initial height for that cycle). This indicates the magnitude of 

each component of deformation generated during every compaction cycle. In the second 

graph, the deformation components in each cycle have been plotted with respect to the 

original initial thickness of the sample (i.e. the sample initial height before the start of 

testing). This approach demonstrates the cumulative progression of each deformation 

component as testing continued. 

 

4.5.2.1 Continuous Filament Random Mat 

Figure 4.12(a) plots the deformation components of the CFRM specimen from cycle-to-cycle, 

with respect to the sample height at the initiation of each cycle. This figure shows that 38% of 

the total deformation in the first compaction cycle is permanent deformation, while elastic 

spring-back accounts for 57%. The permanent deformation occurring in the second cycle is 

just 10% of the total deformation in that cycle, while the elastic component in that cycle goes 

up to 83% of the total deformation in that cycle. Permanent deformation rapidly becomes 

negligible in subsequent cycles and approaches 0% towards the end of the 20 cycles. On the 

other hand, elastic spring-back increases quickly, becoming more than 90% of the total 

deformation in each cycle at the end of the experiment. Time-dependent recovery remains 

more or less constant throughout, at around 8.5%.  

 

Figure 4.12(b) shows the deformation components of the same sample, plotted cycle-to-cycle 

with respect to the specimen original thickness (i.e. before the start of testing). This 

cumulative plotting shows that permanent deformation starts at 38%, and gradually increases 

to 60% at the completion of the test. The elastic component shows an opposing pattern, 

reducing from 57% to 37%. Time-dependent recovery is negligible as a component of total 

deformation. It starts at 4.7% and shows a gradual drop to 3.3% at the completion of the test.  

 

These results reinforce the fact that the single largest occurrence of permanent deformation is 

in the very first compaction cycle, and that the majority of permanent deformation takes place 

in the first five cycles. Elastic spring-back displays an opposite trend, and there is a trade-off  
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Figure 4.12: Components of deformation in multiple cycle compaction tests with CFRM: (a) 

in relation to sample height at start of each cycle, and (b) in relation to sample original height. 
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between the two quantities. It is interesting to note that the time-dependent component (i) 

remains almost constant from the second cycle, plotted against the sample thickness at the 

start of each cycle, and (ii) it shows a slightly decreasing trend when plotted against the 

sample original thickness. In the single cycle compaction experiments it was noted that while 

this component was negligible, it changed only if the number of layers in a sample changed. 

   

4.5.2.2 Plain Weave Fabric 

Figure 4.13(a) shows the deformation components obtained from the PWF experiment when 

compared to individual cycle initial thicknesses. Permanent deformation starts at 35.5% and 

becomes negligible after 4-5 cycles. The elastic component is 44% to start with, and is steady 

after about 53% (cycle 4). Time-dependent recovery is 21% after the first compaction cycle, 

and steadily rises to 47% at the last cycle. This result suggests that on an individual cycle 

initial thickness basis, the trade-off is between time-dependent recovery and permanent 

deformation. 

 

Deformation components plotted against the specimen original thickness are shown in Figure 

4.13(b). While the values differ, the trends are very similar to those displayed by the CFRM. 

On this basis, permanent deformation increases while elastic spring-back reduces. Time-

dependent recovery remains more or less constant throughout. 

 

The trend of all the three components is clear in both figures. However, in Figure 4.13(a) 

there are more variations in the curves as compared to CFRM and also to Figure 4.13(b). The 

deformation quantities in this figure are plotted with respect to the sample initial height at the 

start of each corresponding cycle. It is thoght that nesting of layers and re-crimping of tows in 

individual cycles is responsible for this. In Figure 4.13(b) the components of deformation are 

based on the sample original height, and it can be seen that the local variations seen in Figure 

4.13(a) are evened out. The single cycle compaction experiments pointed out that the time-

dependent component is significant with PWF samples, and is affected only by the number of 

layers in a sample.  
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Figure 4.13: Components of deformation in multiple cycle compaction tests with PWF: (a) in 

relation to sample height at start of each cycle, and (b) in relation to sample original height. 
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4.5.2.3 Biaxial Stitched Fabric 

The deformation components for the BSF specimen, Figure 4.14(a), are computed with 

respect to the sample height at the start of each compaction cycle. Permanent deformation is 

44% in the first cycle, and rapidly drops after that. It is almost nil from the sixth cycle 

onwards. The elastic component comprises 50% of the total deformation in the first cycle, and 

quickly reaches 86%. It remains steady after that. The time-dependent component remains 

more or less constant throughout (about 12.5%).  

 

All three deformation quantities calculated in relation to the sample original thickness are 

plotted in Figure 4.14(b). On this basis, elastic spring-back decreased while permanent 

deformation increased, as the test progressed. Time-dependent recovery, while small, showed 

a decrease from 6.4% after the first cycle to 4.9% at the end of the last compaction.  

 

Both plots show that a continuous trade-off between elastic and permanent deformation 

occurs in BSF material under repeated compaction. Once again, the biggest permanent 

deformation occurs in the first compaction itself, and the bulk of it is done within the first few 

cycles. 

  

4.5.2.4 General Discussion 

Figure 4.11 (earlier) showed that as the cycles of compaction and release proceed, the sample 

initial height reduces, as does the peak compaction stress. These findings highlight that the 

cumulative permanent deformation increases as the testing continues, leading to both decrease 

in sample initial height, and the peak compression load required (to achieve the pre-set final 

fibre volume fraction). This reduction in peak compaction stress with the progression of 

testing occurred with all three reinforcement materials, as can be seen in Figure 4.15. 

 

While it is not advisable to directly compare the results of one material against another due to 

their differing structures and final fibre volume fractions, it can be seen that in every case 

there is a large reduction in compaction stress required after the initial cycles, and a gradual 

drop after that. These results have demonstrated that the majority of permanent deformation 

occurs within the first five cycles, and that practically all the permanent deformation occurs 

within the first ten cycles. The reduction in compaction stress is in line with this finding. 
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Figure 4.14: Components of deformation in multiple cycle compaction tests with BSF: (a) in 

relation to sample height at start of each cycle, and (b) in relation to sample original height. 
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Figure 4.15: Peak compaction stress in multiple cycle compaction tests 

 

Figure 4.16 is an example plot from the multiple cycle compaction experiments (Table 4.2, 

CFRM), showing the evolution of compaction stress and fibre volume fraction during the 

loading phases only. For ease of viewing, only the first three cycles and the last two cycles 

have been plotted. It can be seen that as the experiment progressed, the compression load 

required to achieve a certain fibre volume fraction dropped. Towards the end of testing, there 

is little change in the cycle-to-cycle compaction stress-fibre volume fraction curve. This 

implies that at that stage, practically all the permanent deformation would have occurred, and 

that all three deformation components would be near their repeatable values. Compression 

stress versus time data from the same five cycles is shown in Figure 4.17. Curves plot the 

evolution of compaction stress in each cycle as the sample is first compressed to the required 

final fibre volume fraction, and the strain at final thickness is then held constant for ten 

minutes. It can be noted that as the cycles continued, the peak compaction stress dropped and 

the difference between the peak stress and the long term stress reduced. This means that as the 

cycles progressed, a greater percentage of the peak stress was retained as long term stress. 

This is shown clearly in Figure 4.18.     
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Figure 4.16: CFRM - evolution of compaction stress with fibre volume fraction in the 

multiple cycle compaction experiment 
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Figure 4.17: CFRM - variation of compaction stress over time in the multiple cycle 

compaction experiment 
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Figure 4.18: CFRM – long term stress as a percentage of peak stress in the multiple cycle 

compaction experiment 

 

The works of other researchers lend support to the findings reported here. Gutowski (1987b) 

found that the effective stress versus fibre volume fraction curve shifted to the right when he 

subjected aligned graphite prepregs to repeated compaction. The shift became negligible by 

the time the third and fourth compactions were made. He also found inelastic effects in a few 

cases. Pearce and Summerscales (1995) compacted PWF specimens and reported that 

repeated loading to the same target pressure increased the fibre volume fraction, i.e. the load 

required to reach a pre-set fibre volume fraction reduces. Crean, Grove and Summerscales 

(1998) conducted compression experiments on PWF and BSF samples in both dry and wet 

states and noted (i) the unstressed thickness reduces with each successive compaction, (ii) the 

reduction in thickness decreases with increasing cycle number, (iii) higher proportion of 

thickness reduction occurs in the early cycles, and (iv) reduced interlocking between adjacent 

layers in BSF as compared to PWF, the latter fabric having considerable crimp. Saunders, 

Lekakou and Bader (1999b) in their compaction tests on dry PWF also found that repeated 

compaction (after relaxation) to the same peak pressure increased the fibre volume fraction, 

while relaxation reduced after the first cycle. 

 

The comprehensive, three part work of Robitaille and Gauvin (1998a, 1998b, 1999) also has 

important findings that support the discussions put forward here. They carried out 
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experimental and theoretical work with glass fibre reinforcements of different architecture, 

including plain weaves, bidirectional fabrics and random mats. They found the following: (i) 

Increase in initial fibre volume fraction on repeated compaction to the same thickness, (ii) 

repeated compression to the same target pressure increased the maximum fibre volume 

fraction, (iii) cycle number has a strong effect on the initial fibre volume fraction, particularly 

in the first few cycles, and (iv) the fibre network reorganisation that occurs during the 

compaction phase has a significant effect on successive compaction cycles. Reorganisation of 

the fibre network (after release of the compaction load) has a considerable influence on the 

mechanical properties of the reinforcement. On the other hand, the fibre network 

reorganisation that occurs during stress relaxation has negligible impact on the loading part of 

subsequent cycles. Fibre network changes that occur during this period do not seem to remain 

after the compaction strain is released. Evidence points to these two fibre network 

reorganisations being different phenomena. It has been reported in the present research that 

generally the deformation components seem to be set during the compaction phase, and that 

the constant strain holding period (stress relaxation) did not significantly influence the 

components of deformation. The single largest permanent deformation takes place in the very 

first compaction, and the majority of permanent deformation is set in place in the first few 

cycles. These findings also confirm the importance of cycle number in the repeated 

compaction experiments.  

 

As the cycles of compaction and release take place, more permanent deformation is set in 

place, and the load required to achieve the preset final thickness (final fibre volume fraction) 

of the sample is reduced. After many cycles all possible permanent deformation would have 

occurred, and the compression load would only be required to impose elastic and time-

dependent deformations on the specimen. This is the reason for the reduction in peak 

compression stress, and this reduced peak compaction load is the load required to achieve the 

pre-defined part thickness. The long term stress is the stress retained after viscoelastic stress 

relaxation which occurs when the compaction strain is held constant for a long period of time. 

At the end of viscoelastic stress relaxation (which occurs by fibre network reorganisation) the 

compaction stress is resisted only by elastic strain. Thus as the peak compaction stress drops 

with increase in compaction cycle number, the long term stress retained as a percentage of 

peak stress increases. 

 

CFRM and PWF show opposing trends with regard to time-dependent recovery, both on an 
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individual cycle basis, and on a whole test basis. The magnitude of this deformation is also 

considerably different with the two materials. These findings suggest the existence of 

significantly different mechanisms at work within these two reinforcement materials. 

   

4.5.3 Comparison of Single Cycle and Multiple Cycle 
Compactions 
Figure 4.19 compares the three different components of deformation between the single cycle 

compaction experiment and the corresponding multiple cycle compaction experiment for all 

three materials. It can be seen that in every case the cumulative permanent deformation is 

much greater in the multiple cycle compaction test, while the elastic component is 

significantly reduced. The time-dependent portion is either slightly reduced or remains 

approximately the same. 
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Figure 4.19: Comparison of deformation components between the single cycle compaction 

and multiple cycle compaction experiments 

 

4.5.4 Cyclic Loading and Unloading 
The multiple cycle compaction experiments highlighted the fact that most of the permanent 

deformation occurs in the first few compactions, and that very little permanent deformation 

takes place in later compression cycles. The cyclic loading and unloading experiments 
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detailed in this section are different to the multiple cycle compaction experiments in that the 

specimen was compressed and released a number of times at the same crosshead speed. The 

experimental parameters used in the single cycle compaction experiments were also employed 

in the cyclic loading and unloading tests. 

 

The crosshead speed was maintained constant (1, 5, or 25 mm/min) throughout the twenty 

cycles of loading and unloading, and hence it was not possible to determine the elastic and 

time-dependent components separately. Therefore for these tests only the permanent 

deformation component was determined at the end of the test. The remaining part of the total 

deformation comprises the summation of the elastic and time-dependent components. 

  

A compaction stress versus fibre volume fraction plot from one of the tests (Table 4.3, 

CFRM, Test No. 7) is presented in Figure 4.20. Fibre volume fraction increases as the 

thickness of the specimen (i.e. the height of the mould cavity) reduces. The first three cycles 

are presented, demonstrating rapid change early on, along with the final five cycles. This plot 

shows the cyclic nature of the test and highlights that the loading and unloading paths are 

different. It can be noted that the curves progressively shift to the right as the cycles of 

loading and unloading continue. After a number of cycles, reinforcement specimens reach or 

are near a state where repeatable loading/unloading cycles result. This implies that no further 

permanent deformation occurs after the repeatable state is reached. These findings are 

discussed in greater detail in relevant sections later. 
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Figure 4.20: Typical cyclic loading/unloading compaction stress – νf response 
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4.5.4.1 Results 

Figure 4.21 demonstrates the variation of cumulative permanent deformation and final cycle 

compaction stress with fibre volume fraction, and also provides comparison with the single 

cycle compaction experiments. CFRM and PWF both display increased permanent 

deformation and compaction stress as the final fibre volume fraction is increased. As in the 

single cycle compaction tests, BSF shows no particular deformation trend, but displays 

increasing compaction stress with increasing final νf .         
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Figure 4.21: Permanent deformation and final cycle peak compaction stress in cyclic 

loading/unloading tests: variation of final fibre volume fraction. (Comparison to the single 

cycle compaction tests is also provided. C: Cyclic loading/unloading, S: Single cycle 

compaction). 

 

Figure 4.22 shows that increasing the compaction speed led to reduced permanent 

deformation with both CFRM and PWF. Once again, no trend is evident with the results of 

the tests with BSF. 
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Figure 4.22: Permanent deformation and final cycle peak compaction stress in cyclic 

loading/unloading tests: variation of compaction speed. (Comparison to the single cycle 

compaction tests is also provided. C: Cyclic loading/unloading, S: Single cycle compaction). 

 

Figure 4.23 depicts the effect of number of layers in the specimen on permanent deformation 

and compaction stress. All three materials show higher permanent deformation and 

compaction stress as the number of layers in the test specimen is increased. 
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Figure 4.23: Permanent deformation and final cycle peak compaction stress in cyclic 

loading/unloading tests: variation of number of layers. (Comparison to the single cycle 

compaction tests is also provided. C: Cyclic loading/unloading, S: Single cycle compaction). 

 

4.5.4.2 Discussion 

It is clear from the cyclic loading/unloading tests that permanent deformation is much higher 

with cyclic loading/unloading, than with a single cycle of compaction and release. 

Furthermore, the final cycle peak compaction stress is much lower than that of the 

corresponding single cycle compaction test. The compression deformation results of the tests 

with cyclic loading/unloading of CFRM, PWF and BSF qualitatively mirror those of the 

single cycle compaction tests. In the case of PWF, increasing final νf results in marginally 

increasing permanent deformation, while with the single cycle compaction tests a slightly 

reducing trend was noticed. This could perhaps be due to the fact that repeated compression 

of the specimens leads to greater permanent deformation. Increasing the compaction speed, on 

the other hand, resulted in reduced permanent deformation with PWF, while no trend was 

apparent in the single cycle compaction tests. The final cycle peak compaction stress 

increased with increasing compression speed. Pearce and Summerscales (1995) reported the 

same trend with PWF single compaction tests. No pattern could be noted with regard to the 
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final cycle compaction stress for CFRM when the compaction speed was increased, while a 

clear trend of increasing compressive stress with increasing compaction speed was noted in 

the single cycle compaction experiments. This could perhaps be due to the layers of CFRM 

material settling-in due to repeated compression. BSF also displayed higher permanent 

deformation (similar to CFRM and PWF) when the number of layers is increased, while no 

clearly identifiable trend was seen with the single cycle compaction tests. In general terms, 

CFRM displays more repeatable results, while there is greater variability in results obtained 

from PWF due to the crimp in the tows and the weave structure, which result in the stacking 

order and nesting of layers having an influence. BSF is somewhere in between these two 

materials in terms of repeatability of results. 

 

Figure 4.20 shows that the loading and unloading paths are different, and this implies 

viscoelastic behaviour of the reinforcement. The curve progressively shifts to the right as the 

cyclic loading/unloading test continues. This signifies that permanent deformation occurs 

during this process. As the cycles of loading and unloading take place, the shifting of the 

curve is reduced. As more and more permanent deformation of the reinforcement occurs, 

there is lesser displacement of the compression stress versus fibre volume fraction curve. 

After many cycles of loading and unloading, a repeatable loading/unloading pattern is 

reached, and the loading/unloading curve traces the same path repeatedly. At that stage all 

possible permanent deformation of the reinforcement with the chosen test parameters is in 

place. It can also be seen that as the cycles of loading and unloading progress, the hysteresis 

effect is reduced and the loading and unloading curves come closer together. The compression 

stress in Figure 4.20 is the instantaneous stress at every point during the testing process. If a 

plot of the long term stress (i.e. the stress value after stress relaxation) is made for the loading 

and unloading paths when repeatable loading/unloading behaviour occurs, it is expected that 

the two long term curves (loading and unloading) would be quite close to each other. The 

hysteresis effect would be very much reduced.     

 

Other researchers have also noted the progressive shifting of the compaction stress versus 

fibre volume fraction curve (Figure 4.20) in cyclic loading/unloading experiments. One of the 

earliest researchers to comment on this was van Wyk (1946) who observed this phenomenon 

in his experiments with wool fibre samples, and said that a steady state position is reached 

after many cycles. Dunlop (1983) pointed out that there is a non-recoverable strain in the 

initial compression of the wool samples referred to by van Wyk. Robitaille and Gauvin (1999) 
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have also reported the same phenomena in their compression tests with both dry and wet glass 

fibre reinforcements of different architecture. 

  

4.6 Hypothesis on Mechanism of Compression 

Deformation  

The purpose of this section is to try and explain from a physical viewpoint the experimental 

results discussed thus far, and to present a hypothesis on the possible mechanisms of 

deformation. The following are some aspects of the compression deformation experiments 

that should be borne in mind when discussing deformation: 

(i) Application of load to achieve a preset final fibre volume fraction (final thickness of the 

specimen). This was carried out by setting a constant ramp speed till the required final 

thickness of the sample was reached.  

(ii) Holding the strain at final sample thickness constant for a set period of time (in the single 

cycle and multiple cycle compaction experiments), followed by rapid release of the 

compaction strain. 

(iii) Repeated compression of the specimen to the same final thickness and quick release of 

the compression strain after that (in the multiple cycle experiments). 

(iv) Repeated cycles of loading (compaction) and unloading (release) at constant ramp speed 

(in the cyclic loading/unloading experiments). 

  

Single Cycle Compaction Experiments: Application of load causes deformation. This 

deformation can be elastic (which is recovered immediately if and when the load is released), 

time-dependent (recovered over a period of time after release of the load) or permanent (not 

recovered on load release). When the compressive strain at final thickness is held constant, 

the load required to do so reduces over time, till it reaches a steady state value. Compaction 

generates deformation. This compaction load is higher than the load necessary to hold the 

compacted thickness constant, which has to only hold the deformation that is already existing 

in the compressed material. There is thus an immediate reduction in the load. As this 

thickness is held constant over time, the fibre bundle network undergoes reorganisation to 

further reduce the load (viscoelastic stress relaxation), and hence load continues to drop 

gradually over time. This process continues till a steady (or long term) state is reached, when 

no further reduction in load is expected. If at any stage the load is suddenly released, elastic 
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deformation is immediately recovered as elastic spring-back. There is also deformation 

recovery over time – visco-elastic recovery or delayed elastic recovery from bundles or 

filaments and recovery due to bundle – bundle or filament – filament interactions among 

them. All such recovery is summed up as time-dependent recovery. All unrecovered 

deformation is put together as permanent deformation. These components of compression 

deformation are further discussed for each reinforcement material type in sections 4.6.1 – 

4.6.3. 

 

Multiple Cycle Compaction Experiments: Repeated compression of the specimen to the same 

final thickness requires less load with each cycle. Permanent deformation occurs with each 

compaction, with the maximum amount occurring in the first compression itself. As the 

cycles continue, the amount of permanent deformation occurring in individual cycles reduces 

while the cumulative permanent deformation of the specimen continues to increase. This 

process can continue till all permanent deformation is set in place. As the cumulative (total) 

permanent deformation in the specimen increases, there is a corresponding drop in the elastic 

deformation component in the sample. (Time-dependent recovery also reduces slowly). Hence 

there is a reduction in load required as the cycles of compaction proceed. The specimen 

finally reaches a steady state where all three components of deformation have reached their 

final values – permanent, elastic and time-dependent. Further compactions of the sample do 

not change these quantities of deformation, nor is there a change in the peak compaction load 

necessary to carry out those compactions. 

 

Cyclic Loading and Unloading Experiments: As the cycles of loading/unloading proceed, 

reinforcements reach a state where repeatable loading and unloading behaviour can be 

observed. The specimens show a steady decline in un-stressed thickness from one cycle to the 

next, and this tends to a constant value after many cycles. An example plot of average 

compression stress versus νf, Figure 4.20, shows that the loading/unloading curve shifts to the 

right from cycle-to cycle. This shifting of the curve is due to permanent deformation of the 

reinforcement specimen. It can be seen that as the test progresses, the peak compaction stress 

required to achieve a particular value of νf is reduced. As more and more permanent 

deformation is in place with the progression of the test, less compaction stress is necessary to 

achieve the same νf. After a number of cycles of loading and unloading, a repeatable 

loading/unloading curve results. There is little change in compression stress versus fibre 

volume fraction from cycle-to-cycle at that stage. This indicates that the reinforcements reach 
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a steady (or repeatable) state and no further permanent deformation takes place. This also 

implies that the sum of the elastic and time-dependent deformation components remains 

constant from this point onwards. 

 

It can be noted from Figure 4.20 that an unloading path is always to the right of the 

corresponding loading curve. Loading generates compression deformation, and hence, the 

stress values here are always higher than the corresponding unloading points. At the 

beginning of a cyclic loading/unloading test, the area bounded by the loading and unloading 

paths is large, indicating a greater hysteresis effect. When the reinforcement reaches a steady 

state, it can be seen that the loading and unloading paths are very much closer together. 

Chapter 3 discussed the existence of a long term stress state in reinforcements, both under 

loading and unloading. It was seen that in the loading phase, the stress tends to reduce when 

the compaction strain is held constant. On the other hand, when the compressive strain was 

held constant during unloading, the compaction stress values increased. The steady state, 

repeatable loading/unloading curves being discussed here have been plotted using the 

instantaneous stress values obtained upon reaching the prescribed fibre volume fractions. It is 

suggested that if the long term stress state is plotted when repeatable loading/unloading 

behaviour occurs, the loading and unloading paths would be in close proximity to one 

another.    

  

The behaviour of CFRM, PWF and BSF glass fibre reinforcements under compression can be 

considered on three levels – the level of layers (or plies) of material which is the macro level, 

at tow/filament (group of fibres) level also known as the meso level and finally, at an 

individual fibre level, which is the micro level. A compression load on reinforcements can 

cause filaments or tows (also known as bundles) to move, bend or distort in cross-sectional 

shape. However, no cross-sectional shape change of individual fibres would occur, as the load 

would have to be very large for this, and would cause breakage of or damage to fibres. 

However, it is possible that in some cases of compaction, the filament or tow can split, 

leading to some individual fibres moving away from the parent bundle. The sum total of 

displacement or realignment of individual fibres in a tow or filament is the deformation of that 

particular filament or tow. The collective change of state of all the bundles in a layer is the 

deformation of the layer itself.  

 

In reinforcements consisting of more than one layer of material, the interaction between 
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adjacent layers of material during and after compaction must be taken into account. 

Filaments/tows in adjoining layers are likely to embed or entwine, or nest in one another, 

depending on the architecture of the reinforcing material. These phenomena need to be 

considered in order to better understand reinforcement compression response.  

 

4.6.1 Continuous Filament Random Mat 
Continuous Filament Random Mat is made by the random deposition of a continuous thin 

filament made up of individual glass fibres. The material is loosely packed, giving many 

voids in the structure. The samples are composed of one or more layers of material that in turn 

sit loosely on one another. The initial fibre volume fraction of CFRM is very low (≈ 0.05).  

 

When a CFRM specimen is compacted, filaments would bend and also be displaced, moving 

closer to other filaments and thus reducing voids in the sample. In some places filaments 

would be compacted against other filaments at cross-over points, leading to increased local 

stresses in those regions. It is also likely that filaments would get entwined with or embedded 

in other filaments. This intertwining or embedding of filaments is possible on two levels – 

within individual layers, and between filaments on the contacting surfaces of adjoining layers.  

 

Experimental results indicated: (i) The constant strain holding time at final fibre volume 

fraction did not influence the components of deformation. This suggests that with CFRM, the 

components of deformation are set in place when the compression load is applied. (ii) Time-

dependent recovery only varied with the number of layers in the specimen, and reduced as the 

number of layers increased. 

  

When the load is released, filaments that have been displaced and/or bent would tend to return 

to their original state and position, if they have not been permanently deformed. It is 

suggested that all filament displacement and bending are elastic to start with, but some of this 

deformation progressively changes over to permanent, as (i) the compaction load increases, 

and (ii) repeated application of the compressive load occurs. It is this filament displacement 

and bending that is main contributor to both elastic and permanent deformation.  

 

It is likely that time-dependent recovery is largely dependent on filament entwining or 

embedding with other filaments, both within individual layers and between adjoining layers. 
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When the compaction load is quickly released, un-entanglement of some filaments would take 

place, as filaments tend to move to original positions. Time-dependent recovery generally 

reduced as the number of layers in the sample increased. It is thought that the 

entwining/embedding of filaments on contacting surfaces of adjoining layers is responsible 

for this finding. Time-dependent recovery could be expressed as follows: 

 

Time-dependent recovery = [average component from within 1 layer x number of layers] – 

[average component due to interaction between 1 pair of adjoining surfaces x number of 

adjoining surface pairs]                       (4.6) 

    

4.6.2 Plain Weave Fabric 
Plain Weave Fabric is a woven material composed of tows running in parallel and 

perpendicular (warp and weft) directions. Each tow contains hundreds of individual glass 

fibres. The fabric used has slightly different tow structure and tow-to-tow spacing in the two 

directions. In the warp direction single tows of 1200 tex were laid out side-by-side without 

any space between them, while in the weft direction two tows, each of 600 tex and running 

from opposite sides, were used to form the fabric. Regular gaps of approximately 2 mm were 

present between adjacent weft tows.  

 

When a single layer of PWF is compacted, warp tows and weft tows press against each other 

at cross-over regions. This can cause tows to un-crimp and/or move. The cross-sectional 

shape of the tows which is elliptical can become more flattened as shown schematically in 

Figure 4.24. 

 

 

 

 

 

Figure 4.24: Schematic diagram of PWF and BSF tow compaction (outline shown) 

Compaction load on tow

Lateral displacement 
of tow Tow under constant 

compaction strain 

 

Lateral displacement of weft tows is particularly likely, given that there is space between tows 

in this direction. In PWF specimens containing more than one layer of material, tows from 

adjoining layers would also be compacted against each other, initially at cross-over regions 
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and later in-between cross-over regions as well. Tows can displace laterally as well as in the 

direction of loading. The surface area of contact between adjoining layers is much more than 

in the case of CFRM, and this area of contact is also more uniformly distributed, leading to 

better load distribution. Adjacent layers of material can nest (settle into) in one another by 

means of tow cross-over regions from one layer settling into gaps between tow cross-over 

areas in adjoining layers.  

 

When a load is gradually applied to a loosely stacked PWF sample (as was the case here), it is 

thought that there would be some initial movement of layers to minimise this load, leading to 

nesting of tows in some regions. As the loading increases, decrease in tow crimp, change of 

tow cross-sectional shape, and tow displacement (both sideways and in the direction of load) 

occur. When the load is released, tows would try to regain their original cross-sectional shape 

and return to their original positions. Tows that became less crimped due to the load would 

tend to regain their original crimp when the load is released. It is hypothesised that tow cross-

sectional shape change is the main contributor to permanent deformation. Tow displacement 

has two components – in the direction of loading, and perpendicular to the direction of 

loading (lateral movement). It is likely that tow displacement in the loading direction is a 

contributor to time-dependent recovery. It is suggested that tows would tend to return to their 

original positions when the load is released. Re-crimping of tows on release of the load is also 

thought to be largely responsible for the significant time-dependent recovery seen with this 

material. (The single cycle compaction experiments showed that time-dependent recovery was 

15.5% even when a single layer of PWF was compacted).  

 

It is thought that the layers of fabric making up the specimen are pushed apart by the re-

crimping of tows when the load is removed. These layers are more free to move and realign, 

unlike with CFRM (where entwining or embedding of filaments is thought to occur). 

Experimental results suggest that time-dependent recovery increases with the number of 

layers of material in the sample. This finding could be expressed as follows: 

 

Time-dependent recovery = [average component from within 1 layer x number of layers] + 

[average component due to interaction between 1 pair of adjoining surfaces x number of 

adjoining surface pairs]                       (4.7) 
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4.6.3 Biaxial Stitched Fabric 
A single ply of BSF material consists of two layers of tows stitched together. In one layer 

tows are laid side-by-side in the warp direction. Another layer is formed on top of the first 

layer by placing tows side-by-side in the weft direction. The two layers are held together by 

stitching to form a single layer of BSF reinforcement material. Regular gaps of approximately 

0.5 mm exist between weft tows. The BSF material used thus has an ordered and densely 

packed structure, with the result that the initial fibre volume fraction is high (≈ 0.3). It also 

has a more uniform contact surface area, leading to more uniform load distribution. It is 

expected that there would be less interaction between adjacent layers in a multi-layer sample 

of BSF under compaction, compared to CFRM and PWF.  

 

When a BSF sample consisting of one or more layers is compacted, the cross-sectional shape 

of tows would change, as shown schematically in Figure 4.24. Tows would also tend to 

displace both laterally and in the direction of the load. Sideways movement can be 

particularly expected with weft tows where there are regular spaces between adjacent tows. 

However, the stitching where present would have a constraining effect on tow lateral 

displacement. When the load is released, tows would tend to return to their original cross-

sectional shapes and positions. It is thought that elastic/permanent deformation of the 

specimen mainly occurs by cross-sectional shape change of tows. It is hypothesised that tow 

displacement in the direction of loading is responsible for time-dependent deformation 

recovery. 

 

4.7 Concluding Remarks 
The compaction deformation behaviour of three common but very different varieties of E-

Glass fibre reinforcement (Continuous Filament Random Mat, Plain Weave Fabric and 

Biaxial Stitched Fabric) has been studied. Samples of these reinforcements were subjected to 

compression experiments of three types in which common manufacturing parameters were 

varied. The measured compaction deformation was broken down into elastic spring-back, 

time-dependent recovery and permanent deformation components. Permanent deformation 

has been shown to be significant in all cases, being comparable to the elastic component. In 

nearly all experiments with CFRM and PWF, the elastic and permanent deformation 

components showed opposing trends (one increasing with the other decreasing) as the process 
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parameters were varied. In many cases contradictory trends were also noted between the 

CFRM and PWF, suggesting different mechanisms at work within these two materials with 

very different fibre architecture. No clear trends could be observed from the tests with BSF. 

For all three materials, the time-dependent component remained more or less constant across 

the range of experiments. It was small in the case of CFRM and BSF, while it was of 

significant magnitude with the PWF. Time-dependent deformation recovery in CFRM and 

PWF varied only with the number of layers in the specimen. With CFRM this component 

decreased as the number of layers increased, while the opposite trend was noted with PWF. 

This result suggests that time-dependent deformation recovery in CFRM and PWF is affected 

by the interaction between adjacent layers in these materials.   

 

The multiple cycle compaction experiments and the cyclic loading/unloading experiments 

both produced considerably more permanent deformation and much smaller (final cycle) 

compaction stress than that measured during the single cycle compaction experiments. The 

single largest permanent deformation was imparted in the very first compression. Permanent 

deformation increased with repeated compaction, with most of the permanent deformation 

occurring within the first 5-10 cycles. As the cycles of compaction and release proceeded, the 

specimens tended towards a steady state, where the components of deformation are fixed and 

undergo no further change. The compaction load also does not change from that point 

onwards. The cyclic loading/unloading experiments showed repeatable loading/unloading 

paths towards the end of the tests, with reduced hysteresis effect at that stage. 

 

Possible mechanisms for the existence of elastic spring-back, time-dependent recovery and 

permanent deformation in each of the three materials have been presented. With CFRM it is 

thought that elastic/permanent deformation is by means of filament bending and 

displacement, while it is suggested that time-dependent deformation recovery is by means of 

filament – filament interactions (intertwining and embedding), both within individual layers 

and between filaments on contacting surfaces of adjacent layers. In the case of PWF and BSF, 

it is hypothesised that elastic/permanent deformation is accomplished by cross-sectional shape 

change of tows, while the time-dependent recovery is due to tows that have been displaced 

tending to return to their original positions. It is suggested that with PWF re-crimping of tows 

on release of the load also contributes to time-dependent deformation recovery.     

 

 



Chapter 5: Stress Relaxation Modelling 

5.1 Introduction 
Compression deformation of glass fibre reinforcements and the components of compression 

deformation were identified and discussed in Chapter 3. During composites manufacturing 

processes there is usually a phase when the reinforcement is held under constant strain after 

compaction to the required thickness. Stress relaxation occurs during this time. The 

viscoelastic behaviour under compression of three commonly used glass fibre reinforcement 

materials, Continuous Filament Random Mat (CFRM), Chopped Strand Mat (CSM) and Plain 

Weave Fabric (PWF), was discussed in Chapter 3. A fourth reinforcement material, Biaxial 

Stitched Fabric (BSF), was introduced in Chapter 4. The aim of this work was to build a 

simple model to both explain and simulate the experimentally observed stress relaxation 

behaviour of these materials. It was also intended that the model be able to predict the stress 

relaxation response for other cases employing the same experimental parameters. As Biaxial 

Stitched Fabric was included for the first time in Chapter 4, it would be appropriate to first 

briefly consider the stress relaxation behaviour of this material prior to the discussion on 

modelling. Experimental stress relaxation data for Biaxial Stitched Fabric was available as a 

by-product of the work carried out for Chapter 4, and it is this data that is used for presenting 

the discussion that follows. Since experimental data for the stress relaxation response of 

Chopped Strand Mat was already available, it was decided to include this material also in this 

model development work. 

 

Figure 5.1 shows the stress relaxation behaviour of Biaxial Stitched Fabric after compaction 

to different final fibre volume fractions at a compaction speed of 5 mm/min. Specimens of 

size 200 mm x 200 mm and consisting of 10 layers each were used for these tests. In each 

case, the final strain level was held constant for ten minutes. It can be noted from the figure 

that the peak compression stress increased as the final fibre volume fraction increased, and 

that the loading path was very similar in all cases. There is a quick drop in stress at the start of 

the relaxation period, and this tapers off over time, tending towards an asymptotic value after 

a long period of time. This drop in stress is usually lesser for higher final fibre volume 

fractions, as can be noted from Figure 5.2. Robitaille and Gauvin (1998a) reported similar 

results with no-crimp bidirectional glass fabric, while Pearce and Summerscales (1995) also

 115
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 noted the same trends with plain weave fabric. Work with E-glass plain weave and random 

mat preforms by Kim, McCarthy and Fanucci (1991) also confirmed the present observations. 

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 100 200 300 400 500 600 700

Time (s)

C
om

pr
es

si
on

 S
tr

es
s 

(M
Pa

)

`

0.625

0.575

0.55
0.525

Vf = 0.65

0.6

 
Figure 5.1: Compaction and stress relaxation response of BSF 
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Figure 5.2: Normalised stress relaxation behaviour of BSF 
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The peak (compaction) and final (after relaxation) stresses are compared in Figure 5.3. The 

percentage of peak stress that was retained as long term stress generally increased as the final 

fibre volume fraction went up. In other words, the total amount of stress relaxation reduced 

with increasing final fibre volume fraction. It is thought that stress relaxation occurs by means 

of fibre/fibre bundle network reorganisation. The density of packing of fibres and fibre 

bundles increases as the final fibre volume fraction is increased, and this in turn constrains the 

internal movement of fibres and fibre bundles, lowering capacity for stress relaxation. 
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Figure 5.3: Comparison of peak and long term stresses with BSF 

 

One compaction test with this material was conducted to observe the long term stress 

relaxation behaviour, and this result is shown in Figure 5.4. As expected, the drop in 

compaction stress is rapid at first, and the rate of change in the compaction stress reduces over 

time, finally becoming negligible. It can be presumed that the compression stress reaches an 

asymptotic value after a long period of time. 
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Figure 5.4: Long term stress relaxation behaviour of BSF, Final νf = 0.6. 

 

5.2 Stress Relaxation Model 
A Maxwell element consists of a linear (Hookean) spring and a linear dashpot (containing a 

Newtonian fluid) in series. Such an element or various combinations of it can be used to 

represent viscoleastic stress relaxation under constant strain (Bodig and Jayne, 1993; Findley, 

Lai and Onaran, 1976; Hadad, 1995). In a Maxwell element the total strain and the total strain 

rate are the sums of the individual strains and strain rates respectively, while the stress acting 

on the two components is the same since they are connected in series.  

 

The differential equation that describes the Maxwell element under constant strain is as 

follows: 

dtEd )/(/ ησσ −=                        (5.1) 

The solution to this equation is 

)/exp()( (max) ησσ Ett −=                      (5.2) 

Where σ(max) is the stress at time t = 0. This equation can be re-written as 

)/exp()( (max) τσσ tt −=                      (5.3) 

by defining a relaxation time constant τ, which is equal to (η/E), where η is the viscosity of 

the dashpot and E is the spring stiffness. 

 

Kim, McCarthy and Fanucci (1991) utilised a model containing five Maxwell elements in 

parallel (known as the Maxwell-Wiechert model) to simulate stress relaxation after 
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compression of various dry reinforcements, including E-glass plain weave cloth and random 

mat. They reported that the model provided a good fit to experimental results. More recently, 

a viscoelastic model to characterise the compression deformation behaviour of fibrous 

reinforcements in Liquid Composite Moulding processes was developed by Kelly, Umer and 

Bickerton (2006). A free spring in parallel with ‘N’ Maxwell elements was used to represent 

both compaction and relaxation phases. They found that a model with one spring and a 

Maxwell element in parallel showed good agreement with experimental results from 

compression tests on Continuous Filament Mat reinforcements in both dry and wet states. 

Following that, Penneru (2007) employed a three component Maxwell-based model (one 

Maxwell element with a spring parallel to it) to satisfactorily describe viscoelastic stress 

relaxation in wood. The equation used was follows: 

( ) ( )110 /exp τσσσ tt −+=                      (5.4) 

σ(t) is the stress at any time t, σ0 and σ1 are stress constants, and τ1 is the time constant. 

 

In the present study trials were conducted with the three component Maxwell-based and 

double Maxwell (two Maxwell elements in parallel) models but these were found to be 

inadequate to describe the stress relaxation behaviour of the glass fibre reinforcements under 

consideration. An example plot from the three component Maxwell-based model is shown in 

Figure 5.5. It can be seen that the three component Maxwell-based model provides a poor fit 

in these cases. The double Maxwell model too did not give a good representation of the 

experimental stress relaxation data.  
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Figure 5.5: Three component Maxwell-based model using BSF compaction data 

 

However, a five component Maxell-based model (two Maxwell elements and a spring, all in 

parallel to one another) was found to provide excellent representation. A schematic diagram 

of the model is shown in Figure 5.6. The physical explanation of this model and its 

applicability to this research are discussed in Section 5.3. The evolution of stress with time in 

the case of the five component Maxwell-based model is as follows: 

( ) ( ) ( )22110 /exp/exp τστσσσ ttt −+−+=                (5.5) 

In this case, σ0 is the long term stress that is retained after stress relaxation is complete, while 

(σ0+σ1+σ2) is equal to σ(max), which is the peak stress. (This is the starting stress, which is at 

time t=0). σ0, σ1 and σ2 are stress constants, while τ1 and τ2 are the relaxation time constants, 

and are equal to (η1/E1) and (η2/E2) respectively. 
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Figure 5.6: Schematic diagram of the five component Maxwell-based model 

 
It is possible that adding more Maxwell elements or combinations thereof would provide 

more accurate representation of the experimental data. However, the aim of this work was to 

develop a simple model that would not only give a good simulation of the experimental 

results, but also equally importantly, provide physical meaning to the components in the 

model. Having many elements or components in the model would make this task more 

difficult. 

 

5.3 Model Applicability to Experimental Data 

σ0 is less than or equal to the minimum stress in the test data, while (σ1+σ2) is equal to [σ(max) 

– σ0]. σ1, σ2, τ1 and τ2 were first determined by trial and error as a first approximation, and 

then both experimental and trial-fit model compression stress versus time curves were plotted 

using Microsoft Excel. Very good curve fits were obtained by this method. The trial values of 

the five parameters thus determined, and the corresponding test data, were then input into a 

MATLAB code (S. Banerjee, personal communication, 28 August 2006) that calculates the 

best-fit values of these constants, based on the Least Squares Method. Later versions of 

MATLAB available at The University of Auckland came with a built-in Optimisation 

Toolbox that could be utilised to determine the best-fit values of these constants. 
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A representative trial-fit ‘Five Component Maxwell-based Model’ curve for Biaxial Stitched 

Fabric and the corresponding best-fit curve are shown in Figures 5.7 and 5.8 respectively. 
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Figure 5.7: Normalised experimental and trial-fit curves for BSF, νf = 0.525. 
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Figure 5.8: Normalised experimental and best-fit curves for BSF, νf = 0.525. 
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This technique was employed for all four materials (Continuous Filament Random Mat, 

Chopped Strand Mat, Plain Weave Fabric and Biaxial Stitched Fabric) in this research, some 

experimental details being repeated in Table 5.1 for convenience. The sample size was 200 

mm x 200 mm in each case.  

 

The values of σ0, σ1, σ2, τ1 and τ2 determined as best-fit by MATLAB and the corresponding 

residual values are given in Table 5.2. The stress values were normalised with respect to the 

peak stress in every case.  

 

Table 5.1: Test parameters and results for the stress relaxation experiments 

Material 

and 

Test No. 

No. of 

Layers

Final Fibre 

Volume Fraction

νf 

Compaction 

Speed 

mm/min 

Peak 

Stress 

MPa 

Final Stress 

MPa (% of peak 

stress) 

Relaxation

Time 

s 

CFRM 1 6 0.296 2.0 0.3908 0.2334 (59.7%) 1620 

CFRM 2 6 0.346 2.0 0.7412 0.4808 (64.9%) 1620 

CFRM 3 6 0.415 2.0 1.4744 1.0703 (72.6%) 1620 

CFRM 4 6 0.519 2.0 2.7947 2.2525 (80.6%) 1620 

CSM 1 8 0.28 2.0 0.1649 0.0600 (36.4%) 870 

CSM 2 8 0.336 2.0 0.4177 0.1653 (39.6%) 870 

CSM 3 8 0.42 2.0 1.3601 0.9074 (66.7%) 870 

CSM 4 8 0.56 2.0 2.9992 2.5970 (86.6%) 870 

PWF 1 8 0.55 2.0 0.1783 0.0756 (42.4%) 1575 

PWF 2 8 0.575 2.0 0.4231 0.2149 (50.8%) 1575 

PWF 3 8 0.625 2.0 0.5083 0.2795 (55.0%) 1575 

PWF 4 8 0.65 2.0 0.6751 0.4110 (60.9%) 1575 

BSF 1 10 0.525 5.0 0.1798 0.1295 (72.0%) 600 

BSF 2 10 0.55 5.0 0.2523 0.1822 (72.2%) 600 

BSF 3 10 0.575 5.0 0.4081 0.2961 (72.6%) 600 

BSF 4 10 0.6 5.0 0.5710 0.4196 (73.5%) 600 

BSF 5 10 0.625 5.0 0.8373 0.6379 (76.2%) 600 

BSF 6 10 0.65 5.0 1.1569 0.9122 (78.9%) 600 
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Table 5.2: Model parameters 

Material, 
Test No. & νf 

σ0 σ1 σ2 τ1 τ2 Peak 
Stress 

ΣResidual2 

CFRM 1 
νf = 0.296 

0.2342 0.0770 0.0501 19.3917 407.6575 0.9243 0.0270 

CFRM 2 
νf = 0.346 

0.4821 0.1307 0.0884 18.8298 403.1109 0.9459 0.0191 

CFRM 3 
νf = 0.415 

1.0708 0.2044 0.1464 21.9072 458.4871 0.9643 0.0130 

CFRM 4 
νf = 0.519 

2.2489 0.2628 0.2233 27.4609 514.7750 0.9787 0.0053 

CSM 1 
νf = 0.28 

0.0605 0.0531 0.0353 13.4385 205.3579 0.9033 0.0328 

CSM 2 
νf = 0.336 

0.1667 0.1322 0.0904 12.7647 209.9366 0.9322 0.0304 

CSM 3 
νf = 0.42 

0.9065 0.2312 0.1854 16.5637 249.5705 0.9728 0.0074 

CSM 4 
νf = 0.56 

2.5931 0.1964 0.1789 20.8827 277.5404 0.9898 0.0009 

PWF 1 
νf = 0.55 

0.0763 0.0484 0.0256 14.2554 364.6114 0.8413 0.0995 

PWF 2 
νf = 0.575 

0.2164 0.1055 0.0555 14.6066 369.7201 0.8914 0.0770 

PWF 3 
νf = 0.625 

0.2810 0.1155 0.0630 15.4861 380.6193 0.9037 0.0640 

PWF 4 
νf = 0.65 

0.4125 0.1341 0.0758 16.7209 386.1802 0.9218 0.0465 

BSF 1 
νf = 0.525 

0.1299 0.0306 0.0116 2.1666 117.5211 0.9837 0.0057 

BSF 3 
νf = 0.575 

0.2972 0.0732 0.0276 2.6454 127.3348 0.9753 0.0061 

BSF 4 
νf = 0.6 

0.4210 0.0954 0.0397 2.9738 131.5858 0.9740 0.0057 

BSF 6 
νf = 0.65 

0.9138 0.1382 0.0736 4.6884 147.5562 0.9734 0.0035 
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Sample normalised experimental stress versus time graphs along with their best-fit plots for 

Continuous Filament Random Mat, Chopped Strand Mat and Plain Weave Fabric are shown 

in Figures 5.9 - 5.11. 

 

0.7

0.8

0.9

1

1.1

0 200 400 600 800 1000 1200 1400 1600 1800

Time (s)

C
om

pr
es

si
on

 S
tr

es
s 

(N
or

m
al

is
ed

) Expt Best Fit

ΣResidual2 = 0.0130

Expt Peak Stress

Best Fit Peak Stress

 
Figure 5.9: Normalised experimental and best-fit curves for CFRM, νf = 0.415. 

 

It can be seen from Figures 5.8 – 5.11 and Table 5.2 that the Five Component Maxwell-based 

model simulates extremely well the stress relaxation paths of these four reinforcing materials. 

In general as the final fibre volume fraction is increased, the peak compression stress 

increases. This is due to fibres being compacted to smaller thicknesses, leading to greater 

resistance. At the same time stress relaxation reduces due to fibre movement becoming more 

constrained. It appears that the model simulation improves as the final fibre volume fraction 

increases, as can be seen with the results of CFRM, CSM and PWF. The notable exception is 

BSF where all four simulations are more or less equally good. It can be noted that the five 

component Maxwell-based model under-predicts the peak stress (usually by a small 

percentage) while minimising the residual value.  

 

When these reinforcements are compressed, the applied compaction stress causes substantial 

deformation of the reinforcement. Once the final fibre volume fraction (i.e. final sample 

thickness) is reached and the final compaction strain is held constant, the compression load 

drops quickly as no further deformation is imposed on the specimen. The compaction load is 
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sustained only by the elastic and viscoelastic strains contained within the sample. The 

viscoelastic strain is reduced over time by means of conversion to elastic strain, depending on 

availability of space within the sample for fibre/fibre bundle movement, and hindrance to this 

realignment by the locations of other fibres and fibre bundles. In an ideal case, all viscoelastic 

strain would be thus converted over a long period of time. This process results in a 

corresponding slow reduction in compression stress over time. At the end of stress relaxation, 

elastic strain still remains and resists the load due to the compaction strain. 
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Figure 5.10: Normalised experimental and best-fit curves for CSM, νf = 0.42. 
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Figure 5.11: Normalised experimental and best-fit curves for PWF, νf = 0.625. 
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It is explained that σ1 and τ1 represent the Maxwell element that corresponds to the sudden 

and large drop in compaction stress at the start of constant compaction strain holding time. 

The slow and over time reduction in compression stress due to fibre and fibre bundle 

reorganisation is represented by the second Maxwell element and its parameters σ2 and τ2. It 

can be seen from Table 5.2 that σ1 values are large, compared to σ2. By the same token, τ1 is 

very much smaller than τ2, representing the initial quick drop in stress while τ2 is so much 

greater as a result of the slow and over a long period of time stress relaxation. σ0 is the elastic 

stress that remains at the end, after all possible stress relaxation has occurred.  

 

5.4 Variation of Model Parameters with Fibre 
Volume Fraction 
Figures 5.12 - 5.19 show the variation of the best-fit values of the five model parameters (σ0, 

σ1, σ2, τ1 and τ2) against the final fibre volume fraction for the four reinforcement materials 

tested. It is known from experiments that σ0 (long term stress) varies exponentially with fibre 

volume fraction, and hence an exponential fit was employed for this curve. The other four 

parameters were fitted using second degree polynomial curves. The value of R2 is equal to or 

greater than 0.9 in most cases, indicating good fits.  
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Figure 5.12: Variation of model stress parameters with final fibre volume fraction for CFRM 
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Figure 5.13: Variation of relaxation time constants with final fibre volume fraction for CFRM 
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Figure 5.14: Variation of model stress parameters with final fibre volume fraction for CSM 
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Figure 5.15: Variation of relaxation time constants with final fibre volume fraction for CSM 
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Figure 5.16: Variation of model stress parameters with final fibre volume fraction for PWF 
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Figure 5.17: Variation of relaxation time constants with final fibre volume fraction for PWF 
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Figure 5.18: Variation of model stress parameters with final fibre volume fraction for BSF 
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Figure 5.19: Variation of relaxation time constants with final fibre volume fraction for BSF 

 

5.5 Stress Relaxation Prediction 
In the present study, two example stress relaxation predictions for Biaxial Stitched Fabric 

have been made, and compared to their experimental results. The governing equations for the 

variations of the five parameters with final fibre volume fraction are given, and these 

equations were utilised to predict the values of σ0, σ1, σ2, τ1 and τ2 for BSF 2 (νf = 0.55) and 

BSF 5 (νf = 0.625). The predicted values of these five constants are given in Table 5.3. They 

were then used to plot predicted Five Component Maxwell Model curves for these two 

experiments, and compare the predicted stress relaxation behaviour to that observed in the 

tests. The comparisons are shown in Figures 5.20 and 5.21.  

 

Table 5.3: Predicted values of model parameters for BSF 2 and BSF 5 

Material and Test No. σ0 σ1 σ2 τ1 τ2 

BSF 2, νf = 0.55 0.7247 0.1915 0.0668 2.2539 121.5506 

BSF 5, νf = 0.625 0.7639 0.1453 0.0672 3.7390 139.0533 
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Figure 5.20: Normalised experimental and predicted stress-time curves for BSF, νf = 0.55. 
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Figure 5.21: Normalised experimental and predicted stress-time curves for BSF, νf = 0.625. 

 

It is noted that the predicted curves are very close to the experimental curves, indicating good 

prediction by the model. The predicted peak stresses are slightly lower than the normalised 

experimental peak stresses, as in the case of the four tests with BSF where best-fit model 

parameters were determined for each of the experimental curves. The ΣResidual2 values are 
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also similar to those obtained with the four BSF tests. The normalised experimental and 

predicted peak and long term stresses for these two tests are given in Table 5.4. It can be seen 

that the differences between the two sets of values are quite small.  

 

Table 5.4: Normalised experimental and predicted stresses 

Material, 

Test No. & νf 

Stress 

 

Experimental

Stress 

Predicted

Stress 

Difference 

BSF 2 

νf = 0.55 

Peak 1.0000 0.9830 -1.70% 

Long Term 0.7222 0.7252 0.42% 

BSF 5 

νf = 0.625 

Peak 1.0000 0.9764 -2.36% 

Long Term 0.7618 0.7648 0.39% 

 

5.6 Concluding Remarks 
It was shown that the Five Component Maxwell-based Model can be used to obtain good 

simulations of the stress relaxation response under constant compressive strain of Continuous 

Filament Random Mat, Chopped Strand Mat, Plain Weave Fabric and Biaxial Stitched Fabric. 

The variation of σ0 with final fibre volume fraction was fitted with an exponential curve while 

second degree polynomial curves were used to fit the variations of other model parameters 

with final fibre volume fraction. The model was then used to predict the stress relaxation 

behaviour of Biaxial Stitched Fabric in two cases, in both of which the experimental results 

were well simulated. 

 

It is known that natural variation of compaction response of different samples of the same 

reinforcement material exists. This is more in the case of materials where stacking and nesting 

or the presence of significant binder can affect compression behaviour. Increasing the fibre 

volume fraction generally leads to higher peak compaction stress, more so at high fibre 

volume fractions, where even small increases in fibre volume fraction can cause the peak 

compaction stress to increase considerably. Keeping this knowledge in the background, it can 

be concluded that the Five Component Maxwell-based Model can be employed to both 

simulate and obtain good predictions of the stress relaxation response of these reinforcement 

materials over a range of fibre volume fractions, keeping other test factors the same. 

 



Chapter 6: Compression Deformation 
Visualisation and Image Analysis  

6.1 Introduction 
Chapter 4 presented research concerned with understanding the mechanisms governing 

through thickness deformation in the compaction of glass fibre reinforcements in composites 

manufacturing processes. It sought to quantify different components of compressive 

deformation in order of importance, and suggest possible reasons for their occurrence. The 

purpose of this chapter is to present work carried out to test the hypothesis on the mechanism 

of compression deformation proposed in Chapter 4. It presents a study of the physical 

phenomena of compaction deformation of glass fibre reinforcements in manufactured 

composite panels, and the relationship of deformation to experimental parameters employed 

in the manufacture of those panels.   

 

Composite laminates were manufactured using Biaxial Stitched Fabric (BSF), Continuous 

Filament Random Mat (CFRM) and Plain Weave Fabric (PWF) glass fibre reinforcements 

and a thermoset polyester resin. Four different panels were produced using each type of 

reinforcement material, making a total of 12 panels. Specimens were cut from these cured 

laminates, and scanned using a micro-computed tomography x-ray scanner. The resultant 3D 

models were analysed using ImageJ1 software. 

 

6.2 Composite Laminates Manufacture 
Reinforcement material samples of size 200 mm diameter were cut from rolls of BSF, CFRM 

and PWF using the previously mentioned hydraulic cutting press. Relevant details of these 

reinforcement materials and the hydraulic press have been given in earlier chapters. The 

reinforcement for each laminate was made up by laying ten layers of material one on top of 

the other. A central hole of 15 mm diameter was punched out in the samples to facilitate in-

plane flow of resin during the manufacture of the panels. The Resin Transfer Moulding 

technique was employed to manufacture the composite laminates. A thermoset polyester 

                                                 
1 Rasband, Wayne. “ImageJ”. U.S. National Institutes of Health. http://rsb.info.nih.gov/ij/ (accessed 20 June 
2007). 
 

 134



Chapter 6: Compression Deformation Visualisation and Image Analysis 
 

 135

resin, R4104X, into which was mixed a catalyst, MEKP, was used. The amount of catalyst 

required was 2% by mass, while the gel time was about 40 minutes. A closed round mould, 

whose inside surfaces were coated with a mould-release agent (to facilitate easy removal of 

the moulded composite laminate), was mounted between the fixed and moving platens of an 

Instron Universal Testing Machine (load frame model 1186, controller model 5500R, load 

cell capacity 200 kN static load, auto-ranging). The machine was controlled using Merlin 

software (Instron Main Programme version 5.04). This arrangement is shown in Figure 6.1. 

The reinforcement sample was placed inside the mould and compacted to the required final 

thickness, employing the set manufacturing parameters for that particular sample. The details 

of the laminates manufactured are given in Table 6.1. Upon compaction of the reinforcement 

to the required final thickness, resin transfer was started by application of positive pressure 

(by means of compressed air supply at 40 kPa) to the catalysed liquid resin in the pressure 

pot. The resin inlet tube was clamped shut after completely infiltrating the reinforcement with 

resin, and the compressed air supply disconnected. The final thickness of the reinforcement 

was held constant while the resin was allowed to cure. Figure 6.2 shows a CFRM 

reinforcement sample used in this research, while a BSF panel that was manufactured is 

shown in Figure 6.3. (This panel was not cut into specimens as proper resin infiltration did not 

take place, as evident from the white patches on the surface of the panel).  

 

Table 6.1: Schedule of composite panels manufactured 

Material Single 
Compaction 

(Reference Panel) 

Single 
Compaction 
(Higher νf) 

Single 
Compaction 
(Higher CS) 

Cyclic Loading and 
Unloading  

(30.5 cycles) 
BSF BSF_1 

 
νf = 0.6 

CS = 5 mm/min 
h = 5.320 mm 

BSF_2 
 

νf = 0.65 
CS = 5 mm/min 
h = 4.904 mm 

BSF_3 
 

νf = 0.6 
CS = 100 mm/min

h = 5.328 mm 

BSF_4 
 

νf = 0.6 
CS = 5 mm/min 
h = 5.322 mm 

CFRM 
 
 

CFRM_1 
 

νf = 0.4 
CS = 5 mm/min 
h = 4.056 mm 

CFRM_2 
 

νf = 0.5 
CS = 5 mm/min 
h = 3.465 mm 

CFRM_3 
 

νf = 0.4 
CS = 100 mm/min

h = 4.299 mm 

CFRM_4 
 

νf = 0.4 
CS = 5 mm/min 
h = 4.026 mm 

PWF PWF_1 
 

νf = 0.6 
CS = 5 mm/min 
h = 3.491 mm 

PWF_2 
 

νf = 0.65 
CS = 5 mm/min 
h = 3.235 mm 

PWF_3 
 

νf = 0.6 
CS = 100 mm/min

h = 3.460 mm 

PWF_4 
 

νf = 0.6 
CS = 5 mm/min 
h = 3.430 mm 
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The effects of the following manufacturing parameters on the total compressive deformation 

contained within these moulded panels were investigated: 

(i) Target fibre volume fraction: two different final fibre volume fractions were used. 

(ii) Compaction speed: two different ramp speeds, one low and the other high, were used in 

the compaction of samples. 

(iii) Number of compactions: single compaction and multiple compactions (30.5 cycles of 

loading and unloading) were used for different samples. 

 

 

Machine 
frame (fixed) 
 
Load cell 
 
 
 
 
 
Mould lid 
 
 
Mould with 
sample 
 
Moving 
crosshead 
 
 
Resin inlet to 
mould 
 
Compressed 
air inlet 
 
Resin pot 
 
Compressed 
air control 
valve 
 

Figure 6.1: Arrangement of equipment on the Instron universal testing machine for 

manufacture of composite panels 
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Figure 6.2: CFRM reinforcement for RTM 

 

 
Figure 6.3: Manufactured BSF panel (from trial run) 
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6.3 Micro-Computed Tomography X-Ray Scanner 
Computed tomography (CT or CAT) x-ray scanner technology has traditionally been utilised 

in the medical field for three dimensional imaging of the human body. This technology is 

increasingly being employed for various applications in engineering and science. Table top 

machines (as opposed to full length machines for scanning humans) are available for 

generating 2D/3D images and data of various objects that are smaller in size. A SkyScan 1172 

Micro-CT Scanner was employed for this research, and is shown in Figure 6.4. 

 
Figure 6.4: SkyScan 1172 high-resolution micro-CT scanner2 

 

Specific details of this machine are given at the end of this section. The specimen was 

mounted on a rotating table which is located inside the scanning chamber of the machine. A 

series of x-ray images of the specimen are taken as it is rotated around its central (linear) axis. 

X-ray penetration of the object, and thus the resultant images, depend upon the densities of 

the various materials that make up the object. This variation in density is utilised by the 

system to compute and generate a series of cross-sectional images of the object (referred to as 

the reconstruction dataset). These cross-sectional images are at regular intervals along the axis 

of rotation. The plane of these images is parallel to the direction of the x-rays. The principle 

of CT scanning is described schematically in Figure 6.5.  

 

The image on the left of Figure 6.5 shows x-ray images of an object being taken as the object 

is rotated step-by-step about its vertical axis. The image on the right illustrates the 

development of a 3D data model of the object, based on the information collated from the x-

ray images.  

 

 

                                                 
2 SkyScan. (2008). SkyScan1172 high-resolution micro-CT. Retrieved 8 October 2008, from 
http://www.skyscan.be/products/1172.htm  
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(a)             (b)    

 
Figure 6.5: Schematic diagram of the principle of CT scanning: (a) scanning, and (b) 

reconstruction.3 

 

The set of cross-sectional images in the reconstruction dataset can then be utilised to generate 

cross-sectional images in other planes, compute various quantities pertaining to the scanned 

object, and develop a 3D model of the object. A number of parameters can be varied in 

determining the optimum group of settings to be employed to scan an object, depending upon 

the nature and structure of the object, the size of the object to be scanned, and the image 

resolution desired. These parameters include the step size of the rotation of the object, the 

strength/intensity of the x-rays used, the use of different filters, the scanning resolution and 

the positions of the camera and the sample table. It is also possible to employ settings such as 

offset scanning (where wider objects can be scanned half width at a time) and oversize 

scanning (where long samples can be scanned in more than one stage). The data acquisition 

pixel size setting is the reconstruction image pixel size, and the position of the camera, the 

pixel size setting used and the position of the rotating table determine the height of the sample 

that will be scanned. All other things being equal, smaller objects can be scanned quicker than 

larger ones, and it would be possible to scan small specimens at high resolution (and thus see 

more detail) in the same time that it takes to scan a large object at low resolution. The size of 

the files and datasets created also needs to be taken into consideration, with a view to easier 
                                                 
3 SkyScan. (2008). Microtomography (micro-CT). Retrieved 8 October 2008, from 
http://www.skyscan.be/company/methods.htm  
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handling and manipulation of images. Resultant image datasets of approximate size range 5 – 

50 GB were created by the scanning process. In addition, the original x-ray image sets were 

about 2 – 97 GB. These original x-ray images can be used to re-create the resultant image 

datasets with certain modified settings, without the need for scanning the object again. 

However, the original settings that were chosen to do the scanning cannot be changed unless 

the object is scanned again. 

 

SkyScan 1172 Micro-CT Scanner can handle a maximum object size of 68 mm diameter and 

about 75 mm height. A highest scanning and reconstruction image resolution of 1 μm is 

possible with this machine. The rotating stage on which the sample is mounted and the x-ray 

camera can both be moved during adjustment of magnification, enabling combinations of 

resolution (pixel size), sample size, scan duration and image quality to be obtained. The time 

taken to produce the reconstruction images is often much greater than the time taken to scan 

the object. This machine is designed to work with a cluster of PCs running in parallel during 

the image dataset reconstruction phase, so that the time taken for this work can be reduced. 

 

6.4 Samples for Scanning 
Specimens for scanning were cut from the cured laminates using a rotary blade saw cutting 

machine. One sample was taken from each panel. In addition, samples of the un-compacted 

reinforcement materials from the rolls were also cut and scanned, in order to compare the 

finished panels to the input reinforcements. The scanning time for each sample is dependent 

on the scanner settings used for the sample. The length of the sample is not of consequence, 

except that the sample has to fit within the scanning chamber. The height of the sample that is 

scanned is dependent upon the camera and other settings employed. An example of a log file 

generated by the CT scanner is given in Appendix C, while some cut samples are shown in 

Figure 6.6. A three dimensional image of a PWF laminate sample created using the CT 

scanner software is shown in Figure 6.7. The image is of the full sample and includes both the 

fibres and the cured resin. 
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Figure 6.6: A selection of cut specimens for scanning. Specimen thickness is the thickness of 

the finished laminate. From left: BSF, CFRM and PWF panels; extreme right: PWF raw 

material sample in polystyrene holder. 
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Figure 6.7: 3D rendition of a PWF laminate sample used during initial CT scanning trials. 

(Actual size: ~ 17.0 mm x 5.7 mm x 3.7 mm) 

 

6.4.1 Biaxial Stitched Fabric 
Samples were cut length-wise along the 90o (weft) bundle direction. It was estimated that 

there were about 10 weft bundles per 25.4 mm of roll length. Small gaps were observed to 

exist between these bundles. It was estimated that these gaps were about 0.5 mm or less. 

Taking into account these factors, weft bundle width would be about 2 mm or greater. A 

sample size of about 4.5 - 5 mm width was chosen for the four BSF panels. This was to 

ensure that at least one full weft bundle would be included in the sample. Sample length was 

approximately 20 mm. The sample was placed in the CT scanner x-ray chamber as shown 

schematically in Figure 6.8. Machine settings that acquired data and delivered a 

reconstruction image pixel size of 2.513 µm were chosen after trial and error, based on the 

detail visible in the scanned images. The camera and other settings selected gave a scanned 

height of 4.707 mm. In addition, a sample of the un-compacted raw material from the roll was 

also scanned. 
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Figure 6.8: Schematic diagram of cross-sectional image generation in laminate samples. 

Sample thickness is the thickness of the moulded panel. 

 

6.4.2 Continuous Filament Random Mat  
CFRM is a mat made by a continuous filament laid out in a random structure. Thus there is no 

particular orientation in which the samples were cut. Sample widths were in the vicinity of 

4.0-4.5 mm, while the height was approximately 20 mm. Reconstruction images showing 

cross-sectional views of the sample thickness were generated. The scanning acquisition and 

image pixel size was 5.03 µm. The height of the reconstructed cross-section image stack was 

4.704 mm. A single layer of a piece of CFRM raw material was scanned at a pixel size of 4.85 

µm, and delivered a stack of images spaced evenly over 4.007 mm.  

 

6.4.3 Plain Weave Fabric  
Samples were cut length-wise along the 90o (weft) bundle direction. The manufacturer’s 

specifications state there are 22 weft bundles per 100 mm roll length, giving a weft bundle 

width (including free spaces between bundles) of about 4.5 mm. A sample width of about 9.5 

- 10.5 mm was chosen to make certain that at least one full weft bundle would be scanned in 

the cut sample. Offset scan settings were used to cover the width of the specimen for the 

scanned 2.513 µm image pixel size. The scanned height of the samples is 4.156 mm. A single 

weft bundle from the PWF raw material was also scanned. Scanning details of samples of all 

three materials are given in Table 6.2. 
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Table 6.2: CT scanning details 

Sample Pixel Size 

(µm) 

Scan Height

(µm) 

Scan Height

for Analysis

(µm) 

Scan Duration 

(h:m:s) 

Reconstruction 

duration  

per slice (s) 

BSF_1 2.513 4707 3628 02:05:25 20.6 

BSF_2 2.513 4707 3628 02:00:52 48.5 

BSF_3 2.513 4707 3628 02:01:15 49.0 

BSF_4 2.513 4707 3628 02:01:23 19.6 

BSF_Raw 2.513 4156 3628 08:25:43 362.7 

CFRM_1 5.026 4704 3750 00:21:43 9.2 

CFRM_2 5.026 4704 3750 00:21:43 12.9 

CFRM_3 5.026 4704 3750 00:21:43 12.8 

CFRM_4 5.026 4704 3750 00:21:41 12.9 

CFRM_Raw 4.851 4007 3750 02:00:45 8.0 

PWF_1 2.513 4156 3704 08:13:25 144.4 

PWF_2 2.513 4156 3704 08:13:58 132.1 

PWF_3 2.513 4156 3704 08:16:22 154.4 

PWF_4 2.513 4156 3704 08:33:46 143.7 (est.) 

PWF_Raw 2.425 4011 3703 04:01:08 27.9 

 

6.5 Results and Discussion 
It is necessary to keep the following points in mind when discussing reinforcement 

deformation in the composite laminates manufactured for this study: 

(i) Reinforcements were compacted to the required thickness and held at that thickness during 

resin transfer and curing. In Chapter 4 the components of compression deformation were 

measured by quickly releasing the compaction strain. In this case the strain at final thickness 

was held constant till curing was complete. Thus all three deformation components are 

contained within the manufactured laminates. 

(ii) Viscoelastic stress relaxation would have occurred during the time the compacted 

reinforcement was held at constant thickness while resin was first injected and then cured. 

The injection of resin would have contributed to increased stress relaxation as resin has a 

lubricating effect on fibres and bundles. On the basis of experiments carried out earlier, it can 

be stated that most of the stress relaxation would have taken place before curing of the resin. 
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However, stress relaxation and the duration of stress relaxation did not significantly influence 

the components of compression deformation. 

    

6.5.1 Biaxial Stitched Fabric 
The investigation of compression deformation of Biaxial Stitched Fabric in the manufacture 

of the laminates is reported in the next two sections. The first section is concerned with the 

compaction deformation of weft bundles, while the second deals with bundles in the warp 

direction.  

 

6.5.1.1 Weft Bundle Deformation 

Two examples of BSF reconstruction cross-sectional images generated by the CT scanner are 

given in Figure 6.9. It can be seen that the weft bundles (which are elliptical in shape) are 

more flattened in case (b), BSF_4 (the sample from multiple cycles of loading and unloading), 

compared to those in figure (a), BSF_1 (where the reinforcement was subjected a single 

compaction cycle). The warp bundles (that run from left to right between weft bundles) are 

more undulated in BSF_1 (single compaction) while they are more straight in the multiple 

compaction specimen, BSF_4. Warp bundles fit over and in-between the weft bundles. These 

points are further discussed later on. 

 

The size of the full image (including empty space surrounding the sample) is 2,784 pixels x 

2,784 pixels (width x height), the pixel size being 2.513 µm. A total of 1,874 reconstructed 

cross-sectional images were generated by the CT scanner in each case for the BSF specimens. 

The distance between two consecutive cross-sectional images is 1 pixel, and thus the total 

reconstruction image stack height is 4,706.8 µm (4.707 mm).  
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(a) 

 

Weft bundle
Warp bundle

(b) 

 
Figure 6.9: Example reconstruction cross-sectional images showing weft fibre bundles in BSF 

specimens: (a) from BSF_1, and (b) from BSF_4. 
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The construction of the BSF reinforcement material is shown in Figure 6.10. The 

manufacturer’s specifications state that this material has 14 stitch rows (i.e. 14 fibre bundles) 

per 25.4 mm of roll width, giving an average fibre (warp) bundle width of 1.814 mm. Ten 

reconstructed cross-section images (i.e. weft bundle cross-section images), equally spaced, 

spread over a distance of 3.628 mm (2 x 1.814 mm) were chosen from the central part of this 

stack of 1,874 images. 1.814 mm is the length of the repeating unit cell in this direction; the 

images were selected over two unit cell distance. Five bundles were chosen for analysis in the 

first selected image. These bundles were from alternate layers of material in the image. The 

deformation of the same five bundles was analysed in the selected reconstruction images.  

Fabric roll width direction 
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Figure 6.10: Photographs of BSF reinforcement showing the two sides of the fabric 

 

A sample of the raw BSF reinforcement material was also scanned, in order to compare 

deformation in the finished panels to their original state. Figure 6.11 shows a reconstruction 

image from the scanning of the unused BSF. The sample was held in a polystyrene holder for 

scanning. New BSF reinforcement material has a fibre volume fraction of approximately 

0.28-0.30. Cross-sectional views of 5 weft bundles (elliptical shape) are seen in the picture. 

The long bundle above the weft bundles, going from left to right, is a warp bundle. As in the 

case of the composite panels, ten reconstruction images were selected equi-spaced over two 

unit cell distance in the central region of the stack of images. All five bundles in these ten 

images were analysed. 
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Warp bundle 

Weft bundle  
Figure 6.11: Reconstruction image of a BSF material sample showing weft bundles 

 

The ImageJ software package was used to analyse the images. ImageJ has different tools to 

select areas or objects. The Freehand Selection Tool was utilised to manually select each 

chosen bundle for analysis. The perimeter of the selected bundle could be highlighted with the 

mouse or the whole area of the bundle filled in. ImageJ can calculate various quantities 

pertaining to the highlighted bundle. Of interest to this research were the area, centroid, 

perimeter and the Fit Ellipse options. With Fit Ellipse chosen, the software fits an ellipse to 

the bundle cross-section, and determines, among other things, the major and minor axes of the 

fitted ellipse. The area and perimeter of the bundle would be useful to determine whether and 

how the chosen laminate manufacturing parameters have influenced the size of the deformed 

bundle. The fitted ellipse helps quantify bundle shape change during the process of making 

the panels. Knowledge of the positions of the centroids of the bundles could be employed to 

investigate the straightening or undulations of bundles as a result of applying load to compact 

the reinforcements and manufacture the laminates. The selected fibre bundles were thus 

highlighted and the required data pertaining to these bundles were obtained. One such image 

showing highlighted bundles for analysis can be seen in Figure 6.12. All measured weft 

bundle data for each specimen (BSF_1, BSF_2, BSF_3, BSF_4 and BSF_Raw) was collated 

and averaged. This information is presented in Table 6.3.  
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Table 6.3: Average weft bundle cross-section data in BSF samples 

Specimen Description Average Weft Bundle 
Cross-section Data 

Fit Ellipse to Bundle Cross-
section 

  Area 
(μm2) 

Perimeter 
(μm) 

Major 
Axis 
(μm) 

Minor 
Axis 
(μm) 

Aspect 
Ratio 

BSF_1 Single 
Compaction 
Final νf = 0.6 

CS = 5 mm/min 629,650 4,739 2,204 365 6.04 
BSF_2 Single 

Compaction 
Final νf = 0.65 

CS = 5 mm/min 621,431 4,894 2,301 345 6.67 
BSF_3 Single 

Compaction 
Final νf = 0.6 

CS = 100 mm/min 640,144 4,630 2,152 379 5.68 
BSF_4 Cyclic Load & 

Unload (30.5 
cycles) 

Final νf = 0.6 
CS = 5 mm/min 617,390 4,874 2,344 336 6.98 

BSF_Raw BSF Reinforcement 
Material 

νf = 0.27-0.30 837,808 4,696 2,156 496 4.35 
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Figure 6.12: Sample BSF reconstruction image (from BSF_2) – weft bundles (shaded) 

analysed using ImageJ software  

 

The following points can be deduced from Table 6.3, while Figure 6.13 presents a schematic 

diagram to assist with the explanation: 

(i) The raw material weft bundle has the highest cross-sectional area and the smallest aspect 

ratio for the fitted ellipse, compared to all the four manufactured laminates. Compaction has 

significantly reduced the cross-sectional area in all cases, while it has considerably increased 

the fitted ellipse aspect ratio.  
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(ii) The multiple compaction sample BSF_4 displays the highest aspect ratio and the smallest 

area of cross-section among all the four panels. As can be expected, repeated compression has 

flattened and elongated the bundles, making them thin and long.  

(iii) BSF_2 (fibre volume fraction 0.65) has the smallest area of cross-section and highest 

aspect ratio among all the single compaction panels. This laminate has the highest fibre 

volume fraction among all the single compaction laminates, and this higher fibre volume 

fraction is indicated in the greater bundle flattening and smaller area. 

(iv) It appears that high speed compression (BSF_3) causes the least deformation, as can be 

noted from the largest bundle cross-sectional area and smallest fitted ellipse aspect ratio of all 

the four panels. 

 

 

 

 

 

 

Compaction load on tow

 

 

 

Figure 6.13: Schematic diagram of tow deformation (outline only) 

 

The results indicate that the bundle cross-sectional area is reduced significantly when BSF 

reinforcement material is subjected to one or more compactions and the final compacted strain 

is held constant. Bundle area of cross-section reduction can occur by individual fibres within 

the bundle being compacted together, reducing free spaces between fibres, thus leading to 

more efficient packing of the bundles. The compacted area of cross-section in BSF_1 is about 

75.2% of the original cross-sectional area of the weft bundle in the raw material. This figure is 

slightly less with BSF_2 (which has a higher fibre volume fraction), while it is marginally 

more with high speed compaction (BSF_3). The specimen subjected to 30.5 cycles of loading 

and unloading (BSF_4) has the smallest figure, about 73.7% area of cross-section of the un-

compacted (new) specimen. The Compression Deformation Experiments showed that the 

single largest occurrence (43%) of permanent deformation was with the very first compaction. 

The cumulative permanent deformation then increased gradually, till it was about 60% after 

20 cycles of loading and unloading. It was hypothesised that permanent (and elastic) 

Lateral displacement 
of tow Tow under constant 

compaction strain 
Minor axis

Major axis

Aspect Ratio = Major Axis/Minor Axis 
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deformation of BSF reinforcements are related to bundle cross-sectional change. The results 

of BSF_4 can be directly compared to those of BSF_1 wherein the reinforcement was 

subjected to a single compaction, with the other experimental parameters remaining the same. 

This specimen would contain about 40% permanent deformation, the majority of the 

remaining deformation being elastic in nature. The clearly smaller bundle area of cross-

section and greater Fitted Ellipse aspect ratio of BSF_4, as compared to BSF_1, highlight the 

significantly larger permanent deformation contained in BSF_4. The other two samples, 

BSF_2 and BSF_3, would have permanent deformation values in the vicinity of those for 

BSF_1.  

 

The pattern of variation noted in weft bundle area of cross-section is reversed in the case of 

the aspect ratio of ellipses fitted to these bundles. BSF_3 (high speed compaction) has an 

aspect ratio that is about 31% greater than that of BSF_Raw, followed by BSF_1 (standard 

specimen), BSF_2 (higher fibre volume fraction) and BSF_4 (cyclic loading/unloading) at 

39%, 53% and 60%, respectively. The Fitted Ellipse minor axis variations mirror that of the 

aspect ratio. This observed variation in the size of the Fitted Ellipse minor axes shows that 

bundles are flattened in the direction of compression load during progression from raw 

material to single compaction and are then further flattened with multiple compactions.  

 

The undulations of warp bundles as seen in Figure 6.12 were studied with the aim of 

determining whether and how compaction and laminate manufacturing parameters affected 

them. Warp bundle cross-sectional images, similar to weft bundle cross-sectional images, 

were also generated. The deformation of warp bundles is discussed in section 6.5.1.2. For 

now, it would suffice to state that ten equally spaced images showing warp bundles in cross-

section were chosen for this purpose. The Y and X coordinates of the centroids of the selected 

warp bundle cross-sections correspond to the displacements of these bundles in the direction 

of loading and in the lateral direction (i.e. perpendicular to the direction of loading, which is 

normal to the plane of this paper), respectively. These two coordinates have been plotted 

against distance, as seen in Figure 6.14. Each of the five bundles was centred on the Y = 0 

axis to plot this graph. It can be observed from figure 6.14 that warp bundles are much more 

undulated (maximum peak to trough ≈ 175 µm) in BSF_1, single compaction, compared to 

BSF_4, multiple compactions (maximum peak to trough ≈ 90 µm). Figure 6.15 shows the   

undulations of the same five bundle cross-sections in the X direction, which is perpendicular 

to the direction of loading. In this case, the bundles in BSF_4 have much a greater 
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Figure 6.14: Undulation of warp bundles in the direction of loading. (a) BSF_1 (single 

compaction), and (b) BSF_4 (cyclic loading and unloading). 
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Figure 6.15: Undulation of warp bundles perpendicular to the direction of loading. (a) BSF_1 

(single compaction), and (b) BSF_4 (cyclic loading and unloading). 
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displacement range (maximum ~ +/- 200 µm), compared to BSF_1 (maximum peak to trough 

≈ 250) µm.  

 

The maximum peak-to-trough distances of the five selected bundles in both Y and X 

directions for each specimen were calculated and averaged. This is shown in Table 6.4. The 

values for the raw material sample could have been affected by handling. However, they have 

been given here for the purpose of comparison.  

 

Table 6.4: Average of maximum peak-to-trough distances in BSF warp bundles  

Sample Y Direction
(μm) 

X Direction
(μm) 

BSF_1 126.6 215.3 
BSF_2 153.9 256.4 
BSF_3 113.6 256.1 
BSF_4 70.0 338.6 

BSF_Raw 20.4 88.9 
 

It can be seen that there is a clear distinction between warp bundle undulations in BSF_1 and 

BSF_4. BSF_4 (cyclic loading/unloading) shows much less waviness in Y direction (the 

direction of loading) than BSF_1 (single compaction). However, in the X direction, the 

pattern is reversed, with BSF_4 displaying greater undulations. This shows that in the case of 

these two specimens, bundles that have been more undulated in the direction of loading have 

displaced less in the lateral direction, and vice versa. BSF_2 and BSF_3 do show greater 

waviness than BSF_4 in the loading direction; however, no clear trends can be observed based 

on these results. 

 

It is suggested that bundles that have been displaced due to the load would tend to return to 

their original positions when the compaction strain is released. The Y direction displacements 

of tows probably contribute to the measured time-dependent recovery when the load is 

released. Based on the experimental results reported in Chapter 4, this premise would seem to 

be correct. BSF_4 (cyclic loading) shows significantly less Y direction displacement than the 

other three samples. It is expected that multiple compactions result in clear reduction of time-

dependent recovery, as part of this component is converted to permanent deformation with 

repeated compactions. Chapter 4 showed that multiple compactions resulted in lesser time-

dependent deformation, as compared to the corresponding single compaction. The hypothesis 

that time-dependent deformation is related to the undulations of fibre bundles in the direction 
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of loading is supported by the results of the Y direction undulations of warp bundles of 

BSF_1 and BSF_4. 

 

6.5.1.2 Warp Bundle Deformation 

The deformation of warp bundles can be analysed in a manner similar to the one employed 

earlier for studying weft bundles. Images showing cross-sectional views of warp bundles are 

used for this purpose, and these cross-sectional images are referred to as Sagittal Images in  

SkyScan CT scanner terminology. Sagittal images can be generated from the originally 

created re-construction images using a SkyScan software known as DataViewer. 

 

A repeating unit cycle in the warp bundle direction is about 2.54 mm, as it was estimated 

there are 10 weft bundles per inch of roll length. A total of 1,392 warp bundle images were 

generated for each BSF panel specimen. However, some images at the beginning of the image 

stack are blank, following which there are some that are not clear, before the start of the full, 

clear images that can be studied. This pattern was reversed at the end of the image stack. The 

first effect was possibly due to images of empty space beyond the specimen being created, 

while it is thought that certain settings employed during scanning were responsible for the 

images that are not clear. Sagittal images are re-sized by default to twice their reconstruction 

image pixel size in all three directions. This gave a total sagittal image stack height of 6,990.8 

μm. Discarding the blank and unclear images, a stack height corresponding to 750 image 

slices (3,769.3 μm, which corresponds to 1.48 reinforcement unit cells) was selected from the 

central region of the sagittal image stack for analysis. As before, ten equally spaced sagittal 

images were selected from each set of 750 image slices to study warp bundle deformation.  

 

Two example sagittal images, from BSF_1 and BSF_4 respectively, are shown side-by-side in 

Figure 6.16, while a sagittal image from BSF_2 is presented in Figure 6.17. 
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Warp bundle Weft bundle

Figure 6.16: Example sagittal images from BSF_1 (left) and BSF_4 (right), showing warp 

bundles in cross-section. Bundles selected for analysis have been highlighted and numbered. 

 

It appears that warp bundles in BSF_4 (cyclic loading and unloading) are more flattened than 

those in BSF_1 (single compaction). This finding was also noticed earlier with weft bundles 

from these specimens. The waviness of weft bundles in samples BSF_1 and BSF_4 can be 

studied here, similar to that of warp bundles that was done before. No discernable difference 

in weft bundle undulations is evident from these two images. However, the waviness of weft 

bundles is considered in greater detail towards the end of this section.  

 

Ten equally spaced sagittal images (spread over 750 slices, 3,769.3 μm) were also selected 

from the available images in the case of the BSF raw material sample that was scanned. One 

such image is shown as an example in Figure 6.18. The warp bundles were highlighted for 

analysis using ImageJ. 
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Figure 6.17: Example sagittal image from BSF_2 showing warp bundles selected for analysis 
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Figure 6.18: Sample BSF_Raw sagittal image showing warp bundles in cross-section 

 

The average warp bundle deformation data pertaining to the BSF samples, based on the 

selected images and bundles, is presented in Table 6.5. It would be interesting to compare the 

warp and weft bundle data side-by-side. The corresponding weft bundle information, which 

was reported earlier, is given in brackets.  

 

It is once again obvious that warp bundles are also flattened and elongated by compression, as 

was noted with weft bundles earlier. It can be noted from these results that the average area of 

cross-section of warp bundles in new (un-deformed) BSF raw material is much greater than 

that in the manufactured BSF composite laminates. BSF_4 (cyclic loading and unloading) has 

the least warp bundle area of cross-section (about 73% of that of the raw material). Repeated 

compression of fibre bundles has lead to reduced area of cross-section, due to fibres being 

squashed together, reducing space between fibres in the bundle. The changes to bundle cross-

section are also reflected in data pertaining to ellipses fitted to these cross-sections. BSF_Raw 

has the smallest major axis and the largest minor axis, leading it to have the lowest aspect 

ratio (3.85) among all the specimens. In contrast, BSF_4 has the largest fitted ellipse aspect 

ratio (5.86), an increase of about 52% over that of the raw material sample. Repeated 

compression has flattened and elongated BSF_4 bundles the most among all the BSF panels. 

These results mirror the findings of BSF weft deformation presented earlier. 
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Table 6.5: Average warp bundle cross-section data in BSF samples 

Specimen Description Average Warp (Weft) 
Bundle Cross-section Data 

Fit Ellipse to Bundle  
Cross-section 

  Area (μm2) Perimeter 
(μm) 

Major 
Axis 
(μm) 

Minor 
Axis 
(μm) 

Aspect 
Ratio 

BSF_1 Single 
Compaction 
Final νf = 0.6 

CS = 5 mm/min 

457,494 
(629,650) 

3,897 
(4,739) 

1,799 
(2,204) 

324 
(365) 

5.55 
(6.04) 

BSF_2 Single 
Compaction 

Final νf = 0.65 
CS = 5 mm/min 

477,506 
(621,431) 

3,998 
(4,894) 

1,833 
(2,301) 

332 
(345) 

5.52 
(6.67) 

BSF_3 Single 
Compaction 
Final νf = 0.6 

CS = 100 mm/min 

453,214 
(640,144) 

3,851 
(4,630) 

1,785 
(2,152) 

325 
(379) 

5.49 
(5.68) 

BSF_4 Cyclic Load & 
Unload (30.5 

cycles) 
Final νf = 0.6 

CS = 5 mm/min 

427,199 
(617,390) 

3,816 
(4,874) 

1,782 
(2,344) 

304 
(336) 

5.86 
(6.98) 

BSF_Raw BSF 
Reinforcement 

Material 
νf = 0.27-0.30 

584,141 
(837,808) 

3,825 
(4,696) 

1,692 
(2,156) 

439 
(496) 

3.85 
(4.35) 

 

BSF_Raw and BSF_4 (multiple compactions) represent clear extremes of the deformation 

spectrum with respect to the four laminates that were manufactured, and thus their results are 

similar with regard to both warp and weft bundles. However, BSF_1, BSF_2 and BSF_3 fall 

in-between these two ends, and are also more closely grouped together. Deformation of 

bundles in one direction is very likely to influence the deformation of bundles in the other 

direction, and therefore the two deformations must be considered together in order to 

understand fibre bundle deformation in the specimen as a whole.  

  

Figures 6.19 and 6.20 present the displacements of selected weft bundles in the direction of 

compaction and in the lateral direction, respectively.  
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Figure 6.19: Undulation of weft bundles in the direction of loading. (a) BSF_1 (single 

compaction), and (b) BSF_4 (cyclic loading and unloading). 
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Figure 6.20: Undulation of weft bundles perpendicular to the direction of loading. (a) BSF_1 

(single compaction), and (b) BSF_4 (cyclic loading and unloading). 
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It is can be seen from these two figures that the pattern of displacement of weft bundles is 

similar to that of warp bundles reported earlier. Weft bundles are more straightened in the 

direction of loading for BSF_4, compared to BSF_1. However, the order is reversed in the X 

direction, with BSF_4 showing more displacement than BSF_1. 

 

Table 6.6 presents the average of maximum peak-to-trough distances in the five selected BSF 

weft bundles in both Y (loading direction) and X (lateral direction). This confirms that 

repeated compression (BSF_4) has caused more straightening of bundles in the direction of 

loading while it has also led to more undulations in the lateral direction, as compared to 

BSF_1. BSF_2 and BSF_3 are quite close to each other and to BSF_1. No definite trend can 

be noticed with BSF_2 and BSF_3 in relation to BSF_1. On the whole, the undulations of 

weft bundles are very similar to what was reported in the previous section with regard to warp 

bundle waviness. 

  

Table 6.6: Average of maximum peak-to-trough distances in BSF weft bundles 

Sample Y Direction
(μm) 

X Direction
(μm) 

BSF_1 118.6 87.4 
BSF_2 111.6 122.1 
BSF_3 112.6 154.3 
BSF_4 64.4 155.4 

BSF_Raw 9.4 48.8 
 

6.5.2 Continuous Filament Random Mat 
A CFRM composite sample reconstructed cross-section image generated by the CT scanner is 

shown in Figure 6.21. The dark areas represent the regions where fibre is present while the 

lighter areas are the spaces in-between fibre masses where the cured polymeric resin is 

present. A set of such images, spaced evenly over a height of 4.704 mm was produced for 

each CFRM panel specimen (CFRM_1, CFRM_2, CFRM_3 and CFRM_4). The distance 

between two consecutive images in the set is 1 pixel (5.03 μm). As CFRM has a random 

structure, there is no repeating unit cell, unlike in the case of BSF (and PWF). Ten images 

spaced equally over a distance of 3.75 mm were taken for analysis from the central part of the 

stack of images in each case.  
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Figure 6.21: An example image from the CFRM scans (from CFRM_1) 

 

Figure 6.22 shows an example CFRM raw material image. The specimen was wrapped in 

plastic sheet, held within a polystyrene holder, and scanned. A pixel size of 4.85 μm was set 

for scanning, and this is the separation distance between two consecutive images. The height 

of the stack of images is 4.007 mm. Once again ten images equally spaced over 3.75 mm were 

selected for analysis from the central region of this stack. 

 
Figure 6.22: CT scanner image of a CFRM raw material specimen 

 

ImageJ software can automatically calculate various quantities (such as area, perimeter and so 

on) pertaining to the dark (fibre) regions of these images. To do this the 8-bit grey scale 

images created by the CT scanner need to be converted to binary images by means of the 
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automatic or manual threshold menu. The automatic Make Binary feature of ImageJ was used 

to transform the grey scale images into binary images. (The advantages and disadvantages of 

doing automatic and manual threshold are discussed at the end of this section). A sample CT 

scanner reconstruction image from CFRM_2 and its corresponding binary image is shown in 

Figure 6.23, while example images of CFRM_3 and CFRM_4 generated by the CT scanner 

image reconstruction process can be seen in Figures 6.24 and 6.25 respectively. 

 

The binary images were cropped to make certain that empty space surrounding the specimens 

was not included in the calculations. The areas of the dark regions of the images (fibre areas) 

were thus automatically calculated and collated for each selected image in every specimen. 

The sum total of the fibre area could be compared to the total scanned area of the image and 

thus the total area where resin is present can be determined. The collated data for each 

specimen has been averaged (average of 10 image slices per specimen) and these average 

values are given in Table 6.7. 

Table 6.7: CFRM Results 

Specimen Description Total Area 

(μm2) 

Fibre Area 

(μm2) 

Resin-filled Area

(μm2) 

CFRM_1 Single 
Compaction 
Final νf = 0.4 

CS = 5 mm/min 
 

18,945,349
 
 
 
 

13,983,418
 

(73.8%) 
 
 

4,961,931 
 

(26.2%) 
 
 

CFRM_2 Single 
Compaction 
Final νf = 0.5 

CS = 5 mm/min 

16,628,227
 
 
 

8,480,148 
 

(51.0%) 
 

8,148,079 
 

(49.0%) 
 

CFRM_3 Single 
Compaction 
Final νf = 0.4 

CS = 100 mm/min 

17,682,698
 
 
 

6,807,179 
 

(38.5%) 
 

10,875,518 
 

(61.5%) 
 

CFRM_4 Cyclic Load &Unload 
(30.5 cycles) 
Final νf = 0.4 

CS = 5 mm/min 

16,836,636
 
 
 

7,690,583 
 

(45.7%) 
 

9,146,053 
 

(54.3%) 
 

CFRM_Raw CFRM Reinforcement 
Material 
νf ≈ 0.05   

11,530,264
 
 

263,346 
 

(2.3%) 

11,266,918 
 

(97.7%) 
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(a)     

 
(b) 

 
Figure 6.23: Example CFRM panel CT scanner image and its corresponding binary image 

(from CFRM_2) 
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Figure 6.24: Sample CT scanner image of CFRM_3 cross-section 

 

 
Figure 6.25: Example image from CFRM_4 CT scanning 

 

From the results it can be noted that CFRM_3, high speed compaction, has the least fibre area 

among all the samples. It is thought that high speed compaction would not allow sufficient 

time for fibre filaments to settle into positions that are more uniformly distributed, and thus 

minimise the holding stress. They would tend to clump together, thus reducing fibre area and 

increasing space between fibre masses. Slow speed compaction would have the opposite 



Chapter 6: Compression Deformation Visualisation and Image Analysis 
 

 168

effect, permitting filaments to spread out and reduce the load, thus occupying more area. 

These results do support this hypothesis. However, compressing a reinforcement to higher 

fibre volume fractions should increase the fibre area in the sample. It was expected that 

CFRM_1 would be less than CFRM_2, but this is not the case. It is possible that the particular 

specimen cut from CFRM_1 does not reflect the overall fibre and resin areas in the laminate. 

It can also be seen that the fibre area in this CFRM_1 sample is so much larger, compared to 

all the other samples, that this particular specimen is probably not a true representation of 

fibre content in CFRM_1. In addition, the size of the sample is small. A good estimation of 

fibre volume fraction in CFRM laminates would need more samples from different regions of 

each panel to be taken and analysed. Cyclically loading and unloading a reinforcement a 

number of times would cause almost all the permanent deformation that is possible, to take 

place. Thus the deformation contained in the sample from CFRM_4 would have significantly 

more permanent deformation than the other three samples. It is thought that slow speed cyclic 

loading and unloading would enable the most efficient fibre filament packing. CFRM_4 could 

have been compared to CFRM_1 if the latter result had not been an outlier. As a rough rule of 

thumb, the fibre area percentage should be approximately the same as the fibre volume 

fraction of the sample. 

 

In Chapter 4 it was suggested that permanent deformation in CFRM occurs by means of 

filament bending and displacement, while time-dependent recovery is related to filament – 

filament interactions, both within individual layers and between contacting surfaces of 

adjacent layers. The fibre network under constant compressive strain would tend to minimise 

the load acting on it. This may be by means of determining a more uniformly distributed fibre 

network that enables it to find a lower energy state. CT scanning images and their analysis 

yield results and comparisons that give some indication of filament spread but is not 

conclusive in terms of determining the mechanism of permanent deformation and time-

dependent recovery.    

 

CFRM images were analysed automatically by ImageJ software. The images generated by the 

CT scanner are 8-bit grey scale images. A threshold needs to be applied to such images in 

order for the software to automatically analyse them. The threshold can either be done 

automatically or manually, and converts these images to binary images. Automatic threshold 

was applied in all cases. Applying a threshold makes a clear distinction between fibre (black) 

and resin (white) areas. Manual threshold used on each image individually or on each set of 
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images may perhaps provide better estimation of the fibre and resin areas but would be much 

more time-consuming. Therefore, for ease and convenience, automatic threshold was used; 

this method could also be responsible for CFRM_1 results being very different to those 

expected. In addition, within ImageJ it is possible to specify the minimum/maximum size or 

size range of the areas that need to be calculated. The minimum fibre area for calculation was 

set to 1 pixel2, while no fixed upper limit was specified. There could be a drawback with these 

two options that were selected in that some areas where resin is present were taken as fibre 

areas by the software. CFRM raw material sample area was selected by hand, and it is 

possible that the area selected was somewhat larger than the actual area. Thus the true fibre 

area percentage of the raw material sample may be marginally higher than the value reported. 

As a rough guide, it is expected that the fibre area of the raw material would be around the 5% 

mark.  

       

6.5.3 Plain Weave Fabric 
A reconstruction image of a PWF specimen that was scanned is shown in Figure 6.26. This 

image shows deformed fibre bundles in cross-section – weft bundles are those that appear 

elliptical, while warp bundles are the ones that run across the image from left to right, and are 

wavy. Deformation image analysis has been carried out by studying the transformation of the 

weft bundles from their raw material state to their deformed state in the different laminates. 

The scanned height of the PWF samples is 4.156 mm, with the generated reconstruction 

images being equally spaced over this distance. The space between two consecutive 

reconstruction images is 1 pixel (in this case, 2.513 µm).  

 

Figure 6.27 shows a sample piece of PWF reinforcement material. It has 27 warp bundles per 

100 mm width, giving a repeating unit cell distance of 3.70 mm. Ten reconstruction images, 

spread evenly over this distance of 3.70 mm, were chosen for analysis from the central part of 

the stack of images (total stack height 4.156 mm) that were available. In the case of PWF_1, 

PWF_2, PWF_3 and PWF_4, five weft (elliptical cross-section) bundles were selected for 

analysis in the 10 chosen reconstruction images. The same five bundles were studied in all the 

10 images. 
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Weft bundle 
Warp bundle

 
Figure 6.26: Example PWF reconstruction image (from PWF_1) 

 

 

 

Fabric roll width direction [27 warp (vertical) bundles per 100 mm] 

 

Fa
br

ic
 ro

ll 
le

ng
th

 d
ire

ct
io

n 
[2

2 
w

ef
t 

(h
or

iz
on

ta
l) 

bu
nd

le
s p

er
 1

00
 m

m
] 

 

Figure 6.27: PWF reinforcement material 

 

A sample reconstructed cross-sectional image of the PWF raw material piece scanned for this 

study is shown in Figure 6.28. The weft bundle analysed in this investigation has been 

highlighted, and is elliptical in shape. The other fibre bundle seen in this image is a warp 

bundle, and runs over the weft bundle from left-to-right. The PWF sample was held in a 

polystyrene holder and placed on the rotating table inside the CT scanner x-ray chamber. Ten 
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such reconstructed images were selected over one unit cell distance (3.70 mm) from the stack 

of images obtained, once again choosing the images from the central part of the stack. The 

selected images and the chosen bundles within those images in the four PWF laminate 

specimens, and in the PWF raw material sample, were analysed using ImageJ. One example 

analysed image from the PWF panels can be seen in Figure 6.29, while two images from the 

CT scanning of PWF_2 and PWF_3 are shown in Figures 6.30 and 6.31 respectively. 

 

 

Warp bundle 

Weft bundle

Figure 6.28: A sample PWF raw material reconstructed image 

 

 
Figure 6.29: Example analysed image from PWF panels (from PWF_4) 
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Figure 6.30: CT scanner reconstruction image of a PWF_2 cross-section 

 

The chosen weft bundles were highlighted and the ImageJ software was used to calculate 

various data pertaining to those bundles. Data for each specimen was collated, and average 

bundle data for every sample was determined. This is given in Table 6.8. 

 

It can be seen that the average bundle area of cross-section has increased under deformation in 

all cases, with the smallest increase in the case of PWF_4. At the same time both aspect ratio 

and perimeter of the measured bundle cross-sections in the manufactured PWF laminates have 

decreased in comparison to the scanned raw material sample. All four panels display reduced 

bundle width (major axis) and increased bundle thickness (minor axis) as compared to the raw 

material sample. Bundle area of cross-section can increase due to individual fibres in the 

bundle being moved away from one another, thus increasing space between them. This also 

implies that the local fibre volume fraction in these bundles is reduced. The largest increase in 

area is seen with PWF_2 (νf = 0.65), followed by PWF_1 (νf = 0.6). The difference in νf of 

0.05 between these two panels is not large, and moreover, the limitations of sampling and 

highlighting bundles by hand for measurement mean that much significance cannot be placed 

on relatively small differences in calculated values. This point is further discussed in Section 

6.6.The least increase in area is noted with PWF_4, the panel that was manufactured  
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Figure 6.31: Example PWF_3 CT scanner reconstruction image 

 

by subjecting the reinforcement to a number of cycles of loading and unloading prior to resin 

transfer into the mould. This seems to suggest that during the process of cyclic loading and 

unloading, fibres in a bundle that were moved away from one another during the loading 

phase (reduction in local fibre volume fraction) tended to move closer together during the 

unloading part of the cycle, thus again becoming more dense and increasing the local fibre 

volume fraction in the bundles. The single compaction at high speed (PWF_3) also did not 

cause great increase in bundle area of cross-section. 

 

The raw material bundle is thin and flat. The area of cross-section is least, while the perimeter 

is largest. It has the highest major axis, and the smallest minor axis, and thus the largest aspect 

ratio. These results indicate that compaction causes bundle area of cross-section to increase, 

while the aspect ratio is reduced. The single compaction samples PWF_1 and PWF_2 have 

large increases in area. The cyclic loading/unloading specimen PWF_4 has the least increase 

in area, the smallest perimeter and major axis, and the largest minor axis, leading to the 

smallest fitted ellipse aspect ratio of all the specimens. When a bundle is compressed, it would 

tend to elongate, as shown schematically in Figure 6.13. It appears that compaction caused the 

bundles to pull inside, reducing the major axis and the perimeter, while increasing the minor 

axis. This effect seems to increase with repeated compaction, as evidenced by the results for 

PWF_4. This has led to PWF_4 bundles stretching vertically more than in the other cases, 

while also having the smallest major axis, and hence the smallest aspect ratio. One important 

variable in the compaction of PWF reinforcements is the stacking of layers and nesting 

behaviour of fibre bundles (tows). This varies from sample to sample, and would determine 
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how bundle cross-over regions settle into areas between bundle cross-over regions in adjacent 

layers. This would determine how adjoining layers interact and how adjacent layers influence 

bundle deformation and consequently, its area of cross-section, shape and perimeter. From 

these results it appears that bundles are getting thicker (larger minor axes) and less wide 

(smaller major axes) with compaction, and more so with repeated compaction. This is 

probably due to pressure being placed on these bundles by coming in contact with warp 

bundles from adjacent layers. It also appears that single compaction at high speed (PWF_3) 

does not allow the bundles to thicken, when squeezed due to interaction with adjacent layers.  

 

Table 6.8: Average weft bundle cross-section data in PWF samples 

Specimen Description Average Bundle Data Fit Ellipse to Bundle C/S 
  Area 

(μm2) 
Perimeter 

(μm) 
Major 
Axis 
(μm) 

Minor 
Axis 
(μm) 

Aspect 
Ratio 

PWF_1 Single 
Compaction 
Final νf = 0.6 

CS = 5 mm/min 776,301 8,557 4,009 247 16.23 
PWF_2 Single 

Compaction 
Final νf = 0.65 

CS = 5 mm/min 780,177 8,558 4,012 248 16.18 
PWF_3 Single 

Compaction 
Final νf = 0.6 

CS = 100 mm/min 748,816 8,686 4,051 235 17.24 
PWF_4 Cyclic Load & 

Unload (30.5 cycles) 
Final νf = 0.6 

CS = 5 mm/min 741,695 7,817 3,663 259 14.14 
PWF_Raw PWF Reinforcement 

Material 
νf = 0.28-0.30 735,546 8,940 4,269 221 19.32 

 

 

It was hypothesised that permanent deformation of PWF reinforcements is related to bundle 

cross-sectional shape parameters – area, perimeter, major and minor axis and the aspect ratio. 

In Chapter 4 it was reported that after many cycles of loading and unloading, almost all the 

permanent deformation that is possible would have occurred. There is little change in the 

three components of deformation from cycle-to-cycle at that stage. Thus in the cyclic 

loading/unloading case (PWF_4), the number of cycles of loading and unloading would have 
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brought about a greater permanent change in the cross-sectional shape of the bundle, as 

compared to PWF_1 (single compaction). In the PWF panels studied here, PWF_4 (cyclic 

loading and unloading) has the least increase in bundle cross-sectional area from the PWF raw 

material, the smallest perimeter, major axis and aspect ratio, and the largest minor axis. This 

is clearly different to the corresponding values for PWF_1, PWF_2 and PWF_3, which would 

be expected to contain significantly less permanent deformation.  

 

The undulations of weft bundles can be seen in saggital images that would show cross-

sectional images of warp bundles as elliptical in shape, and weft bundles running from left-to-

right in-between them. The time and cost of generating sagittal images for PWF samples was 

prohibitive, and could not be undertaken. However, the undulations of weft bundles can still 

be calculated from the centroids of the weft bundle cross-sectional images that were analysed 

earlier.  

 

Table 6.9 presents the average of maximum peak-to-trough distances in the five selected BSF 

weft bundles in both Y (loading direction) and X (lateral direction). This shows that weft 

bundles displaced more in the direction of loading with cyclic loading/unloading (PWF_4). It 

was suggested that time-dependent recovery is related to retrieval of displacement in the 

direction of loading (Y direction) and on the re-crimping of tows (that were straightened due  

  

Table 6.9: Average of maximum peak-to-trough distances in PWF weft bundles 

Sample Y Direction
(μm) 

X Direction
(μm) 

PWF_1 175.4 588.4 
PWF_2 212.0 517.8 
PWF_3 232.2 371.4 
PWF_4 206.8 468.2 

PWF_Raw 90.0 154.0 
 

to compaction) when the compaction strain is released. While Y direction displacement is 

greater for PWF_4 as compared to the other specimens, the re-crimping effect could not be 

measured. The compression deformation experiments did not show any significant 

dependence of time-dependent recovery on compression speed or final fibre volume fraction. 

However, the cyclic loading/unloading specimen (PWF_4) can be expected to have lesser 

time-dependent recovery than the corresponding single compaction sample (PWF_1) as 

repeated compression would have converted some of the time-dependent recovery into 
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permanent deformation. Weft bundle deformation and waviness would be affected by similar 

effects on warp bundles, and warp bundle deformation data is necessary to make more 

conclusive arguments.  

 

6.5.4 General Comments 
Some other researchers have also investigated the deformation of fibre bundles. Chen, Lang 

and Chou (2001a) conducted compaction experiments on plain weave, unidirectional and 

continuous strand glass fibre reinforcements. They identified yarn cross-section deformation, 

yarn flattening, yarn bending, void reduction and nesting as the major means by which 

deformation due to compression occurs. They also presented a schematic of these deformation 

mechanisms, shown here in Table 6.10.  

 

Table 6.10: Schematic of deformation mechanisms (from Chen, Lang and Chou, 2001a) 

 
 

Simacek and Karbhari (1996) studied the compression deformation mechanisms of e-glass 

plain weave fabric, and proposed that bundle cross-sections could be approximated as 

ellipsoids. Comparing the ellipsoid aspect ratios of uncompressed and compressed 

reinforcements would facilitate the understanding of deformation. They also observed that the 

thickness and width of yarns, undulation length and crimp angle change due to compaction. 
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Robitaille and Gauvin (1999) in their experiments with glass fibre reinforcements of varying 

architecture found that lateral spreading of rovings is a major mechanism of fibre network 

reorganisation due to compaction.  

 

6.6 Concluding Remarks 
Samples were taken from manufactured laminates of BSF, CFRM and PWF, and also of the 

raw materials themselves. These samples were scanned using a Micro-CT Scanner, and in the  

case of BSF, 20 selected images (from the two stacks of images generated) comprising 10 

each showing weft and warp bundles in cross-section respectively, were analysed using 

ImageJ software to investigate bundle deformation. In the case of CFRM and PWF, 10 images 

were chosen at regular intervals from the corresponding image stacks for analysis. With PWF, 

a selection of bundles was chosen from the 10 images for investigation, while with CFRM the 

area spreads/sizes of the filament masses were measured.  

 

BSF specimens showed significant increase in local fibre volume fraction (reduction in 

bundle cross-sectional area) when specimens were compacted and held at constant thickness, 

when compared to a raw material sample. There was also clear thinning of bundles (decrease 

in the minor axes of ellipses fitted to bundle cross-sections). The cyclic loading/unloading 

specimen (BSF_4) had the smallest cross-sectional area and minor axis, suggesting repeated 

compression was responsible for this result. Based on the results of Chapter 4, the bundles in 

the cyclically loaded/unloaded sample BSF_4 would contain significantly more permanent 

deformation than the bundles in the other three panels (BSF_1, BSF_2 and BSF_3). It was 

proposed that permanent deformation is related to bundle cross-sectional shape change (area, 

bundle thickness). This hypothesis is proved correct. It was also suggested that time-

dependent recovery is related to the undulations of warp and weft bundles. Time-dependent 

recovery is thought to depend on the re-straightening of bundles, after they have been 

undulated by the load. The cyclic loading/unloading sample BSF_4 had the least undulations 

in the direction of loading (Y direction). This laminate was expected to contain the smallest 

time-dependent recovery of all the samples, as observed in Chapter 4. Thus the hypothesis on 

time-dependent recovery is also proved. 

 

CFRM specimens generally showed that the fibre area fraction of the specimens correspond to 

their fibre volume fractions, with one notable exception. The possible reasons behind these 
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results and also the significant variation in CFRM_1 results have been explored. The 

advantages and disadvantages of automatic thresholding were discussed, as was the issue of 

setting a minimum fibre area for calculations. No conclusive results could be drawn with 

regard to the mechanisms of deformation.   

 

The investigation into PWF deformation showed that compaction and then holding the final 

compaction strain constant increased the cross-sectional area of weft bundles, as compared to 

those in the raw material specimen. This highlighted a reduction in local fibre volume 

fractions as a result of this process. There were also reductions in the aspect ratios of ellipses 

fitted to bundle cross-sections. The cyclic loading/unloading specimen (PWF_4) had the 

greatest decrease in major axis (reduction in width of bundle) and largest increase in the 

minor axis (increase in bundle thickness). It appears that weft bundles are pulling in with 

compaction, reducing width and increasing thickness, more so with repeated compaction. 

These bundles are probably being squeezed by warp bundles in adjoining layers. Bundle 

cross-sectional parameters for PWF_4 are clearly different from those of the other three 

laminates. PWF_4 bundles would contain significantly more permanent deformation as 

compared to the other three panels. It was hypothesised that permanent deformation can be 

seen in changes to bundle cross-sectional parameters. Thus there is support for this 

hypothesis. It was suggested that time-dependent recovery in PWF is due to the recovery of 

bundle undulations in the Y (load) direction that were reduced due to the load, and re-

crimping of straightened bundles, upon release of the compaction strain. Re-crimping data, 

which was not available, and also warp bundle deformation information, are necessary to 

prove the hypothesis on time-dependent recovery in PWF. The results of PWF and BSF 

laminates show some significant differences, suggesting very different mechanisms at work. 

 

This was a 2D investigation of bundle/filament deformation, albeit at different cross-sections. 

Due to the complexity, CT scanner, computer and time resources required, only certain 

chosen bundles in selected images could be analysed in one sample of each panel or raw 

material type. It is expected that warp bundle compaction response in PWF reinforcements 

would impact on the behaviour of weft bundles during and after compression. However 

obtaining the cross-section images of warp bundles in PWF specimens would have added 

significantly to the time and cost. All BSF and PWF bundles needed to be highlighted by 

hand in order for the software to determine the parameters of these bundles, adding to the time 

required while also including the possibility of human error. Automatic threshold was applied 
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to all CFRM samples, while doing this manually may have yielded better estimates of fibre 

area data. The minimum fibre area set may have also influenced the results of CFRM 

specimens. Observations based on available results have been made, and possible reasons for 

obtaining the calculated results suggested. Put together, these observations and calculated 

results have pointed to the mechanisms that lie behind the deformation observed in these 

panels. On the whole, these suggested mechanisms tie in with the compression deformation 

hypothesis and results reported in Chapter 4.  

 



Chapter 7: Conclusions and 
Recommendations 

7.1 Concluding Remarks 

7.1.1 Experiments on Reinforcement Viscoelastic 
Behaviour 
The first part of the reinforcement materials characterisation experiments investigated visco-

elastic stress relaxation under constant compaction strain in three types of glass fibre 

reinforcements – Continuous Filament Random Mat (CFRM), Chopped Strand Mat (CSM) 

and Plain Weave Fabric (PWF). The compression level (final fibre volume fraction) and the 

compression speed were varied in two sets of experiments as samples of these materials were 

compacted to a final thickness, and the strain at the final thickness was then held constant. 

Stress relaxation was found to occur in all cases, and a long term stress was observed to exist 

after majority of stress relaxation had taken place. It was seen that the peak compression 

stress increased as the final fibre volume fraction was increased, as expected, due to greater 

packing of fibres. The long term stress (both in value and as a percentage of the corresponding 

peak stress) increased as the final fibre volume fraction increased. This is thought to occur as 

there is less space for stress relaxation through fibre network reorganisation at higher fibre 

volume fractions. The compaction speed tests showed that with CFRM, the maximum 

compaction stress increased when the compaction speed was increased. It is surmised that 

higher compression speeds do not permit the fibre network to assume the configuration that 

minimises the compaction load. However, the actual long term stress that remained was about 

the same in all cases. The compaction speed tests with CSM showed that the peak stress 

generally increased with compaction speed, but not always. Stress retention as a percentage of 

the corresponding peak stress decreased as the compaction speed was increased. It is 

suggested that these results are due to the presence of significant binder in this material. PWF 

did not display any particular trends in the compaction speed experiments, pointing to the 

roles of stacking and nesting of layers in the specimens. This warrants further research to gain 

better understanding. 

 

The second part of this work addressed the long term loading (compaction) and unloading 

(release) behaviour of these reinforcement materials in both their natural (dry) and resin-
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infiltrated (wet) states. This was done by holding the compaction strain constant at set points 

(fibre volume fractions) during the loading and unloading phases, and thus allowing the stress 

to reach a long term state. In this study, samples of these materials were subjected to two sets 

of experiments – final compaction to a medium fibre volume fraction, and final compaction to 

a high fibre volume fraction. These experiments highlighted the presence of different loading 

and unloading paths, thus pointing to the existence of stress hysteresis and viscoelasticity. 

Every material showed significant stress relaxation after compression to a constant volume 

fraction at the set points in the loading paths. The magnitude of stress relaxation was strongly 

dependent on the level of compaction. The stress retained after stress relaxation (i.e. the long 

term stress) increased with increased fibre volume fraction due to reduced space for fibre 

network reorganisation at higher fibre volume fractions. The presence of a test fluid in the wet 

reinforcement experiments led to reduced stresses as compared to the dry reinforcement tests, 

which can be attributed to a lubricating effect on the reinforcement network. CFRM and CSM 

showed repeatable behaviour when (new and untested) samples were subjected to the same 

long term experiment. This was not always true with PWF, possibly due to the influence of 

stacking of layers in the samples, and their nesting behaviour during compaction.  

 

7.1.2 Experiments on Compression Deformation 
Components 
The compression deformation experiments investigated the compaction deformation 

behaviour of three common but very different varieties of E-Glass fibre reinforcement – 

CFRM, PWF and BSF. Samples of these reinforcements were subjected to compression 

experiments of three types in which common manufacturing parameters were varied. The 

measured compaction deformation was broken down into elastic spring-back, time-dependent 

recovery and permanent deformation components. Permanent deformation was shown to be 

significant in all cases, being comparable in magnitude to the elastic component. In nearly all 

experiments with CFRM and PWF, these two components showed opposing trends (one 

increasing with the other decreasing) as the process parameters were varied. In many cases 

contradictory trends were also noted between the CFRM and PWF, suggesting different 

mechanisms at work within these two materials with very different fibre architecture. No clear 

trends could be observed from the tests with BSF. For all three materials, time-dependent 

deformation recovery remained more or less constant across the range of tests. It was small in 

the case of CFRM and BSF, while it was of significant value with the PWF. With CFRM and 
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PWF, this component varied only with the number of layers in the specimen, suggesting that 

interactions between adjacent layers had an influence. 

 

The cyclic loading/unloading experiments and the multiple cycle compaction experiments 

both produced considerably more permanent deformation and much smaller (final cycle) 

compaction stress than that measured during the single cycle compaction experiments. The 

single largest permanent deformation occurred in the very first compaction. Permanent 

deformation increased with repeated compaction, with most of the permanent deformation 

taking place in the first 5-10 cycles. As the cycles of compaction and release proceeded, the 

specimens tended towards a steady state, when all three components of deformation are fixed 

and undergo no further change. The compaction load also did not change from that point 

onwards.  

 

Possible mechanisms for the existence of elastic spring-back, time-dependent recovery and 

permanent deformation in each of the three materials was presented. With CFRM it is 

suggested that elastic/permanent deformation is by means of filament bending and 

displacement, while it is thought that time-dependent deformation recovery occurs by means 

of filament – filament interactions (entwining and embedding), both within individual layers 

and between filaments on contacting surfaces of adjoining layers. In the case of PWF and 

BSF, it is hypothesised that elastic/permanent deformation is accomplished by cross-sectional 

shape change of tows, while the time-dependent recovery is due to tows that have been 

displaced tending to return to their original positions. It is thought that with PWF re-crimping 

of tows on release of the load also contributes to time-dependent deformation recovery.     

 

7.1.3 Stress Relaxation Modelling 
The work on viscoelastic stress relaxation modelling showed that a Five Component Maxwell 

Model could be used to obtain good simulations of the stress relaxation response under 

constant compaction strain of CFRM, CSM, PWF and BSF. The model was then used to 

predict the stress relaxation behaviour of Biaxial Stitched Fabric in two cases, in both of 

which the predicted response and results were quite close to the experimental values. It can be 

concluded that the Five Component Maxwell Model can be employed to both simulate and 

predict the stress relaxation behaviour of these reinforcement materials over the ranges of 

final fibre volume fractions tested, keeping all the other experimental parameters constant. 



Chapter 7: Conclusions and Recommendations 
 

 183

7.1.4 Compression Deformation Visualisation and Image 
Analysis 
The work on compression deformation visualisation and image analysis investigated fibre 

bundle/filament deformation in manufactured laminates of BSF, CFRM and PWF, and 

compared them to the state of bundles/filaments in the (new, unused) reinforcement materials. 

Samples were taken from these panels and raw materials and scanned using a Micro-CT 

Scanner. Selected images were analysed using ImageJ software.  

 

BSF specimens showed significant increase in local fibre volume fraction (reduction in 

bundle cross-sectional area) when specimens were compacted and held at constant thickness, 

as compared to the raw material sample. There was also clear thinning of bundles (decrease in 

the minor axes of ellipses fitted to bundle cross-sections). The cyclic loading/unloading 

specimen (BSF_4) had the smallest cross-sectional area and minor axis, suggesting repeated 

compression was responsible for this result. It was hypothesised that permanent deformation 

was related to bundle cross-sectional shape change (area, bundle thickness). The compression 

deformation experiments showed that repeated compaction significantly increased permanent 

deformation of the reinforcement. These two sets of results do support this hypothesis on the 

mechanism of compression deformation. With BSF_1, BSF_2 and BSF_3, the deformation 

trend was somewhat reversed between weft and warp bundles, leading to the conclusion that 

the two are related. It was suggested that time-dependent recovery is related to recovery from 

undulations of warp and weft bundles. The cyclic loading/unloading sample BSF_4 had the 

least undulations in the direction of loading (Y direction). This laminate is expected to contain 

the smallest time-dependent recovery of all the samples, as observed in Chapter 4. 

 

CFRM specimens generally showed that the fibre area fraction of the specimens corresponded 

to their fibre volume fractions, with one notable exception. The possible mechanisms behind 

these results and also the significant variation in CFRM_1 results were explored. No 

conclusive results could be drawn with regard to the mechanisms of deformation.   

 

The investigation into PWF deformation showed that compaction and then holding the final 

compaction strain constant increased the cross-sectional area (reduction in local fibre volume 

fraction) of weft bundles, as compared to those in the raw material specimen. There were also 

reductions in the aspect ratios of ellipses fitted to bundle cross-sections. The cyclic 
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loading/unloading specimen (PWF_4) had the greatest decrease in major axis (reduction in 

width of bundle) and largest increase in the minor axis (increase in bundle thickness). This 

specimen would contain significantly more permanent deformation than the other three panels 

due to repeated compaction. It is proposed that permanent deformation is reflected in change 

in bundle cross-sectional parameters. The values of these parameters for PWF_4 are 

significantly different from those of the other three laminates, supporting this hypothesis. It is 

also suggested that time-dependent recovery in PWF is due to the undoing of bundle 

undulations in the Y (load) direction, and re-crimping of straightened bundles, upon release of 

the compaction strain. More results are necessary to prove this. The results of PWF and BSF 

laminates show some significant differences, suggesting very different mechanisms at work. 

  

7.2 Recommendations for Further Work 
• It would be useful to carry out the compression deformation experiments with the 

reinforcement infiltrated by resin. Measuring the different components of compression 

deformation when the reinforcement is wet would be technically challenging, but this could 

be investigated. 

• Reinforcement deformation modelling should take into account permanent deformation. At 

least one work (Comas-Cardona, 2007a) has now done this but this aspect of modelling needs 

more consideration. 

• A dynamic reinforcement deformation imaging system would provide better understanding 

of the complex deformation mechanism of glass fibre reinforcements. Investigation of 

reinforcement compression deformation should ideally be done while deformation is 

occurring. However, CT scanning technology cannot be employed while fibre bundle/filament 

movement is taking place. Other techniques could be further explored to carry out this study. 

In addition, SkyScan have more recently developed an attachment called Material Testing 

Stage for their scanners. This attachment enables the application of a controlled load to the 

sample while carrying out a tensile or compression test on it during the process of scanning. 

This option could also be explored further. 
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Appendix B: Stress Relaxation Model 

MATLAB Code for Optimising the 5-Component Maxwell Model: 

% 

clear 

load data.txt 

[n,nc]=size(data);disp(n); 

xdata=data(:,1);ydata=data(:,2); 

% 

x(1)=input('Value of sigma0'); 

x(2)=input('Value of sigma1'); 

x(3)=input('Value of sigma2'); 

x(4)=input('Value of tau1'); 

x(5)=input('Value of tau2'); 

%x=[0.14 0.01 0.09 0.1 100]; 

xo=x; 

[x,resnorm, residual] = lsqcurvefit(@myfun,xo,xdata,ydata) 

F=myfun(x,xdata); 

sum((F-ydata).^2) 

% 

figure 

plot(xdata,ydata,'r-') 

hold on 

plot(xdata,F,'b--') 

%axis([-10 700 0.12 0.19]) 

xlabel('Time (sec)');ylabel('Compression Stress (MPa)'); 

legend('Experiment','Five Component Maxwell Model') 

hold off 

 

Function Sub-Routine:  

function F=myfun(x,xdata) 

F=x(1)+x(2)*exp(-xdata./x(4))+x(3)*exp(-xdata./x(5)); 
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Appendix C: Example SkyScan 1172 Micro-
CT Scanner Log File 

[System] 

Scanner=Skyscan1172 

Instrument S/N=006 

Hardware version=A 

Software=Version 1. 5 (build 1) 

Home directory=C:\Skyscan1172 

Tube=unknown 

Camera=Hamamatsu 10Mp camera 

Camera Pixel Size (um)=   11.53 

CameraXYRatio=0.9970 

Incl.in lifting (um/mm)=1.2500 

[Acquisition] 

Data directory=D:\Results\Shekar\BSF_4_13May2008 

Filename Prefix=BSF_4_ 

Number of Files=  769 

Source Voltage (kV)= 100 

Source Current (uA)= 100 

Number of Rows= 2096 

Number of Columns= 4000 

Image Pixel Size (um)=    2.51 

Object to Source (mm)=47.360 

Camera to Source (mm)=217.224 

Vertical Object Position (mm)=28.000 

Optical Axis (line)=1008 

Filter=No Filter 

Image Format=TIFF 

Depth (bits)=16 

Screen LUT=0 

Exposure (ms)=  1178 

Rotation Step (deg)=0.250 
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Frame Averaging=ON (5) 

Random Movement=OFF (4) 

Use 360 Rotation=NO 

Geometrical Correction=ON 

Median Filtering=ON 

Flat Field Correction=ON 

Rotation Direction=CC 

Scanning Trajectory=ROUND 

Type Of Motion=STEP AND SHOOT 

Study Date and Time=May 14, 2008  11:25:19 

Scan duration=02:00:53 

[Reconstruction] 

Reconstruction Program=NRecon 

Program Version=Version: 1.5.1.4 

Program Home Directory=C:\Skyscan1172 

Dataset Origin=Skyscan1172 

Dataset Prefix=BSF_4_ 

Dataset Directory=D:\Results\Shekar\BSF_4_13May2008 

Time and Date=May 15, 2008  02:48:15 

First Section=106 

Last Section=1979 

Reconstruction duration per slice (seconds)=26.569904 

Postalignment=-34.50 

Section to Section Step=1 

Sections Count=1874 

Result File Type=BMP 

Result File Header Length (bytes)=1134 

Result Image Width (pixels)=2784 

Result Image Height (pixels)=2784 

Pixel Size (um)=2.51286 

Reconstruction Angular Range (deg)=192.25 

Use 180+=OFF 

Angular Step (deg)=0.2500 

Smoothing=1 
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Ring Artifact Correction=10 

Draw Scales=OFF 

Object Bigger than FOV=OFF 

Reconstruction from ROI=ON 

ROI Top (pixels)=3683 

ROI Bottom (pixels)=896 

ROI Left (pixels)=597 

ROI Right (pixels)=3384 

ROI reference length=4000 

Undersampling factor=1 

Threshold for defect pixel mask (%)=0 

Beam Hardening Correction (%)=30 

CS Static Rotation (deg)=9.5 

Mininum for CS to Image Conversion=-0.0904 

Maximum for CS to Image Conversion=0.7164 

HU Calibration=OFF 

BMP LUT=1 

Cone-beam Angle Horiz.(deg)=12.114818 

Cone-beam Angle Vert.(deg)=6.365367 
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