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ABSTRACT 

 

 

 Natural fibers, such as hemp and flax, are emerging as cheaper reinforcing fibers for 

polymer composites. Renewability, comparable specific properties, and biodegradability make 

natural fibers more attractive than glass fibers. Vacuum Assisted Resin Transfer Molding 

(VARTM) is widely used to manufacture medium-to-large sized composites. The nonwoven 

mats used in VARTM must meet manufacturing (permeability) and structural (volume fraction 

(Vf), thickness, fiber orientation, properties) requirements. Unlike glass mats, natural fiber mats 

are not available commercially. Design and development of natural fiber mats require knowledge 

on the relationship among manufacturing, structure and properties of these mats and their 

composites. Developing this knowledge is the objective of this thesis. Effect of needle punch 

density on hemp fiber mat structure (areal density, Vf, fiber orientation distribution (FOD), 

thickness, permeability) was systematically studied. The FOD was characterized non-

destructively using X-ray tomography. The Effect of consolidation pressure during composite 

manufacturing on its structure (Vf, thickness, FOD) was studied. The modulus and strength of 

needle-punched hemp mat – thermoset polyester composites, manufactured using VARTM and 

compression molding, were measured. A predictive model for these properties and a modeling 

approach for the evolution of FOD and thickness during mat manufacturing were developed and 

validated. The results of these studies were used to understand the relationship. The modulus and 

the strength of the composites were significantly influenced by the Vf and the FOD, the evolution 

of which during composite manufacturing depended on the consolidation pressure and the mat 

structure. The latter depended on mat manufacturing parameters, namely the punch density used 
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to bind the fibers together and the areal density of the web of fibers formed during air laying, and 

the FOD in the web. The permeability of the mat decreased with increasing the punch density 

and was found to be a function of both the Vf  and the FOD. Despite this, the manufacturing of 

composite was not adversely affected, and the tensile modulus increased with punch density. The 

mat composite was modeled as an equivalent laminate, whose lay-up was determined using its 

FOD. The properties of equivalent laminate that was predicted using lamination theory compared 

well with the experimental results.  
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Mi Moment per unit length (N) 

mf Mass of a fiber (g) 

ml Number of laminas in composite 

Ni Force per unit length (N/m) 

N0 Number of needles per unit length (Needle/cm) 

Nz Axial force exerted by needle board 

nf Number of fibers per cm
2
 

 (  ) Number of fibers oriented in   

P  Punch density (Punch/cm
2
) 

Pc Compressive force (Pa) 

Q Volumetric flow (m
3
/sec) 

        Stiffness matrix of a lamina k (Pa) in global coordination 

        Stiffness matrix of a lamina k (Pa) in local coordination 

S  Strokes per unit time (Strokes/sec) 

T Transformation matrix 

V Volume of a fiber (cm
3
) 

Vf 
Fiber Volume Fraction 
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V0 Critical volume of fibers that fibers start sharing load bearing with matrix  

   Rate of fabric delivery (cm/sec) 

   Vertical speed of the needle board(cm/sec) 

Vs Saturated volume fraction, that preform cannot be compacted more with 

more compaction force. 

wf Width of mat (cm) 

w0 Original width of mat (cm) 

x Coordination of end of a fiber in x direction 

xf Final position of end of a fiber in x direction 

x0 Initial position of end of a fiber in x direction 

y Coordination of end of a fiber in y direction 

y0 Initial position of end of a fiber in z direction 

yf Final position of end of a fiber in z direction 

z Coordination of end of a fiber in z direction 

 z0  Initial position of the mat along z axis 

z1 Final position of the mat along the z axis 

ΔP Pressure gradient (MPa) 

   Amount of displacement of end of fiber in x direction 

   Amount of displacement of end of fiber in z direction 

  
  Laminate shear strain for lamina 

    Strain of lamina 

    Laminate strain in x direction for a lamina 

   laminate strain in y direction for a lamina 

θ Angle of  projection of fibers in x-y plane with x-axis  

  Viscosity of the fluid (Pa.s) 

   Average friction coefficient for fibers 

   Density of fibers (g/cm
3
) 
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    Global stress on the lamina in x direction 

   Global stress on the lamina in y direction 

(  
 )     Ultimate tensile strength of the lamina in i direction 

(  
 )     Ultimate compression strength of the lamina in i direction 

   Strength of the composite laminate 

    Ultimate strength of the fibers 

       Average tensile strength of fiber in a mat 

   Local stress on the lamina in fiber direction 

   Local stress on the lamina transverse to fiber direction 

  ̅ Average strength of fibers over their length 

  
  Stress on the resin at composite failure 

   Interfacial bond strength of resin and fiber (MPa) 

     Global shear stress on the lamina 

(   )     Ultimate shear strength of the lamina 

    Local shear stress on the lamina 

   Poisson’s ratio of the fibers 

   Poisson’s ratio of the matrix 

    Poisson’s ratio of the lamina 

φ Angle of fibers with z-axis 

  Porosity of the mat 
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CHAPTER 1 

INTRODUCTION 

 

 

Polymer matrix composites consist of high strength and high modulus fibers embedded in a 

polymeric matrix. They provide a combination of properties that cannot be achieved with either 

of the constituents alone. Their high specific properties result in lighter parts. A design engineer 

has a large number of options while choosing the fiber, the resin matrix, the fiber architecture, 

and the manufacturing method. This design freedom allows optimization of material and 

manufacturing to produce a composite product tailored to meet the requirements of performance 

and cost. Due to these advantages, polymeric composites have been steadily increasing their 

market share in non-structural and high performance structural applications in a number of 

industries such as aerospace, automobile, infrastructure, building materials, recreation and sports. 

 Close to 90% of composites used in the automotive industry are glass fiber composites and 

the rest are carbon fiber or aramid fiber composites [1].  Natural fibers such as hemp, flax, abaca 

and jute either have replaced (in certain applications) or are currently being evaluated to replace 

glass fibers in composites.  In addition to offering a specific modulus comparable to glass fibers, 

as observed in Table 1.1, the natural fibers also offer additional advantages such as renewability, 

potential to be cheap, and no health or environmental concerns.  New industrial markets for these 

fibers would add value to these fibers, which are currently disposed as waste, and improve 

farmers’ income. Further research and development is required to make these new classes of 
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materials acceptable to industries.  Hence, natural fiber composites, also known as bio-

composites, are the focus of this thesis.   

 

1.1 Background 

 Polymer composites can be classified based on the geometry of reinforcement as 

particulate composites, short fiber composites, and continuous fiber composites, as illustrated in 

Figure 1.1. Particulate composites contain randomly dispersed particles with aspect ratio 

(length/diameter) in the range of 1 to 20. Discontinuous or short fiber composites contain short 

fibers with aspect ratio in the range of 20 to 1000. Continuous fiber composites consist of fibers 

with aspect ratio greater than 1000 that span the entire length and width of a composite part. 

Normally, the percentage of the load shared by fibers and the properties of composite increase 

with an increase in the aspect ratio.  

 Continuous fiber composites are used in structural applications in the aerospace industry 

where the desired mechanical performance outweighs the cost. In the automotive industry, 

discontinuous fiber composites are used in semi-structural or non-structural applications, 

where cost is the primary consideration. Natural fibers, when extracted from the plant stalk, are 

normally short and discontinuous. Although they can be spun into continuous fibers, for use in 

composites [2], extensive processing degrades the mechanical properties and increases the cost 

of fibers. Hence, this study is focused on discontinuous hemp fiber composites. 

 The most common manufacturing processes for manufacturing short fiber composites are 

injection molding, compression molding and liquid molding. While the first process is used for 

manufacturing thermoplastic composites, the last two are used for manufacturing thermoset 

composites, which is the focus of this thesis.  
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Table 1.1. Comparison of Mechanical Properties of Natural Fibers with Synthetic Fibers [4] 

Fiber Density 

(g/cm
3
) 

Elongation at 

break (%) 

Tensile 

strength 

(   ) 

Specific 

Tensile 

strength 

(
   

     )  

 

Young’s 

Modulus 

(   ) 

Specific 

Young’s 

Modulus 

(
   

     ) 

Cotton 1.5-1.6 3-10 287-579 180-386 5.6-13 3.66-8.4 

Jute 1.46 1.5-1.8 393-773 270-530 9.52-29.9 6.8-20.5 

Flax 1.4 2.7-3.2 345-1035 245-739 59.9- 79.8 42.8-57 

Hemp 1.48 1.6 550-900 370-610 69.85 47.2 

Ramie 1.5 3.6-3.8 400-938 265-625 43.9 29.3 

Sisal 1.33 2.0-2.5 511-700 340-526 37.9 28.5 

E-glass 2.5 2.5 2000-3500 800-1400 70 28 

S-glass 2.5 2.8 4570 1828 86 34.4 

Aramid 1.4 3.3-3.7 3000-3150 2100-2250 63-65.8 45-47 

Carbon 1.4 1.4-1.8 4000 2850 229.6-233.8 164-167 

 

 

Figure 1.1. Composite Classification  
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 Compression molding, illustrated in Figure 1.2, consists of two matched mold die halves. 

The thermoset resin, the discontinuous fibers, and other additives are mixed into a “charge” that 

is loaded into the mold cavity of the bottom mold half.   The mold is closed, heated, and pressure 

is applied through the top half of the mold. Under heat and pressure the charge melts, flows to 

fill the mold cavity, and cures to yield a solid composite part. Compression molding is used to 

manufacture small to medium sized composite parts cost effectively.  

 Liquid molding and its variants such as Resin Transfer Molding (RTM), Light Resin 

Transfer Molding (LRTM), and Vacuum Assisted Resin Transfer Molding (VARTM) are used to 

manufacture short (i.e. discontinuous) fiber thermoset polymer composites. VARTM, whose 

schematic is shown in Figure 1.3, is suitable for manufacturing large composite parts. This 

process involves manufacturing a nonwoven fiber mat, placing it in a properly designed mold, 

and injecting the resin into the mold to impregnate the fiber mat under vacuum. The part is 

allowed to cure inside the mold at room temperature and is removed after resin cures completely. 

This study is focused on manufacturing the discontinuous natural fiber composites using 

VARTM, and additional details on this process are presented in Chapter 2. 

 The discontinuous reinforcing fibers used in VARTM are in the form of a nonwoven mat, 

as shown in Figure 1.4. The most common method of manufacturing these mats is air-laying. 

Well-separated short fibers are suspended in air and dropped by gravity on to a moving 

conveyor belt to form a web of fibers. The fibers in this web are subsequently bound together 

by a process known as needle punching. The use of needle punching in the textile industry 

dates back to 1800 [3]. In this process, illustrated in Figure 1.5, a board containing barbed 

needles reciprocates in a direction perpendicular to the surface of the fiber web. 
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Figure 1.2. Compression Molding 

 

 

Figure 1.3. Vacuum Assisted Resin Transfer Molding 
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 During this penetration or punching action, the grooves in each barbed needle would 

engage some fibers in the in-plane direction and reorient them along the thickness direction. 

These reoriented out-of-plane fibers bind the in-plane fibers together to result in a consolidated 

web, known as non-woven mat. The needle punching step is normally quantified by needle 

punch density (P), which is the number of punches per square centimeter (cm
2
) of the mat. The 

amount of fibers deposited onto the moving conveyor belt and needle punching process would 

determine the areal density of the mat. The areal density of the mat is the weight of the mat per 

unit area measured in grams per square meter (GSM). The thickness of the mat is dictated by 

the areal density and the needle punch density. For a given needle punch density, the thickness 

of the mat is proportional to the areal density and for a given areal density, the thickness of the 

mat is inversely proportional to the needle punch density. 

 In contrast, the glass fibers are bound together using a binder to result in a nonwoven 

glass mat. Glass fiber mats are normally thinner than the hemp fiber mats of the same areal 

density due to smaller fiber diameter ~ 8 to 15 m for glass fibers compared to 50 to 400 m 

for hemp fibers.  Due to this, the orientation of fibers in a glass fiber mat are essentially in the 

plane of the mat (i.e. 2D) while the orientation of the fibers in a hemp fiber mat could be in-

plane as well as out-of-plane (i.e. 3D) directions.  

  A proper mat design is required to meet the functional and the manufacturing 

requirements of the composite part. Functional requirements include desired mechanical 

properties and thickness of the composite part.  
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Figure 1.4. Randomly Oriented Glass Mat 

    

 

Figure 1.5. Schematic of Nonwoven Hemp Fiber Mat Manufacturing Process 
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 Manufacturability requirements include easy conformability of the mat to the shape of 

the VARTM mold, successful resin impregnation of the mat to yield quality parts without 

voids and dry spots, and consolidation to yield desired fiber volume fraction in the 

manufactured composite part. 

 Mechanical properties are dictated by the volume fraction and the orientation of fibers in 

the composite, which in turn are influenced by the volume fraction and the orientation of fibers 

in the mat and changes to these due to consolidation during manufacturing. The thickness of 

the composite is dictated by the thickness of the mat and changes to it due to consolidation 

during manufacturing. The conformability of the mat depends on the thickness and the stiffness 

of the mat. Successful resin impregnation is dictated by the permeability of the mat.  The 

consolidation (i.e. the compressibility of the mat during manufacturing) is influenced by the 

stiffness of the mat, which in turn depends on the volume fraction and the orientation of fibers 

in the mat.  

 All of these mat structural parameters, highlighted in italics in the above paragraph, are 

influenced by mat manufacturing parameters such as areal density in the fiber web before 

needle punching and needle punch density. Hence, optimizing the nonwoven mat structure by 

optimizing the manufacturing of the mats is required. 

 Optimized glass fiber mats are commercially available. However, optimized hemp mats 

are not available commercially.  Hence, developing the knowledge on the relationship among 

mat manufacturing, mat structure, composite manufacturing and composite property is the 

focus of this thesis. 
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1.2 Scope and Organization of Thesis 

   The goal of this thesis is to generate the above-mentioned knowledge required to 

develop optimized nonwoven hemp fiber mats for designing and manufacturing thermoset 

polymer composite parts using VARTM.  

      This thesis is organized as follows: 

 Chapter 2: A brief introduction to natural fiber microstructure and properties is 

followed by an introduction to nonwoven mats and their application in the composite 

industry.  Then, a detailed literature review on published studies on bio-composite 

manufacturing and properties is presented and discussed to establish the knowledge 

gaps in support of the objectives of this thesis.  

 Chapter 3: A modeling approach for predicting the evolution of fiber orientation 

distribution (FOD) during mat and composite manufacturing and an analytical model 

for predicting the tensile modulus and strength of needle punched mat composites are 

presented in this chapter. 

 Chapter 4: Details on materials, experimental procedures, and simulations are presented 

in this Chapter. 

 Chapter 5: Experimental and model predictions are presented, compared and discussed in 

this chapter.   

 Chapter 6. Conclusions to support the thesis objectives are presented in this final chapter.  
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CHAPTER 2 

LITERATURE REVIEW 

 

 

 

2.1 Introduction 

This chapter provides a comprehensive review of published literature on natural fibers, natural 

fiber mats, manufacturing of mats and natural fiber composites, and properties of natural fiber 

composites. The objective is to identify the knowledge gaps that challenge the use of natural 

fibers in composite applications, in support of the scope and objectives of this thesis. 

 First, a brief introduction to natural fiber microstructure and properties is presented, 

followed by an introduction to nonwoven mats and their application in the composite industry. 

Subsequently, a detailed review of previous studies on natural fiber composite manufacturing and 

properties is presented. Knowledge gaps, motivation, and objectives of this thesis follow. 

 

2.2 Background Information 

2.2.1 Natural Fibers 

 Natural fibers have been the subject of several research studies over the past decade 

because of several advantages that they have over synthetic reinforcement materials such as glass 

fibers. Natural fibers are low cost fibers with low density, resulting in high specific properties. 

Their abundance, coupled with high specific properties, makes them competitive to glass fibers 

[5, 6]. However, disadvantages such as lack of commercial availability of optimized nonwoven 
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mats that result in desired composite properties, tendency to aggregate during the processing, 

poor resistance to moisture and flame spread, and vast variability in the aspect ratio and the 

properties of the fibers are currently impeding their applications in load bearing structures [7].  

 Natural fibers can be sourced from plants, animals or minerals. Generally, plant or 

vegetable fibers are used to reinforce polymers in composite industry. Plant fibers can be grouped 

into three types: seed hair (such as cotton, kapok), bast fibers (such as flax, hemp, jute and ramie) 

and leaf or hard fibers (such as sisal and abaca fibers) [8]. Properties of various natural fibers that 

have been evaluated for use in composites are listed in Table 1.1. The specific Young’s modulus 

of flax, hemp, ramie and sisal are higher than that of E-glass fibers. The properties of natural 

fibers greatly vary due to variation in their chemical composition, which depends on the source 

and the level of extraction from the source and purification. The various constituents of natural 

fibers are cellulose, hemicellulose, lignin, pectin and waxes. The amount of each component in a 

fiber depends on the fiber source, as shown in Table 2.1. 

 “Cellulose” was first isolated by Anselme Payen in 1830 [9]. He discovered that when 

plant tissue, cotton linters, and root tips from plants were purified with an acid ammonia 

treatment followed by extraction in water, a fibrous material was formed, which he named 

“Cellulose.” Subsequent systematic studies have delineated the composition of these fibrous 

materials and the structure of a plant stalk containing these materials. A good review can be 

found in Ref.[10]. The cross-section of a cell that makes up plant stalk is shown in Figure 2.1 

and it consists of a middle lamella, a primary wall, and three layers of secondary cell wall. The 

primary and secondary walls consists of “micro-fibrils” that are basic structural units of a cell 

wall.  These microfibrils are 10 to 30 nm in diameter and 500 to 1000 nm in length [11]. These 

microfibrils, made-up of crystalline cellulose, are arranged within a cell wall as a core 
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surrounded by amorphous hemicellulose. The microfibrils are oriented at an angle to the 

longitudinal axis of the cell wall, which is known as a “microfibril angle” [12, 13]. The 

molecular weight of cellulose in the micro-fibril (which determines the properties of the 

cellulose), the amount of microfibrils (which determines the amount of cellulose), and the micro-

fibril angle differ with plant type. 

 The hemi-cellulose, together with lignin, acts as matrix binding these micro-fibrils. The 

modulus of elasticity of a perfect crystal of cellulose has been estimated to be between 130 GPa 

and 250 GPa [8, 14]. Similarly, the tensile strength has been estimated to be in the range of 0.8 

GPa to 10 GPa [9, 14]. However, the properties of natural fibers, tabulated in Table 1.1, are 

much lower than these estimates since they are not 100% cellulose. A typical mechanical 

extraction process results in natural fibers with diameters in the range of 50 to 800 microns, 

which are composite fibers consisting of cellulose (in the form of micro-fibrils) bound by a 

matrix of hemi-cellulose and lignin. Since the properties of amorphous hemi-cellulose and lignin 

are lower than that of cellulose, the properties of natural fibers vary with plant type since the 

amount of these constituents varies with plant type. For instance, it can be observed from Table 

2.1 that the cellulose content of flax fiber is lower than that of hemp fibers; therefore, the 

Young’s modulus of hemp fibers is slightly higher than that of flax fibers as shown in Table 1.1.  

 The amount of cellulose and hence, the properties of a natural fiber increase with a 

decrease in fiber diameter.  Since mechanical extraction of natural fibers from plant stalk (known 

as mechanical decortication) results in fibers with a wide-distribution in fiber diameter, the 

properties of these fibers in a given batch vary widely. Such mechanically decorticated fibers 

were used in this thesis. In contrast, a chemical purification process, mechanical decortication,  
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Table 2.1. Chemical Composition of Natural Fibers (%) [15] 

Bast Fiber Cellulose (%) Lignin (%) Hemicellulose (%) Ash (%) 

Flax 43-47 21-23 24-26 5 

Kenaf 44-57 15-19 22-23 2-5 

Jute 45-63 21-26 18-21 0.5-2 

Hemp 57-77 9-13 14-17 0.8 

Ramie 87-91 - 5-8 - 

 

 

 

 

Figure 2.1. Cross section of a plant stem (top image)  and cross section of  secondry wall (bottom 

image)[16] 
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results in a relatively finer fiber with a narrow distribution in fiber diameter and enhanced 

properties. However, this increases the cost of fibers and hence, is not usually pursued by fiber 

suppliers. 

2.2.2 Nonwoven Mat 

 Non-woven mats are also known as nonwoven or nonwoven fabric. In the composite 

industry, “mat” is normally used to refer to nonwoven mats. Apart from composites, mats are 

also used in disposable products, such as diapers, sanitary wipes and napkins, as well as durable 

products such as apparel, home building, packaging, and industrial applications [17]. Nonwoven 

products are replacing the woven and knit materials due to their lower cost and lighter weight. 

The global annual demand for nonwoven mat composites for applications in automotive interior 

parts is estimated to be about 120,000 tons, and the share of North American annual demand  is 

nearly one-third of this global market [18]. Nonwoven mats are also used by the geotextile 

industry because of their higher permeability, better friction, and better conformability when 

compared to woven products [19]. Bio-based nonwoven geotextiles made from hemp, flax, jute, 

kenaf and bagasse have been used for temporary (several months to several years) applications 

where biodegradability is required [20]. Two major steps in mat manufacturing are web 

formation and binding.   

 Three methods of forming a web are (1) air laying, (2) wet laying, and (3) spun laying [19]. 

Air laying, which is the focus of this study is illustrated in Figure 1.1. In this method, fibers are 

separated by a mechanical comb, suspended in air, and dropped on to a moving conveyor belt to 

form the web of fibers. In wet laying, fibers suspended in water are collected on a screen, 

drained of any entrapped water, and dried to form the web. In spun laying, hot and continuous 
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synthetic filaments that were extruded through the spinnerets are blown onto a moving belt 

where they are bonded together to form the web. 

   The American Society for Testing of Materials defines non-woven fabric as “a structure of 

fibers held together with a binding material.” However, some of the nonwovens do not have a 

binding material and the fibers are held together by entanglement of the fibers, caused by 

various binding techniques. This study has used a mat without a binding material. 

 The various mat binding methods [21] include thermal, mechanical and chemical.  In 

thermal binding, the thermoplastic component of a mat softens upon application of heat and 

binds the fibers together. The mechanical binding includes hydro-entanglement and needle 

punching. Hydro-entanglement uses fine jets of highly pressurized water to entangle and bind the 

fibers. In needle punching, entanglement of fibers is achieved by a set of barbed needles 

punching through the web. This study has used needle punching to bind the fibers in the mat. 

2.2.2.1 Needle Punching 

 Needle punching was developed in the late 1800s for producing carpet underlays and 

spring padding of mattresses and furniture from coarse animal hair and vegetable fibers [22]. 

Natural fibers such as wool, cotton, jute, sisal and synthetic fibers such as polypropylene, 

polyethylene, rayon and nylon have been used in manufacturing needle punched mats. 

 In the needle punching process, the web of fibers, formed by air-laying, is fed into a 

needling press (also known as a needler) using a conveyor belt.  A needle board fitted with 

needles (as shown in Figure 1.5) strike the web of fibers from the top, and the needles descend 

through the web by a pre-determined needle depth. During this downward stroke, the grooves in 

the needles pick up in-plane fibers (parallel to the surface of the web) and reorient them in the 

out-of-plane (i.e. along the thickness of the web) direction. These reoriented fibers mechanically 
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interlock the rest of the fibers resulting in the mat.  Further discussion on this process can be 

found in Chapter 3. 

 The punch density (P) measured in punches per cm
2
 is calculated as follows [22], 

  
    

  
                        (2.1) 

where NO is the number of needles per unit length of the needle board (needles/cm), S is the 

number of strokes per unit time (Punches/sec) of the needle board, and Vx is the speed of the 

conveyor (cm/sec). In this study, the punch density was varied between 0 and 150 (the maximum 

possible value for the needler) to understand its effect on the structure of the mat. 

 Needle depth is another parameter that may be varied during needle punching. This is the 

distance travelled by the needle beyond the bottom surface of the web.  When the depth of needle 

penetration is varied, keeping the areal density of the mat (i.e. GSM) constant, it may alter the 

structural parameters (identified in Chapter 1) of the mat, which in turn can influence subsequent 

manufacturing and properties of the composite. In this study, the depth was kept constant at 

 8 mm.  

 2.2.3 Composite Manufacturing Using VARTM 

 As illustrated in Figure 1.3, one half of the mold is solid and the other half is a flexible 

vacuum bag. The low cost VARTM process involves following steps. 

1. Mold preparation and non-woven mat lay-up: The solid half of the mold is usually made 

of wood and its surface is coated with gel to ensure a good surface finish. The mold is prepared 

with a coat that allows subsequent priming and painting. The non-woven mat is cut to shape and 

placed on the mold surface.  Sometimes a porous flow medium is placed on top of the mat to 

assist with even flow and distribution of the resin. 
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2. Sealing the mold and creating a vacuum: A vacuum bag (nylon or silicone sheet) is placed 

over the mat to cover it and sealed along the edges to the bottom mold using tacky tapes or 

appropriate seals.  This bag isolates the mat from the surrounding atmosphere. Vacuum is 

applied at one end of the mat and the thermoset resin is introduced at the opposite end.  Resin 

injection strategies such as point injection, edge injection, or peripheral injection are used 

depending on the part geometry to ensure appropriate mold filling.   

3. Resin impregnation:  The resin is mixed with an initiator, degassed, and sucked into the mat 

under the action of vacuum.  

4. Curing: The mat impregnated with the resin is normally allowed to cure at room temperature 

on the mold and the cure time is normally a few hours depending on the resin. The composite 

would not completely cure at the time of manufacturing and may continue to cure to completion 

while in use. Alternatively, the composite part can be post-cured in an oven, after de-molding, to 

complete the cure. 

 A natural fiber mat composite part manufactured using VARTM should be of high quality 

with the desired fiber volume fraction and thickness to meet the functional requirements of the 

part. While the quality of composite is affected by the permeability of the mat, the volume 

fraction and thickness of the manufactured composite part are influenced by the mat compaction 

behavior. The relationships between mat structure and permeability, and between mat structure 

and compaction, are discussed below. 

2.2.3.1 Permeability 

 Permeability is a measure of the amount of void spaces between the fibers and how they 

are connected within the mat. During mold filling, the resin flows through void spaces among the 
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fibers of the mat and fills them to impregnate the entire mat. The resin flow through a fibrous 

mat is related to its permeability by Darcy’s Law as per Equation (2.2),  

   
  

  
                                                                        (2.2) 

where Q is the volumetric flow rate (m
3
/sec),   is the viscosity of the fluid (Pa.s),  ΔP is the 

pressure gradient in flow direction (MPa), k  is the permeability of  the mat (m
2
), A is the cross-

sectional area perpendicular to flow (m
2
) and L is the length of mat parallel to  the flow (m). If 

the fibers in the mat are randomly oriented in 3D, then the permeability along the length, the 

width, and the thickness of the mat would be same. Since the fiber orientation in mats is seldom 

random, the permeability of the mat has to be measured along the in-plane and out-of-plane 

directions to completely characterize its permeability. 

 In this study, the in-plane and out of plane (through the thickness or transverse) 

permeability of the hemp fiber mats were measured and compared to understand the effect of 

mat manufacturing parameters. 

 The knowledge on the permeability would allow prediction of resin flow path in a mat of 

given shape. This can be used to adjust the location of resin inlets and vacuum outlets to enable 

complete impregnation of a mat without any dry spots. In addition, the permeability would allow 

determination of the impregnation (i.e. fill) time and use it to adjust the gel time of the resin.  

Since the resin ceases to flow upon gelation, the fill time has to be more than the impregnation 

time to manufacture quality composites without any dry spots.  

 2.2.3.2 Mat Compaction 

 While manufacturing a composite part using VARTM, the nonwoven mat is subjected to 

compressive stress under the action of the applied vacuum. The mat consolidates under this 

stress, resulting in a decrease in mat thickness and an increase in fiber volume fraction as shown 
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in Figure 2.2. It can be observed that the level of compaction depends on the pressure applied 

during manufacturing and the level of consolidation determines the final composite thickness, 

fiber volume fraction, and properties of the composite. There have been a number of studies 

focused on modeling the compaction behavior of fiber beds and this will be discussed later in 

Section 2.3.3. 

2.2.3.3. Fiber Orientation Distribution 

 One important structural parameter in natural fiber mats is the orientation of the fibers 

which significantly influences the properties of natural fiber mat composites.  In this section the 

important terminologies related to fiber orientation distribution  ( ) (FOD) are introduced.   

 A single fiber in an arbitrary orientation in 3D is shown in Figure 2.3. The thickness of the 

mat is aligned with the z-axis. The angle between the fiber axis and z axis is  . The angle 

between the x-axis and the projection of the fiber in the x-y plane is  .  

 The fibers within a mat exhibit a distribution in   and   as shown in Figures 2.4 and 2.5 

respectively. The number of fibers with a certain orientation is normalized to the total number of 

fibers to obtain the normalized frequency plotted in these figures. The distribution in   and   is 

known as Fiber Orientation Distribution (FOD) in this thesis. 

 Since the experimental FOD is difficult to interpret, it may be represented by a single 

function in order to make it easier to compare any two FODs.  Extending Herman’s approach 

[23] two factors have been defined to represent the state of fiber orientation in short-fiber 

composites and used in the past by a number of composite researchers [24].  

 A planar orientation factor (fp) defined as  

          ( )                                     (2.3)  

where 
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     ( )   ∫  ( )    ( )   
 

 
 

                                            (2.4) 

  

 This assumes that all fibers are oriented in 2-D. An axial orientation factor, which assumes 

orientation of fibers in 3D is defined as  

   
[      ( )   ]

 
                                                              (2.5) 

where 

     ( )    ∫  ( )    ( )      
 

 
 

                                  (2.6) 

Both these factors have been used in this thesis. 

 

2.3 Review of Published literature 

2.3.1 Properties of Natural Fibers 

 Properties of natural fibers are required in any model to predict the properties of 

composites. As noted in Section 2.2.1, properties of natural fibers vary widely due to variation in 

their chemical composition.  

Mwaikambo et al. [25], have completed a major study on the effect of alkalization on natural 

fibers such as hemp, sisal, jute and kapok. They have extensively studied the effect of 

alkalization on fiber diameter, fiber strength, modulus, and surface topography. The SEM images 

of the fiber surface showed a relatively smooth surface for all the un-treated fibers. However, 

after alkalization, all fibers showed uneven surface. The fiber diameter reduced with increasing 

concentration of NaOH. There was no correlation between cellulose content and diameter of the 

fibers since the cellulose structure changed due to alkalization.  
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Figure 2.2. Compression of a saturated needle punched hemp mat 

 

Figure 2.3. In-plane (θ) and out of plane (φ) orientation of a fiber in a mat 
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Figure 2.4. Fiber orientation (φ) distribution (FOD) in a hemp mat 

 

 

 

Figure 2.5.  Fiber orientation (θ) distribution (FOD) distribution in a hemp mat 
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 It transformed from long thread of “cellulose I” to smaller chains of “cellulose II”. An 

average diameter of 42µm, a maximum modulus of 45 GPa, and a maximum strength of 1100 

MPa were obtained after treating the fibers with 16% NaOH for 48 hours. 

 In another study with sisal fiber [26] the authors observed the same trend. With decreasing 

fiber diameter, the strength and modulus increased. The maximum strength and modulus of 800 

MPa and 27 GPa respectively, were obtained after treating. The diameter of fibers was reported 

to be around 120 µm.  

 A recent review by Placet et al. [27] has catalogued all previous studies on the dependence 

of hemp modulus and diameter, and has tried to relate this dependence to the structure and 

chemical composition of hemp fibers. However, the listed studies were focused on European 

grown hemp fibers.  Such studies on Canadian grown hemp fibers are rare and many studies 

have focused on the effect of agricultural parameters such as seeding rate on the structure of 

hemp fibers [28]. In this thesis, the distribution in the diameter, the modulus and the strength of 

Canadian grown hemp fibers is generated and used in modeling. 

2.3.2 Mat Permeability 

 There are numerous studies on the permeability of continuous and discontinuous synthetic 

fiber beds and they will not be reviewed here for sake of brevity. Moreover, they are not needle-

punched and hence, not directly relevant. Hence, this review is focused on publications that 

studied permeability of needle-punched glass and natural fiber mats, which are very limited. 

 Rebenfeld [29] compared two spun-bonded fiber glass mats with one needle punched mat. 

The study was more on the comparison in variation of in-plane permeability between the mats. 

They did not provide areal density or volume fraction of mats in order to understand the effect of 
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mat structure on the permeability. However, they showed that needle punched mats had higher 

permeability. 

  Rouison [30] measured the in-plane permeability of hemp mats with an areal density of 

600 g/m
2
 and 8 mm thickness. His experimental study showed that the rate of in-plane 

impregnation of hemp mats by Stypol 8086 unsaturated polyester was an order of magnitude 

lower than that for glass mats with an areal density of 200 g/m
2
 and thickness of 3 mm. 

  Xiaoye et al. [31] compared the permeability of a jute mat with 60 µm diameter randomly 

oriented jute fibers and a glass fiber mat with 17 µm diameter randomly oriented glass fibers, 

using molten polypropylene. They assumed one dimensional flow through the thickness of the 

mat and measured the polymer flow with time. Their study indicated that the impregnation rate 

for jute mats was 3.5 times higher than that for glass mats. The permeability of jute fibers was 

reported to be 10×10
-10

 m
2
, while the permeability of glass fibers was 3×10

-10 
m

2
.  

 Li [32] studied the in-plane permeability of sisal woven mats. The focus of this study was 

to understand the effect of fiber surface treatments and fiber volume fraction on the permeability 

of the woven mats, using vinyl ester resin. The volume fraction of fibers being the same, the 

permeability of the woven sisal fiber mat was 25% more than that of the woven glass fiber mats. 

He reasoned this to be due to the larger sisal fiber diameter that created larger passages for the 

resin to flow. The reported permeability values are 0.001 times the value reported by Xiaoye et 

al. [30].  

 Currently, a correlation between permeability and mat manufacturing parameters has not 

yet been determined. 
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2.3.3. Mat Compaction 

 One of the first studies on compaction of fibrous materials was on compressive behavior of 

wool by Van Wyk in 1946 [33], who suggested a power law correlation between the compressive 

force and volume fraction of fibers in a 3D random network, using  

       
                                                                       (2.7) 

where Pc  (Pa) is the compressive force, Bc is a constant related to the fibrous material structure, 

and    is the fiber volume fraction. Since then, there have been a number of studies on 

compressive behavior of fibrous beds with varying structure and evaluating the Bc value for 

different materials.  

 Gutowski et al. [34] have studied this extensively using continuous fiber beds. They 

suggested that the fibers did not share any load below a certain volume fraction of fibers (Vo) and 

this share increased rapidly with increase in fiber volume fraction beyond Vo. Hence, the load 

required to compact the fiber bed, above Vo, increased rapidly and the fiber volume fraction (Vf ) 

increased to a saturation level (Vs) level when it could not increase anymore. Vs is between 0.785 

for a square array of fibers and 0.907 for a hexagonal array of fibers (0.785 <Vs< 0.907). They 

developed a mathematical expression for the compression load (  ) that fibers can take based on 

their volume fraction and alignment. For perfectly aligned fibers 

     

(√
  

  
  )

(√
  
  

  )

                                                               (2.8) 

where As  (Pa) is a constant that depends on the geometry of the fiber network in the mat obtained 

by fitting the experimental data with the model. Several studies have extended this concept and 

evaluated it for different arrangements of fiber networks.   
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 Toll et al. [35] have extended the above formulation for random fiber mats. They assumed 

that a power law was applicable to describe the relationship between the applied stress and the 

fiber volume fraction, as 

      
   

                                                                 (2.9) 

where Ef is the Young’s modulus of fiber and f is a function dependent on the orientation of 

fibers. For a completely random fiber network f was 0.64 and it decreased with an increase in the 

alignment of fibers. They evaluated their model for short fiber glass mat manufactured by slurry 

deposition. The initial volume fraction of fibers in the mat was 8%. Their experimental results 

showed good correlations with predictions from Equation (2.10). 

  Colin et al. [36] extended the Toll model for needle punched glass mats bonded with 

thermoplastic powders. The results of their study showed that although the needle punch mats 

showed a power law compaction behavior, the power of Vf in Equation (2.9) decreased from 5 to 

3. This means that the compressibility of the mats decreased with an increase in the needle punch 

density. 

 Roack et al. [37] evaluated the compressibility of glass mats with different fiber 

orientation. Unidirectional spun roving glass mat had the lowest compressibility and reached 

saturation at 52% volume fraction of fibers and the straight roving glass fibers had the saturation 

at 75% volume fraction.  

 Apart from the study by Van Wyk cited above, studies on compaction behavior of natural 

fiber composites are very limited. In one study by Lee et al. [38], composites of kenaf fibers and 

polypropylene as well as jute fibers and polypropylene were manufactured using compression 

molding under 6 MPa pressure and 200 
o
C. They reported a maximum fiber volume fraction of 

23%. 
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 In another study by Xiaoye et al. [31] the porosity of jute fiber mat was shown to be 10% 

more than the needle punched glass mat, under the same compressive stress. The study did not 

provide any information regarding mat areal density or manufacturing methods. 

 Recently, Francucci et al. [39] compared the compaction behavior of natural fiber mats 

with glass fiber mats during liquid composite molding. They used bidirectional jute fiber mats 

and random sisal mats. Maximum volume fraction attainable for random sisal mat was 35% at 

1.6 MPa, while it was 52% for bidirectional mat and 55% for glass mat.    

  The above review indicates that a thorough study correlating the mat structure and mat 

manufacturing parameters with mat compaction is not available for needle punched mats. For 

successful VARTM manufacturing of natural fiber mat composites, knowledge of the 

compression behavior of the natural fiber mat is necessary. The level of compaction for a given 

compressive load depends on the mat structural parameters such as mat areal density, mat 

thickness, fiber modulus, and the needle punch density. Understanding this relationship is 

important for the design of an optimal natural fiber mat and such knowledge is not currently 

available.  

2.3.4 FOD and Its Relation to Properties of Composites 

Traditionally, the studies on the effect of FOD on composite properties are in the area of 

injection molded composites [40-43]. In this category of studies, the effect of different 

manufacturing parameters such as the flow velocity, the pressure or the viscosity of the resin on 

the FOD has been investigated both theoretically and experimentally. The FOD measurements 

have been done using contact microradiography of thin sections or reflected light optical 

microscopy of polished surfaces [44, 45]. 
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Earlier studies on the FOD of nonwoven mats had focused on the orientation of small 

fibers in paper or nonwoven textiles. Johnson [46] used tracer fiber (pigmented fibers) in non-

woven mat and introduced a method to calculate the orientation of curled fibers in nonwoven 

mats. However, his study was on the hot bonded polypropylene mat. 

  Fourier transform has been used by Enomae et al. [47] to analyze the digital image of the 

surface of fibers. This type of image analysis has been evaluated in terms of the error that it 

creates since a continuous function is used to define the distribution of a limited number of fibers 

in a digital image [48]. The standard error in orientation distribution of fibers is about 7% in 

references 40 and 48.  An increase in the number of fibers to 100 decreased the error in digital 

analysis to 1% when compared to manual orientation analysis. There are numerous papers on 

various techniques for experimental and theoretical analysis of FOD; however, experimentally 

measured FOD of mats has not been correlated to mat manufacturing and the properties of mat 

composites.  

2.3.5 Manufacturing and Properties of Discontinuous Fiber Mat Composites  

 Discontinuous fiber nonwoven mat composite parts are manufactured by VARTM or 

compression molding using the film stacking method. The size of the parts manufactured using 

these methods are relatively larger than the parts manufactured by injection molding. While both 

manufacturing methods are used to manufacture thermoset composites, compression molding is 

used to manufacture thermoplastic composites. Published studies on glass mat composites are 

extensive. Glass mats with well-defined properties are currently available commercially. In 

contrast, natural fiber mats are not available commercially and published studies on them are 

very limited. Published studies on non-woven mat composites consisting of glass and natural 

fiber mat are reviewed here. As mentioned earlier, the binding methods used in manufacturing 
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the non-woven mats can be bonding of fibers using binders or thermoplastic polymers or 

mechanical interlocking of fibers using needle punching. Only those studies focused on needle 

punching are reviewed here to identify the knowledge gaps.  

2.3.5.1 Synthetic fiber mat composites 

 While the commercially available synthetic fiber mats are bonded, few published studies 

have focused on needle punched glass mats.  Zhao et al. [49] studied the effect of needle  punch 

density (which varied in the range of 0 to 80 Punch/cm
2
)
 
on the properties of  glass mat 

polypropylene composites manufactured  by film stacking method  with 26 ±2% weight fraction 

of fibers for all the punch densities. In their study, 60 Punch/cm
2
 resulted in the highest tensile 

modulus (4.68 GPa), although the modulus varied only about 400 MPa when the punch density 

was increased from 0 to 60 Punch/cm
2
. The void content decreased with increase in the punch 

density, 4.7% for random glass mat with no punching to 0.71 % for 80 Punch/cm
2
.  

 Sung Ho Lee et al. [50] studied the tensile and flexural properties of needle punched glass 

mat impregnated with polyester resin.  They compared the properties of needle punched 

composite to those of plain weave composite with 60% weight fraction of continuous fibers.  The 

needle punched composite had 55% weight fraction of fibers. In their study, the tensile strength 

increased by 20% by increasing the punch density from 15 to 90 Punch/cm
2
. The tensile modulus 

improved 20% in the cross-machine direction and 12% in the machine direction due to needle 

punching. The difference between the tensile modulus of mat and woven composites decreased 

with increasing the punch density. In addition, the flexural modulus of woven composites with 

continuous fibers was lower than that of the short fiber needle punched composite. In terms of 

thickness, the thickness of the needle punched composites with 90 Punch /cm
2
 was equal to the 

thickness of the woven composite.  
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 Tae Jin Kang and Sung Ho Lee [51] studied the fiber length and orientation in needle 

punched glass-polyester composite. Optical images of the surface of the mat composite were 

analyzed by image processing to evaluate the distribution in fiber orientation. They calculated 

the planar orientation factor, which showed that the fiber orientation on the surface became 

increasingly isotropic with increasing the punch density and it changed from 0.015 to 0.05.  They 

also measured the fiber length variation with punch density and found out that the mean length of 

fiber decreased by 30% with increase in punch density from 0 to 90 Punch/cm
2
.  They did not 

study the effect of fiber length degradation or fiber orientation on the composite properties.  

 Kang et al. [52] evaluated the mechanical properties of needle punch mat composites, 

consisting of oxidized polyacrylonitrile (PAN) fibers and polyacrylic resin manufactured by film 

stacking method. They measured the tensile strength, the interlaminar shear strength, the flexural 

strength, and the thermal conductivity of composites manufactured using mats with punch 

densities of 200 to 700 Punch/cm
2
. The interlaminar shear strength increased from 3 MPa at 200 

Punch/cm
2
 to 8 MPa at 500 Punch/cm

2
 and then decreased at higher punch densities. A similar 

trend was observed for the tensile strength of the composites, which increased from 15 MPa at 

200 Punch/cm
2
 to 30 MPa at 500 Punch/cm

2
. However, the thermal conductivity increased with 

increasing the needle punch density. The authors related the optimal punch density, 

corresponding to maximum tensile and shear strength of composites, to the amount of fibers 

oriented in the third direction.  

 The effect of needle punching on the wool fiber damage was studied by Menghe Miao et al. 

[53]. They quantified the fiber damage as fiber breakage and fiber weakening. They used water 

soluble fibers mixed with 8% wool fibers. After needle punching, the water soluble fibers were 

dissolved revealing the wool fibers, which were subsequently measured for their length variation 
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and tensile strength. At 50 Punch/cm
2
 the fibers exhibited 28.8% fiber breakage and 7.8% 

strength degradation.  

 In a comprehensive study, Wang [54] compared the mechanical properties of 4 different 

glass mat-epoxy composites. He studied the consolidation behavior of different glass mats during 

resin transfer molding and hand layup process. He introduced a bulk factor (S) calculated using 

Equation: 

    
    

  
                                                               (2.11)                                                              

 where     is the mat thickness under 5 kPa pressure and    is the thickness of composite panel. 

He studied the volume fraction, the composite bulk factor, and the mechanical properties of 4 

different glass fiber mats, namely stitch-bonded chopped strand mat, powder bonded chopped 

strand mat, continuous filament strand mat and woven glass mat. The continuous fiber mats did 

not have any binding method applied to them. The bulk factor for the woven mat was the lowest.  

The bulk factor of stitch-bonded and powder-bonded mats were higher than that of woven mats 

but lower than that of continuous filament mats. The fiber volume fraction, the tensile modulus 

and the tensile strength increased in the following order: woven mat composites, stitch-bonded 

composites, powder-bonded mat composites and continuous strand mat composites. The areal 

densities of the four mats were not same and the volume fraction of fibers was different. 

Therefore, drawing any conclusion on the effect of mat binding method on composite properties 

is difficult. Mat thicknesses for all four composite panels were the same. This shows mat binding 

method in glass fibers has little effect on composite panel thickness. Such effect was also 

observed, in the properties, by Zhao et al. [49] as shown in Table 2.2. It can be observed that the 

tensile modulus and strength of non-woven glass mat composite manufactured with needle 

punched mats are same as those of composites manufactured with bonded mats. 
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2.3.5.2 Natural fiber mat composites 

 Published studies on natural fiber mat composites are more limited than glass composites. 

The numbers of studies on needle punched mat composites are even less. Therefore, this review 

is extended to all natural fiber mats and binding methods.  

 Wuzella [55] manufactured nonwoven mats from mixtures of kenaf and flax fibers. He 

impregnated the fiber mats with acrylic thermoset resin and manufactured binded mats by 

compression molding. The flexural modulus for 85% weight fraction of fibers was reported to be 

8 GPa in the machine direction and 4.9 GPa in the cross-machine direction. Although the results 

of this study showed properties comparable to some glass fiber composites, it did not present any 

details on the mat manufacturing method, mat areal density, thickness, and diameter, length and 

volume fraction of fibers in the composite. He did not correlate these parameters to the properties 

of the composite.  

 Chen [56] manufactured hemp-polypropylene composites and compared their tensile 

strength and modulus with those of composites manufactured with kenaf, ramie and bagasse 

fibers. The weight fraction of fibers was 30%. Since the areal density of needle punched mats 

were different, the properties were normalized by the areal density of mats and reported in terms 

of index values. Hemp composites showed the highest index. However, the needle punch density 

and depth used in manufacturing the mats were not reported in this study.   

  Van den Oever et al. [57, 58] studied the mechanical properties of wet-laid flax mat 

composites.  The flax mat composite with 20% volume fraction of fibers had a tensile modulus 

of 5 GPa. Their study showed that the transverse strength and modulus of composites were 

considerably lower than the longitudinal properties. But, they did not study the effect of mat 

manufacturing parameters.    



58 

 

 Van De Velde et al. [59] studied the effect of needle punching, fiber treatment and press 

temperature on mechanical properties of needle punched flax/polypropylene composite. The 

weight fraction of flax fibers in composites was 60%. The areal density of needle punched mat 

decreased from 918 g/m
2
 to 887 g/m

2
 after needle punching the mat for the second time. The 

properties of composite degraded for twice needle punched panels especially at higher press 

temperatures. The alkalization treatment of fibers also degraded the tensile modulus and the 

strength of the composite. The needle punch density and depth were not reported in their study. 

 Exequiel et al. [60] evaluated the addition of long jute fibers to wood particles while 

manufacturing wood particle boards. Their study concluded that an addition of 5% of 40 mm 

long jute fibers increased the modulus of the wood board. They related the improvement in 

modulus to increase in entanglement among the fibers due to needle punching. However, they 

did not report any quantitative data to support their claim. 

  Gillah et al. [61] studied the effect of adding sisal fiber to wood fiber board in order to 

improve its mechanical properties and dimensional stability in humid environments. They used 

sisal fibers, 30 mm and 40 mm in length and in contents of 5 and 10% in needle punched wood 

board manufactured with urea formaldehyde resin. Sisal content of 5% was effective in 

improving the modulus of the wood board by 20%. The length of the sisal fiber had minimal 

effect on improving the wood board properties. Although the authors claimed that the 

interlocking effect improved the properties of wood boards they did not do any investigation 

other than mechanical testing to support their suggestion. They did not consider the effect of 

needle punch density and depth.  

 Mwaikambo et al. [62] manufactured cashew nut shell oil based thermoset composite using 

hemp fibers and compression molding. Although they did not report the volume fraction of fibers 
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or the mat manufacturing method, they reported relatively high tensile modulus of 7 GPa for the 

random mat composites. The modulus of fiber they utilized for manufacturing the composites 

was in range of 40 to 60 GPa, which is among the highest modulus reported in literature for 

hemp fibers. 

 Williams et al. [63] manufactured natural fiber composite with soybean based thermoset 

resin by the VARTM process. They manufactured random flax and pulp cellulose mat 

composites. The mats, used in this study, were bonded by 5% (weight fraction) of a starch 

adhesive, before composite manufacturing. The modulus of flax composites with 15% weight 

fraction of fibers was around 2 GPa. They did not provide details on punch density and depth. 

 O’Donell et al. [64] manufactured flax composites using VARTM with canola oil based 

resin. Two types of adhesive bonded flax mats were used. They were bonded by polyethylene 

(PET). The weight fraction of fibers to adhesive was 60/40 for one adhesive and 85/15 for 

another. Composites manufactured using flax mats with 60/40 mats had a higher volume fraction 

of fibers (25%) than 85/15 mats (22%). But both composites showed the same tensile modulus of 

2.07 GPa. The focus of their study was to evaluate the manufacturability and properties of 

composites; therefore there was no information about mat thickness or fiber orientation.  

 Mieck et al. [65] studied the properties of needle punched flax mat (two different punch 

densities) impregnated with polypropylene. The tensile modulus of composites with 30% weight 

fraction of fibers was 8 GPa and 6 GPa, in transverse and longitudinal directions respectively. 

The mat composite with 220 g/m
2
 had 10% higher tensile modulus than mat composites with 150 

g/m
2
.  This was due to an increase in volume fraction of fibers in composites. This study did not 

include any information on the needle punch density and depth. 
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 Motje et al. [66] compared various treatments of hemp fibers and their effect on hemp -

polypropylene (PP) composites manufactured by injection molding. This study is interesting 

since they used both the fiber refining (alkalization) and the surface treatments on the fibers and 

compared their effect on composite properties. However, none of the treatments improved the 

mechanical strength of the composite. Their study did not include any information on hemp fiber 

properties. 

 Hajnalka Hargitai et al. [67, 68] studied the effect of hemp fiber content and anisotropy in 

needle punched hemp mats. Hemp fibers were blended with polypropylene fibers in 30, 40, 50 

and 70% weight fractions. They were carded and needle punched.  The needle punched mat 

composites were manufactured using compression molding. The tensile modulus increased with 

increasing the fiber content, reaching a maximum value of 6.5 GPa at 50% fiber weight fraction.  

Composites with double-carded mats had lower modulus. The modulus of 30% hemp fiber 

composite was 5 GPa for double carded mat composites. The needle punch density and depth 

were not reported. 

  The properties of natural fiber composites published in the literature are compared with the 

properties of glass fiber mat composites in Table 2.2 to highlight the effect of needle punching in 

natural and synthetic fiber mat composites. For each fiber category, results for the needle 

punched composite are compared with those for bonded-mat composites, with the exception of 

hemp fibers, which were in the form of loose short fibers. Since polypropylene is the matrix used 

in all composites, the observed difference in properties is due to needle punching.  It can be 

inferred from table 2.2, that needle punching significantly enhanced the properties of natural 

fiber mat composites when compared to glass mat composites. 
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 Since the diameter of glass fiber is smaller (4 to 20 µm) than that of natural fiber (50 to 400 

µm), the thickness of glass fiber mats is significantly smaller than that of natural fiber mats, for a 

given areal density (GSM). Hence, the fibers in glass mats are oriented in the in-plane direction 

and needle-punching does not orient the fibers in the thickness direction due to lack of 

interaction between the small fibers and thicker needles. However, due to its large diameter 

fibers and thicker mats, the interaction between the fibers and the needle are likely to be higher 

during needle punching. Hence, the likelihood and the magnitude of reorientation of the fibers 

along the thickness direction and ensuing fiber entanglement are higher in natural fiber mats, 

resulting in a positive influence of needle punching on composite properties. 

 The properties of natural fiber nonwoven mat composites reported in the literature are 

summarized in Table 2.3.  Results for injection molded composites, consisting of discontinuous 

fibers but not mat, are included for comparison.  The tensile modulus of injection molded 

Polypropylene (PP)-hemp composites are lower than that of non-woven hemp fiber mat-PP 

composites, highlighting the advantage of needle punching in enhancing the properties. The 

thermoset matrices used in composites identified in Table 2.3, have similar moduli. Despite this, 

the moduli of the composites varied in the range of 1 to 10 GPa, which can’t be explained by 

variation in fiber volume fraction. Additional information, such as fiber properties, needle punch 

density, needle punch depth, and FOD, that could have helped in understanding this variation 

were not provided in these publications. 
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Table 2.2. Comparison between needle punched natural fiber mat composites and needle 

punched glass composite with polypropylene resin   

Fiber (w/w)% Tensile modulus 

(GPa) 

Tensile strength  

(MPa) 

Reference 

Glass 26.6 3.7 68 [49] 

Glass (Needle punched) 26.3 3.24 55.7 [49] 

Flax 23 2.07 -- [64] 

Flax (Needle punched) 30 7 70 [65] 

Hemp 30 2.6 32.9 [66] 

Hemp (Needle punched) 30 4.5 50 [68] 
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Table 2.3. Tensile modulus of hemp fiber composite reported in literature 

Thermoplastic 

composites 

Fiber 

content 

(%) 

Reinforcement Manufacturing 

Method 

Tensile 

Modulus 

(GPa) 

Ref. 

Cashew nut 

shell 

N/A
1 

Mat
1
 Compression 

molded 

7.2(±1.94) [62] 

MAESO (Soy 

based resin) 

20(w/w) Mat
1 

Resin transfer 

molding 

4.4 [63] 

Polypropylene 30(w/w) Hemp  (aspect 

ratio of 100) 

Injection 

molded 

2.3 [66] 

Polypropylene 

(PP) 

50(w/w) Needle punched 

Hemp mat 

Compression 

molded 

6.5 [68] 

Polypropylene 30(w/w) hemp subjected 

to various 

refining 

treatments 

Injection 

molded 

2.5 - 4.2 [69] 

Thermoset 

resin 

     

Unsaturated 

polyester 

35%(v/v)
2 

Hemp mat Resin transfer 

molding/0.2 

MPa 

1.74 [70] 

Unsaturated 

polyester 

20%(v/v) Hemp mat/ 

Kenaf 

Resin transfer 

molded 

1.42 [71] 

Epoxy 51(w/w)
 

Needle punched 

Hemp mat 

Compression 

molded 

6.4(±0.5) [72] 

Poly vinyl  

alcohol 

10(w/w)
3 

Mat
1 

Wet lay out 9.8(±1.5) [73] 

         1 
The type of hemp mat was not specified  

         2 
Volume fraction 

         3 
Weight fraction 
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2.3.6. Modeling of Properties of Natural Fiber Mat Composites 

There are numerous studies on the theoretical modeling of tensile properties of short fiber 

(mostly glass) composites.  The effect of various parameters such as resin and fiber tensile 

properties, volume fraction of fiber, interfacial strength between fibers and resin, and the 

orientation of fibers has been studied and quantified.   

 References 74 and 75 provide a comprehensive review of various approaches that are 

available for the prediction of tensile modulus of short fiber composites. This section focuses on 

the studies of tensile properties of natural fiber composites. 

   To predict the tensile modulus and tensile strength of discontinuous fiber composites, the 

orientation of fibers is an important factor that needs to be quantified. The studies on calculating 

and measuring FOD of mats are reviewed in Section 2.3.4. There are numerous studies 

correlating the orientation of fibers and composites properties in injection molded composites.  

But, such studies on mat composites are few.  Most of the studies fitted the experimental values 

of tensile modulus to micromechanical models and introduced an empirically fitted factor as an 

orientation factor without correlating the factor to the actual orientation of the fibers [74-77].  

 Some researchers have suggested mathematical cosine and sine functions to model the 

FOD, without validating the mathematical function using experimental fiber orientation 

distribution [78-81]. Kim et al. [82] introduced a mathematical fiber orientation distribution. In 

their study, the effect of different aspect ratio of fiber orientation distribution was studied.  

However, their study was not validated with experimental fiber orientation distribution. 

  Esmaeili et al. [83] introduced a mathematical model and used it, along with experimental 

FOD, to show that the latter has a normal distribution.  However, they did not correlate the 

experimental FOD with the experimentally measured properties of the composites. 
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 There are a few published studies on applying micromechanical models to predict the 

modulus of natural fibers composites [84-88].  They did not measure the orientation of fibers or 

the properties of fibers; they fitted the experimental data with the micromechanical models. 

Therefore, the models did not provide any insight into the composites microstructure. Ansell, in 

chapter 8 of ref. [85], discusses on various parameters required for optimizing the properties of 

natural fiber composites. He briefly touches on the necessity of predicting the tensile modulus of 

natural fiber composites as important design parameters. However, in the case of hemp 

composite manufactured by resin transfer molding that he introduces as a case study, he uses a 

simple rule of mixture with orientation factor of      0.25 and tensile modulus of  hemp fiber 

taken  from literature ( Ef = 45 GPa) to predict the modulus, which deviates by 100% from the 

experimental results.  

 In a comprehensive review by Facca et al. [84], several micromechanical models in 

literature were used to predict the modulus of natural fiber composites.  They showed that there 

was a large difference between the predicted and the experimental results. They used the 

published values for fiber modulus and overlooked the variation of modulus of natural fibers 

with diameter due to change in chemical composition [26, 62, 89].  

 The study by Patel et al. [90] appears to be the sole study on modeling the tensile modulus 

of needle punched natural fiber composites. They manufactured needle punched hemp mat with 

areal density of 500 g/m
2
;
 
however, they didn’t reveal other manufacturing parameters for the 

hemp mat. They used compression molding at 10 MPa pressure to manufacture the composite.  

They used Cox-Krenchel model for tensile modulus predictions. The model predictions showed a 

large deviation from experimental results for hemp fiber composites.  They related the deviation 
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to the void in composites. They modified the model using a parameter for the void content, the 

value for which was obtained by empirical fitting.  

 There are a lot of experimental studies on tensile strength of natural fiber composites [6, 

91-93].  However, the studies are very limited on needle punched natural composites. Chen et al. 

[56] manufactured hemp-polypropylene mat with compression molding using needle punched 

mat and reported the tensile strength 12 MPa at 30% weight fraction of hemp with areal density 

of 1959 g/m
2
. 

Patel et al. [90] manufactured the needle punched hemp composite with 500 g/m
2 

areal 

density mat. The fiber’s volume fraction was 35%. The maximum achievable strength was for 

2% NaOH treated composite with 50 MPa.  

 Similar to tensile modulus, most of the studies on tensile strength are focused on the effect 

of fiber chemical and mechanical treatments on the tensile strength. The effect of mat 

characteristics and natural fiber properties on tensile strength of the composites is not studied.  

 A recent study by Ku et al. [86] reviews all the studies on tensile strength of natural fiber 

composites, the study lacks theoretical modeling in order to quantify or qualify the effect of mat 

macrostructure on the tensile strength of the composites.  

 

2.4 Summary and Motivation for the Thesis 

 Manufacturing of medium-to-large size natural fiber mat composite parts using liquid 

injection molding processes such as VARTM requires natural fiber mats. These mats should be 

appropriately designed to meet both the manufacturing and the functional requirements as 

defined in Section 1.1.  Understanding the relationship among mat manufacturing, mat structure, 

composite manufacturing, and composite properties is the key to successful development of 
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optimized natural fiber mats and natural fiber mat composites. It can be recalled from Section 1.1 

that the mat structural parameters include mat permeability, mat areal density (GSM), mat 

thickness and mat architecture.  Similarly, the mat manufacturing parameters include areal 

density, needle-punch density, and needle-punch depth. Composite manufacturing parameters 

includes mat permeability and compaction under pressure used in manufacturing. 

 Unlike glass fibers, the aspect ratio and properties of natural fiber feed stock widely varies, 

which can significantly affect the mat structure, bonding with the polymer matrix, and the 

properties of the composite. Hence, knowledge on the distribution in fiber aspect ratio, effect of 

aspect ratio on fiber properties (modulus and strength), and fiber-matrix interfacial bond strength 

is a necessary prerequisite to develop any reliable model to predict the properties of natural fiber 

mat composites. 

 Based on the literature review presented in this chapter, it can be concluded that such a 

comprehensive knowledge is yet to be generated. Previous studies have focused on one or more 

of the aforementioned areas. However, the following knowledge gaps exist. 

   Most of published studies have focused on natural fiber refining, fiber surface treatment, 

fiber-matrix bonding. A systematic study of the variability in fiber properties and its 

impact on properties of natural fiber composites is lacking. Moreover, while most of the 

studies have focused on natural fibers grown in Europe, similar studies on natural fibers 

grown in Canada/North America are limited. This is important since the agronomical 

conditions can affect the fiber composition, the aspect ratio and the properties.  

   While manufacturing of glass fiber mats is well established, manufacturing of natural 

fiber mats is yet to be standardized; there are no commercial manufacturers of natural 

fiber mats. While there are published studies on the relationship between composite 
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properties and glass mat structure, similar studies are lacking in the case of natural fiber 

mats. Limited published studies on natural fiber mat composites suggests that the impact 

of mat structure on composite properties is more in the case of natural fibers than glass 

fibers. The relationship between natural fiber mat structure and mat manufacturing is not 

known at this time and there is no analytical model to predict the evolution of mat 

structure (i.e., areal density, thickness, FOD, and Vf ) during mat manufacturing 

    An analytical study correlating the mat consolidation (characterized by thickness, FOD, 

and Vf) during composite manufacturing and properties of natural fiber mat composite is 

currently lacking.  

 

2.5 Thesis Objectives  

 In view of these knowledge gaps, the overall goal of this thesis is to address some of the 

critical knowledge gaps that would aid in the design and development of optimized non-woven 

natural fiber mats for manufacturing of natural fiber thermoset composite parts using VARTM.  

The specific objectives focused in this thesis to achieve this goal are 

1) Study, experimentally, the effect of needle punching on the mat structure characterized 

by the areal density, the thickness, the fiber volume fraction, the fiber orientation, the 

permeability, and the compressibility. 

2) Study, experimentally, the effect of pressure applied during composite manufacturing 

on the structure (i.e. the fiber volume fraction and the fiber orientation) and properties 

of the natural fiber mat composite. 

3) Develop a modeling approach for predicting the change in FOD during mat and 

composite manufacturing. Develop a model to predict the tensile modulus and the 
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strength of hemp fiber composites using matrix properties, experimentally determined 

distribution in fiber properties in the mat, and the FOD. 

4) Use the results of the above objectives to understand the manufacturing–structure- 

property relationship in needle-punched hemp fiber mat composites. 
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CHAPTER 3 

MODEL FOR FOD AND MAT COMPOSITE PROPERTIES 

 

 

 

3.1 Introduction  

Properties of a mat composite, such as tensile modulus and strength, depend on its 

microstructure, characterized by the fiber volume fraction (   ) and the FOD in that composite. 

The mat structure, which defines the microstructure of the composite, changes during 

manufacturing. Hence, the magnitude of      and FOD in the composite depends on the history of 

manufacturing, as illustrated in Figure 3.1. The fiber volume fraction (  ) in a mat is inversely 

proportional to its thickness, 

     
   

      
        (3.1) 

where     is the areal density of mat (g/m
2
) ,    is the density of fibers, and      is the 

thickness of the mat. It can be observed in Figure 3.1 that the thickness of the mat (hence,   )  

changes continually during mat manufacturing and composite manufacturing. Unlike glass fiber 

mats, hemp fiber mats are thicker, for a given    , due to large diameter hemp fibers. This 

allows the hemp fibers to orient along the thickness direction (out-of-plane z-direction in Figure 

3.1) as well as along in-plane directions (x and y in Figure 3.1). Due to change in the thickness, 

the FOD would also change during mat and composite manufacturing. 
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Figure 3.1.  Process of needle punching and composite manufacturing 

 

 

 

 

 

 

 

 



72 

 

 A model for predicting the modulus and the strength of a mat composite requires input 

values for    and FOD in that composite. These values cannot be the starting values in the web 

of fibers shown in Figure 3.1 since these values change during manufacturing. Hence, a model 

for the evolution of the mat thickness, the   , and the FOD during mat and composite 

manufacturing is required to accurately predict the properties of a mat composite and to 

understand the variation in composite properties with variations in manufacturing parameters. 

Development of an analytical model for this evolution and its validation is beyond the scope of 

this thesis. However, a modeling approach has been developed and applied to model the 

experimentally measured FOD to understand qualitatively the evolution of the mat structure 

during manufacturing and its impact on mat composite properties. This modeling approach is 

presented in Section 3.2. The model for the prediction of the tensile modulus and the tensile 

strength of mat composites is presented in Section 3.3  

 

3.2 Model for Evolution of    and FOD  

 3.2.1 Mat Manufacturing 

 During mat manufacturing, the web of fibers is formed on a moving conveyor belt and is 

fed in to the needler by the conveyor at a desired conveyor speed (Vx,o ), as shown in Figure 3.1. 

Within the needler, a needle board containing the needles reciprocates in the vertical direction 

and strikes the mat at a desired speed of Vz . A take-up roll moves the mat out of the needler at a 

speed of Vx,f . During the downward stroke, the needle board descends to a desired distance, 

known as the needle-punch depth. This is the distance, below the bottom surface of the mat, to 

which the needle tip travels. The needle punch density, P, (i.e., number of punches per cm
2
) is 

determined by Vx, Vz, and the density of needles in the needle board (number of needles per cm
2
). 
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The needle punch density and depth determine the level of compaction of the mat, i.e. reduction 

in mat thickness. 

    During the needle punching, the mat is subjected to 

    The compressive force exerted by the needle board on the mat, during its time of contact 

with the mat (       
                      

  
).  The factor of 2 is used since the board is 

in contact during both the downward and return strokes. 

    The compressive force exerted by the needles. The grooves in the needle pick up the 

fibers, during the downward stroke, and reorient them along the thickness direction. 

These fibers apply compressive force on other fibers that are in contact along their length 

in the in-plane direction. The magnitude of this force depends on the probability of 

interaction of needles with fibers, which reduces with decrease in areal density and 

increases with needle punch density. 

    The tensile force exerted by the take-up rolls, when the mat is pulled out of the needler, at 

the desired Vx,f overcoming the compressive forces mentioned above.   

 In response to these forces, the fibers within the mat slide and the free space among the 

fibers is eliminated, resulting in change in dimensions.  This results in reorientation of the fibers, 

as illustrated in Figure 3.2 for a single fiber. The position of a fiber changes from A to A’ at one 

end, and from B to B’ at the other end. The orientation of the fibers within the mat is analyzed in 

this thesis in terms of   (the angle between the fiber axis and z-axis) and   (the angle between x-

axis and either fiber axis or its projection onto the x-y plane as shown in Figure 3.2). These 

angles change due to reorientation of the fiber as illustrated in the Figure 3.2 (from     to     

and    to   ). The mat compacts by|     |. 
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 If the change in the position of a fiber (        ) is known, then the final orientation of 

that fiber can be calculated using  

        (
     

     
)                                                   (3.2) 

        (
(     )

√(     )  (     )  (     ) 
)                          (3.3)  

 

Hence, the changes in the positions of the fibers have to be determined to predict the change in 

the FOD of the fibers in the mat.  

  Assuming pseudo-affine [94] deformation, changes in the position of fibers can be 

determined using the change in the dimensions of the mat during needle-punching, 

                                                                       (3.4) 

                                                                       (3.5) 

                                                                        (3.6) 

 where p1, p2, and p3 are constants . The changes in dimensions of the mat are determined using 

        

        

        

Where ex, ey, and ez are strains in the mat and Lo, wo, and ho are the length, the width, and the 

thickness of the mat before needle-punching. 

Affine deformation assumes that the strain is uniform throughout a material, at any size 

scale; i.e., a micrometer of the material would experience the same strain as the millimeter of the 

material. The deformation can involve both rotation and extension.  Pseudo-affine deformation 

assumes that the deformation involves only rotation and has been applied to predict the 
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deformation of polymer chains [94-96] and  orientation of short fibers in injection molded 

composites [97-98].  Applying this assumption to the deformation of the mats, it is assumed that 

the fibers within the mat do not extend but rotate to accommodate the deformation of the mat. 

This rotation is accomplished through sliding of the fibers at the areas of contact between them.  

A model to predict the change in the dimensions of the mat is presented below. 

Needle punching is analogues to roll forming of metals, which is used to reduce the 

thickness of metal plates, as illustrated in Figure 3.3. The rolls are replaced with the needle board 

and the roll pressure is replaced with the compressive force exerted by the needle board and the 

needles. The entry and exit velocities of the mat are Vx,o and Vx,f .  Instead of plastic deformation, 

in the case of metals, the reduction in the thickness of the mat is achieved by frictional slip 

among fibers and elimination of free space among fibers. The first task is to determine the 

change in dimensions of the mat and subsequently relate this to the change in fiber positions to 

determine the change in FOD. 

 The final mat thickness is given by 

 

       
  

    
                                                           (3.7) 

where     is the tensile force acting on the mat,      is the stress acting on the mat, and     is the 

final width of the mat. 

Analogous to the definition of slip in roll forming, the axial strain in the mat (  ) can be 

defined as 

   
          

    
                                                            (3.8) 
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Figure 3.2. Change in fiber position due to needle punching 

 

 

 

 

Figure 3.3. Change in mat thickness during needle punching 
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 While slip in roll forming occurs between the roll and the material, the slip in the current 

situation occurs between fibers in the mat. The stress on the fiber can be related to this strain 

using 

                                                                (3.9) 

where      is the tensile modulus of the mat. This tensile modulus is a function of strain as 

shown in Figure 3.4 for a representative mat. 

 The final width can be determined using Equation 

     [    ]                                                       (3.10) 

where    is the  transverse strain in the mat in the width direction and    is the original width of 

the mat. Assuming the following relation between the axial and transverse strains: 

                                                                  (3.11) 

Equation (3.9) can be modified as 

     [      ]                                                     (3.12) 

   is a factor that needs to be determined experimentally. 

 The axial force on the mat (   ) is related to the transverse compressive force (Nz) exerted 

by the needle board and the needles on the mat as per 

                                                                   (3.13) 

where    is the average friction coefficient for fiber–fiber sliding in the mat.    is determined 

using: 

                                                                   (3.14) 

where      is the compressive modulus of the mat and    is the length of the needle beam in 

contact with the mat as shown in Figure 3.3.  
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Figure 3.4. Stress–Strain curve of hemp mat under tensile load 

 

 

Figure 3.5. Stress–Strain curve of hemp mat under compressive load 
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The compressive modulus varies nonlinearly with strain as shown in Figure 3.5 for a 

representative mat. The transverse strain     is related to stroke speed: 

   
    

      
                                                             (3.15) 

 Substituting Equations (3.9) and (3.10) into Equation (3.8), the axial force can be 

calculated   

   
                   

  
                                                    (3.16) 

where t is time. Using Equations (3.4), (3.7), and (3.11), Equation (3.2) can be written as 

   
               

                      
                                                   (3.17) 

where    is given by Equation (3.3).  

 While the final thickness and the width of the mat due to needle punching can be 

determined using Equations (3.12) and (3.7) respectively, the final length of the mat can be 

determined using 

                                                               (3.18) 

Using the final thickness and Equation (3.1), Vf   can be determined.   

 Equations (3.12), (3.17), and (3.18) yield mat dimensions at a time, t, during one stroke of 

the needle beam. Figure 3.2 shows that the compressive force exerted by the needle board and 

the needles changes with time during a stroke resulting in a variation of compaction with time. 

Hence, the above equations have to be recast in a differential form and integrated with respect to 

time to get the final dimensions of the mat that exits the needler. Moreover, an area of mat can be 

punched multiple times by multiple strokes of the needle beam, as the punch density increases. 

Table 3.1 tabulates the number of strokes of needle board per unit time as a function of punch 

density. Accounting for these increases the complexity of the model and this is beyond the scope 
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of this thesis. Besides, many factors in the above equations, such as Cf,    ,    ,      are not 

known. Moreover, the pilot-plant facility used for mat manufacturing did not allow controlled 

experiments to determine these parameters. 

 Hence, the experimental FOD (Section 4.6.2) for each mat is fitted with Equations (3.2) 

and (3.3) to obtain the optimal values of x and y that yielded the best fit. The experimentally 

measured thickness of the mat after needle punching and the initial positions of fibers in the 0-P 

mat (obtained using experimentally measured FOD) are used in this modeling.  The curve fitting 

and the results obtained by this procedure are used to (i) support the modeling approach 

discussed in this section and (ii) understand the effect of needle punching on mat structure. 

3.2.2 Composite Manufacturing 

 Unlike needle punching, composite manufacturing is a batch process and hence, there are 

no entry and exit velocities. The mat impregnated with a resin matrix is subjected to 

consolidation pressure and the resin cures and solidifies under this pressure at room temperature. 

Reduction in the thickness of the impregnated mat and thus the increase in the fiber volume 

fraction is proportional to the applied pressure. Many studies in the area of manufacturing of 

composites have studied this and modeled it empirically or numerically [34, 99]. However, these 

studies have not focused on change in other dimensions, x and y, which are required to 

determine the change in FOD. Hence, the procedure presented in the previous section has been 

extended to study the effect of compaction pressure on    and FOD in mat.  
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Table 3.1. Numbers of strokes per second as a function of needle punch density 

Mat       

   
 

2.6-P 1 

7-P 3 

20-P 7 

30-P 10 

70-P 25 

150-P 53 

 

 

 

 

 

 

 

 

 

 

 



82 

 

 Experimentally measured FOD in mats, subjected to a consolidation pressure is fitted using 

Equations (3.2) and (3.3), the experimentally measured thickness of the mat after application of 

the required pressure, and fiber positions in the needle-punched mat before the application of 

pressure (obtained using experimentally determined FOD in that mat). 

 The empirically determined values for x and y for various consolidation pressures and 

needle-punch densities are used to understand the effect of consolidation pressure on the 

structure of mats manufactured with various needle punch densities. 

 

3.3 Model for Tensile Modulus and Strength of Needle-punched Mat Composites 

 A needle punched mat composite consists of discontinuous fibers with a distribution in 

their orientations. The properties of this composite are predicted by defining an equivalent multi-

directional laminate composite, made-up of unidirectional continuous fiber laminae as illustrated 

in Figure 3.6.   The laminate analogy  first  introduced and used by  Halpin et al. [100] to model 

the modulus of discontinuous glass fiber composite.  However, the model developed in this 

thesis, by extending the model by Halpin et al. [100], is different from the latter, with distinct 

contributions, as follows:  

(a) While the study by Halpin et al. [100] considered the equivalent laminate to be quasi-

isotropic [0/±45/90]S , no such restriction is placed in this thesis on the laminate lay-up.  

No limitation has been placed on the fiber orientation. The FOD in needle punched mat 

composites has been determined experimentally for the first time and used in the 

determination of the lay-up sequence of the equivalent laminate.  
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(b) To the best knowledge of the author, this thesis is the first study to apply this model to 

needle-punched mat composites and natural fiber composites. This model together with 

the model for FOD discussed in the previous section has enabled the delineation of the 

relationship among manufacturing, structure, and composite properties. 

(c) Distribution in fiber modulus and strength due to distribution in fiber diameter has been 

quantified experimentally and used in the model. This is essential to accurately predict 

the modulus and the strength of the composite since the composition and the properties 

of natural fibers vary with diameter. The latter exhibits a distribution due to the nature 

of the fiber extraction process from the plant stalk.  

 The model assumptions are as follows: 

 The equivalent laminate is balanced and symmetric. 

 The lamina of the equivalent laminate is transversely isotropic. 

 Despite the presence of fibers in the out-of-plane direction, the needle-punched composite 

is modeled as 2D composite.   

 The lay-up sequence of the equivalent laminate is [(   )   (   )    (   ) ]   where    

is the angle between the longitudinal axis of the fibers (i.e. principal material coordinates) in an 

equivalent lamina/ply and global x-axis of the laminate as shown in Figure 3.6. q is the number 

of pairs of plies per ply group (   ); it should be noted that there are two plies (  ,    ) in 

each ply group of (  ). The values for these angles and the number of layers in each ply group 

and in the laminate are determined using experimental FOD. 
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 Representative plots of experimentally measured FOD in (       ) are shown in Figures 

3.7 and 3.8, respectively, for a 0-P mat. The frequency of fibers in each angle is determined 

using  

 (  )= 
 (  )

∑ (  )
                  (3.19) 

where  (  ) is the number of fibers oriented in   angle. The detailed procedure used in 

determining the FOD is presented in Section 4.6.2.  It should be noted that the frequency of 

fibers in Figure 3.8 include in-plane projection of fibers in the out-of-plane direction. Figure 3.8 

shows that the frequency of fibers at an angle +   is not equal to –  .  Since the equivalent 

laminate is assumed to be balanced, the frequency of fibers at +  is made equal to that at –    as 

per  

 (   )= 
[ (   )  (   )]  

∑ (  )
                  (3.20) 

and the resulting FOD in   is shown in Figure 3.8. This FOD is used to determine the lay-up 

sequence of an equivalent laminate.  For example, the lay-up of the equivalent laminate based on 

FOD plotted in Figure 3.8 is  

 (    )   (    )  (    )  (    )  (    )  (    )    (   )  ( 
 )   . 

 The thickness of each ply is estimated. The minimum thickness of ply (hlamina) would be 

less than the average diameter of the hemp fibers in mat. The diameter distribution is measured 

for each mat and the range is tabulated in Table 3.2. On the other hand the thickness of a ply 

(hlamina) should satisfy the equation hlamina × Nl=hc. For all composites manufactured with mats 

with various punch densities and consolidation pressures, Nl is the total number of plies in the 

laminate and hc is the thickness of the composite. Based on the analysis of all data, hlamina = 0.25 

mm has been found to satisfy both conditions.     
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Figure 3.6. A laminated composite shown with principal and global coordination 

 
Figure 3.7. Normalized frequency distribution in   for 0-P mat 
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Figure 3.8. Normalized frequency distribution in θ for 0-P mat  

and equivalent symmetrical frequency 
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 The thickness of a ply group (hp) with orientation (   ) is determined using the frequency 

of fibers in that orientation:   

    (   )                                                                  (3.21) 

where hc is the thickness of the composite.  The number of ply pairs in each ply group is 

   
  

       
                                                                      (3.22) 

and the total number of plies in each ply group is 2q. The total number of plies in the laminate  

(Nl) is 

   ∑   
    
                                                             (3.23) 

where      is the total number of ply groups.  

 The modulus and strength of the equivalent laminate, defined as per the procedure 

discussed above, are determined using 2D lamination theory [101]. The lamination theory relates 

the stiffness and compliance constants of a laminate to the stiffness’s and compliance constants 

of the plies that make-up the laminate. For in-plane loading of symmetric and balanced laminate 

along the global x- axis, the load per unit width (Ni) is related to applied strain (i), 

    [

  

  

  

]  [

                

                

                           

] [

  

  

  

]                               (3.24) 

where Aij is the extensional stiffness and i, j = x, y, s. The stiffness constants are defined [101], as 

    ∑    
 (       )

  
                                                   (3.25) 

where    
  (are the stiffness constants of the ply (k) along global-axes. zk and zk-1 represent the  

distance between mid-plane (i.e. reference plane) of the laminate and the top and bottom surfaces 

of a ply, respectively, as shown in Figure 3.9. The stiffness constants of a ply along global axes 
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        are related to stiffness constants of the ply along the principal material coordinate axes 

        and transformation matrix (T). It is given in matrix form as  

                                                                 (3.26) 

 The components of           are given by 

                
  

        
  ,                                

  

        
            (3.27)   

  

            
     

        
 

     

        
       ,                                     

where   ,   ,     and     are engineering constants of a unidirectional lamina measured along 

principal material axes, and 

T=[
                                                   
                                               

                                  (           )
]                     (3.28) 

3.3.1 Tensile Modulus 

 To predict the tensile modulus of the equivalent laminate, a uniaxial tensile load (   

 ,          ) is applied to the laminate. The relation in equation (3.24), can be inverted to 

obtain the relation between induced strain and applied load,  

[

  

  

  

]  [

             

             

                

] [
  

 
 

]                                             (3.29) 

where              
   is the compliance matrix. The in-plane longitudinal modulus (Ex) of the 

laminate is  

   
  

  
 

  
  

     
 

 

     
                                                        (3.30) 
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 For a uniaxial tensile load applied in y direction (    ,            ) the relation 

between induced strain and applied load is  

[

  

  

  
 
]  [

             

             

                 

] [
 
  

 

]                                            (3.31) 

  The in-plane transverse modulus (Ey) is 

   
  

  
 

  

  

     
 

 

     
                                                      (3.32) 

 Engineering elastic constants are required to determine Q, A, a, and the modulus of the 

laminate. They can be measured by testing unidirectional lamina or can be predicted using 

micromechanical models and the engineering constants for the fiber and the matrix. Since 

unidirectional hemp fiber lamina could not be prepared and tested due to the discontinuous 

nature of the fibers, the latter approach has been used in this thesis. Details on these are provided 

in Chapter 4. 

 Using Equation (3.21), Equation (3.25) can be modified replacing (       )  with 
   

 
 

 (   )  
  

 
 for the chosen equivalent laminate and  

     ∑  (   )   (   
 )

 

  
    

  

 
                                          (3.33) 

  Using this, unidirectional lamina properties (predicted using fiber and matrix properties), 

and Equations (3.26) and (3.27), the moduli of the needle-punched hemp fiber mat composites 

given by Equations (3.30) and (3.32), are predicted and compared with experimental results. 
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Table 3.2. Diameter of fibers in hemp mat with different needle punch density 

Mat Maximum Diameter 

(µm) 

Minimum Diameter 

(µm) 

Average diameter  

     
∑    

∑  
  

0-P 547.67 22.98 126.98 

2.6-P 562.70 16.55 191.92 

7-P 694.04 16.50 164.32 

30-P 640.82 22.26 140.54 

70-P 577.40 9.90 95.03 

150-P 620 6.59 113.98 

                                                                                           

 

 

 

 

Figure 3.9. Composite laminate consisting of multiple laminaes 
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3.3.2 Tensile Strength 

 The tensile strength of mat composites is predicted using the equivalent laminate and a ply 

discounting method [105]. Even though multiple fracture modes can occur in a laminate, only 

transverse cracking is considered in this thesis while predicting the tensile strength. 

 The laminate analogy for predicting the tensile strength of discontinuous glass fiber 

composite was first introduced by Kardos [76]. The current approach differs in (i) use of lay-up 

sequence determined using experimental FOD, and (ii) application to needle punched mat 

composites, which has not been done before.  

 A laminate failure under the load may not be instantaneous. Some plies might fail under a 

certain load while the rest would still carry the load. Even failed plies might carry some load at 

locations away from cracked regions. Hence, composite laminates exhibit progressive 

(transverse) cracking of plies before ultimate laminate failure, starting with the most compliant 

ply (First Ply Failure) and ending with the strongest ply (Ultimate Laminate Failure). The 

modulus of the laminate would degrade with cracking as shown in Figure 3.10. In the ply 

discounting method used in this thesis, an incremental loading is used with the lamination theory 

to determine the Ultimate Laminate Failure (ULF) stress as discussed below.  

 An in-plane tensile load    [
          

 
 

] is applied in increments along the global 

 x-axis of the equivalent laminate. To start with       = 1. Mid-plane strains induced in the 

laminate are calculated by Equation (3.29). Since the laminate is symmetric and under in-plane 

loading, the strain in the plies would be equal to the strains in the laminate: 

[

  

  

  

]

 

 [

  

  

  

]                                                                   (3.34) 
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Figure 3.10. Progressive transverse cracking in multidirectional laminate during tensile testing 
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The stresses in a ply, along global axes, are  

[

  

  

  

]

 

       
  [

  

  

  

]

 

                                                              (3.35) 

 Using transformation matrix (Equation 3.28), the stresses in each lamina ( [

  

  

   

]

 

 ) along 

the principal material axes are calculated using 

[

  

  

  

]

 

     [

  

  

  

]

 

                                                               (3.36) 

 

 Applying maximum stress failure criterion, the stresses along the principal material axes of 

each ply are compared with the ultimate longitudinal strengths((  
 )        (  

 )    ), ultimate 

transverse strength((  
 )        (  

 )     ), and ultimate shear strength of the lamina (   
   )  to 

determine if a ply would fail [101]. Superscripts of “T” and “C” correspond to tensile and 

compressive loading, respectively. If any of these limiting values are exceeded in any ply, then 

that ply is deemed to have failed and unable to bear additional loading. The stiffness constant 

        for the failed ply is reduced to negligible values ([10
-8

]).  

The new stiffness matrix        for the laminate is determined using Equation (3.30) and 

the negligible values for the stiffness constants of the failed ply. New compliance constants, 

       of the laminate are determined by inverting the stiffness matrix. The load is incremented 

and added to the current load to determine the new load. Using this load, the above procedure is 

repeated until the ply with least  fails. The load at which this ply fails is divided by the 

thickness of the laminate to determine the tensile strength of the composite. 
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CHAPTER 4 

EXPERIMENTAL AND SIMULATION DETAILS 

 

 

 

4.1 Introduction 

Details on materials, manufacturing of mat and composites, test procedures, and simulations 

using the models developed in Chapter 3 are presented in this chapter. 

 

 4.2 Materials 

  Fibers were provided by Stemergy Renewable Fiber Technology Inc. in ON, Canada. 

Stypol 8086, unsaturated polyester, was used as the thermoset polymer matrix and was procured 

from Cook Polymers and Composites. Luperox 224 initiator, purchased from Sigma Aldrich 

(Oakville, Ontario, Canada), was used as the catalyst for curing the resin matrix.  

 

4.3 Manufacturing 

4.3.1 Nonwoven Mat Manufacturing 

 Nonwoven mat was manufactured using the non-woven pilot plant facility at North 

Carolina State University, Raleigh, USA.  The fibers from Ontario were shipped to this facility. 

Subsequently, they were air-laid into a web of fibers on a moving conveyor belt, which 

subsequently fed the web into a needler shown in Figure 4.1. The web of fibers was needle-

punched at this needler resulting in a mat. The needle punch depth was set to 8 mm and needle 
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punch density was varied in the range of 0 to 150 Punch/cm
2
 (the maximum capacity of the 

needler). The needle-punched mats were collected in take-up rolls (48” wide) and shipped back 

to the University of Manitoba for further testing. 

4.3.2 Manufacturing of Composite Panels 

 Hemp fiber mat composites were manufactured using VARTM. A schematic of the 

VARTM set-up is shown in Figure 4.2. All mats were dried at 70 C  for 24 hours prior to 

impregnation by the matrix. The mats were cut to 10 inch by 10 inch size and placed at the center 

of the bottom part of the VARTM mold with a gel coated surface for easy removal of the panel 

after impregnation. The resin was introduced at one end of the mat, and a chopped glass mat 

placed at the opposite edge of the mat connected the mat to the vacuum port, as shown in Figure 

4.2. Tacky tape was placed along the longitudinal edge of the mat to prevent race tracking and 

dry spots. A silicone pad, which covered the mat, acted as the vacuum bag and was held in 

position using the top part of the mold. The latter also doubled as the conduit connecting the mat 

to the vacuum port. Subsequent to the application of vacuum to the mat, the resin, prepared in a 

beaker, was allowed to flow into the mat under negative pressure through the inlet port at the 

center of the silicone bag. After complete impregnation, some panels were cured in the mold at 

room temperature. Additional panels were removed from the VARTM mold, sandwiched 

between two silicone pads, and subjected to pressures of 260 kPa and 560 kPa, using a G50 H-

24-CLX  hydraulic press manufactured by WABASH MPI, IN, USA. The panels were cured at 

room temperature under these pressures. The consolidation pressure was varied to study its effect 

on FOD and properties of hemp mat composites. 
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Figure 4.1. Needler (Courtesy – Dr. R.Jayaraman) 

 
Figure 4.2. VARTM mold set up  
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 The composition of the resin mixture injected into the mold consisted of Stypol 8086 

mixed with 1.25 (w/w%) of Luperox 224 initiator. The composition was decided based on an 

optimization study by Brian O’Conner as a part of his undergraduate thesis in Mechanical and 

Manufacturing Engineering department at the University of Manitoba. A total of 18 composite 

panels, are tabulated in Table 4.1 were manufactured. 

 

 

4.4 Test Coupon Preparation 

4.4.1 Tabbing 

 Tabs were bonded to the gripped ends of the tensile test coupons to avoid crushing the ends 

during gripping. Tabs cut from woven carbon fiber epoxy composite laminates, (F263-8/T300), 

were used. Four plies of the fabric prepreg of this material were hand-laid and cured at 180
0
C 

and 80 psi for 2 hours using the G50 H-24-CLX hydraulic press. The tabs, cut from these panels, 

were bonded to the edges of the natural fiber composite panels using room temperature curing 

M-bond 200 adhesive procured from Vishay Micro-Measurements Group Inc. The adhesive was 

allowed to cure at room temperature for 24 hours under the pressure of spring clamps.  

4.4.2 Cutting  

 Composite test coupons, 127 mm long and 20 mm wide were cut from the panels with 

bonded tabs using a slow-speed 39-1471 Handimet-I diamond saw from Buehler Ltd. A feed rate 

of 10 mm/min was used. A slow feeding rate was used to avoid any overheating of the saw, and 

damage to the coupon edges. The panel was held to the cutting platform using double sided tape. 
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Table 4.1. List of manufactured needle punched hemp mat composites 

Mat Type Consolidation Pressure (kPa) 

101 260 560 

0-P    

2.6-P    

7-P    

30-P    

70-P    

150-P    
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4.4.3 Polishing 

  Edges of all coupons were ground and polished. The edges were progressively ground 

using 80, 180, 240, 320, 400 and 600 grit silicon carbide papers. Subsequently they were 

polished using 6 µm alumina powder. The polished surfaces were thoroughly cleaned and wiped 

using ethyl alcohol to remove all loose particles. 

4.4.4 Strain gaging 

 Strain gages of type EA-06-250AE-350, manufactured by Vishay Micro-Measurements 

Group Inc., were used to measure the strain during tensile testing. All strain gages were bonded 

to the test coupons using M-Bond 610 supplied by the strain gage manufacturer. The bonded 

strain gauges were cured at room temperature. Prior to bonding the strain gages to the test 

coupon, the desired area was cleaned using M-prep Conditioner A (alkaline) followed by M-prep 

Neutralizer B (acidic). A strain gaged sample is shown in Figure 4.3. 

4.5 Testing 

4.5.1 Fiber Volume Fraction Measurement  

 The volume fraction of fibers (  ) was calculated using  

    
     

     
                                                  (4.1) 

where  ρf, ρm, ρc are the density of the fiber, resin, and composite respectively. These densities 

were measured as follows. Mass (m) of test samples was accurately weighed to 0.1 mg accuracy 

using a balance. Subsequently, the volume of these samples was measured using AccuPyc’s 

1330 helium pycnometer, as per ASTM D4892-89.  Using the mass and volume, the density of 

the sample was determined. The measured density of hemp fiber and Stypol resin is tabulated in 

Table 4.2. The density of composites and the fiber volume fraction are presented in the next 

chapter. 
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Figure 4.3. The test coupon with strain gauge  

 

 

 

 

 

Table 4.2. Density of resin and fibers measured as per ASTM D4892-89 

 

Material Density (g/cm
3
) 

Stypol 8086 1.30 (±0.05) 

Hemp 1.51 (±0.03) 
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4.5.2 Fiber Characterization 

 4.5.2.1 Fiber length, diameter and aspect ratio 

 The distribution in the aspect ratio of the natural fibers was determined using a sample 

batch of 0.5 gram of fibers randomly chosen from the batch of fibers obtained from the supplier. 

The length of the fibers was measured using a ruler and the diameter of the fibers was measured 

using Nikon’s Eclipse LV100 microscope.  A representative image of a fiber is shown in Figure 

4.4. Assuming the cross sectional area of the fibers to be circular, the diameter was measured 

using these images at a minimum of 10 positions along the fiber’s length and the average 

diameter was measured.  

4.5.2.2 Fiber Modulus and Strength 

 The tensile modulus and strength of the hemp fibers were determined using TA 

Instruments’ Q800 DMA and tension clamp, shown in Figure 4.5, as per ASTM D3822. Tests 

were run in ramp force mode at a rate of 1 N/min to 16 N. The gage length was 12 mm. Fibers 

were glued to a rectangular paper template with a hole in the center, as shown in Figure 4.6. This 

template was clamped at its ends and was cut in the center before starting the test. This ensured 

that only the fiber was loaded. The moduli of fibers were calculated from the slope of the  

stress-strain curve within a strain range < 0.5%. Figure 4.7 shows a representative stress strain 

curve. The stress-strain curve exhibits a sudden increase in strain at ~250 MPa. Such an increase 

is not observed in results for all tested fibers. This is believed to be due to damage developing 

within the fiber. Each fiber is made-up of a number of smaller fibers/fibrils. Failure of some of 

these fibrils, and delamination between them has been observed before the final failure of the 

tested fiber. Hence, these damage modes are believed to be the reason for this jump in strain.  

Since the testing was done at constant load rate, appearance of such damages would result in a 

jump in strain, observed in Figure 4.7. It should be noted that the cross-sectional area of the fiber 
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at the start of testing was used in determining the entire stress-strain curve; therefore, the effect 

of change in the cross-sectional area of the fiber that bears the applied load, due to the damages, 

on the stress-strain curve is not captured in Figure 4.7. The fiber tensile tests were done by Frank 

Wheeler as part of his undergraduate thesis in the Mechanical and Manufacturing Engineering 

Department at the University of Manitoba. 

 Ton-that et al. [118] determined the difference in standard deviation of the strength, 

calculated using cylindrical fiber cross-section assumption and the actual cross-sectional area 

near the location of fiber fracture, to be 19%. However, they did not take into account the change 

in the cross-sectional area of the fiber along its length while determining the modulus of the 

fiber. Since the change in the properties due to change in the diameter and the length of the fiber 

is more than the  error introduced due to the assumption of cylindrical  fiber cross-section, it is 

believed the assumption used in this thesis is valid. Moreover, the cross-section of the fibers used 

in this study had some empty spaces between the fibrils that made-up the fiber. Wei Hu et al. 

[118] have estimated this empty space to be about 1.5% only and hence, is believed to have 

resulted in negligible error while determining the strength and the modulus of the fiber. 
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Figure 4.4. Representative image of a hemp fiber and diameter measurements 

 

 

 

Figure 4.5. DMA Q800, TA instruments Dynamic Mechanical Analyzer with tension film clamp 
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Figure 4.6. Tensile template for fiber and the fiber sample 

 

 

 

Figure 4.7. A representative tensile stress -strain curve for hemp fiber 
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4.5.3 Mat Permeability Characterization 

4.5.3.1 Transverse Permeability 

 The transverse permeability of hemp mats was measured using a constant flow 

permeability cell as per ASTM D2434. The constant flow permeability cell, shown in Figure 4.8, 

consists of cylindrical cell with a mat holder at its center. The mat holder is hollow at the center 

and has two O-rings along its rim. These rings prevented any leakage of the test fluid through 

gaps between the holder and the cylinder walls and thereby guaranteed a flow strictly through the 

nonwoven mat that was held at the center of the holder using a highly porous metallic screen. 

The pressure drop across the thickness of the mat, during fluid flow through the mat, was 

measured using two manometers placed above and below the mat holder and used in determining 

the transverse permeability.  

 In a typical experiment, the mat was placed on the mat holder and the cylindrical column 

above the mat was filled with water. After the flow stabilized, the rate of change of height of 

water in the column was determined and used along with the diameter of the column to 

determine the flow rate. The pressure above and below the mat was recorded. Experiments with 

no fiber bed verified that the pressure drop created by the metallic screen and diameter 

constriction at the holder location was negligible. Using one dimensional Darcy’s Law, the 

transverse permeability, Kz (m
2
), can be calculated using Equation (4.2) [102]: 

     
   

    
  (4.2) 

where   is the flow rate (m
3
/s),    is the cross sectional area of the mat (cm

2
),     is the 

pressure drop (Pa),   is the viscosity of the fluid (P, water here) and L is the distance over which 

pressure drop occurs which is equal to the thickness of the mat (mm) respectively. The 
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measurements were done using a saturated mat under steady state flow conditions. Three 

samples were tested for each mat.  

4.5.3.2 In-plane Permeability 

 A unidirectional flow method was used to measure the in-plane permeability of the hemp 

mats. In this method, the fluid (Stypol 8086) was introduced at one end of a rectangular mat (101 

mm wide and 610 mm long) under a vacuum as shown in Figure 4.9. The position of flow front 

(xf), with respect to the resin injection location, was monitored with time. Applying Darcy’s law 

for unidirectional flow, the xf   was related to longitudinal permeability in Equations (4.3) to 

(4.5): 

 

  
  

   

 
∫     

 

 
                                                  (4.3) 

  
  

       

  
                                                    (4.4) 

   
      

  
  (4.5) 

where xf (m) is the distance the resin travels through the mat in time t (sec),    is the mat 

porosity,     is the in-plane permeability, and    is the difference in pressure between the inlet 

and outlet locations.  A plot of xf 
2
 versus t yielded  , which was used to determine the in-plane 

permeability.  
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Figure 4.8. Transverse Permeability test setup 

 

 

Figure 4.9. Unidirectional flow method used to measure in-plane permeability (Courtesy – Dr. R. 

Jayaraman) 
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4.5.4 Mat Compaction 

The effect of the punch depth on the compressibility of the mat during composite 

manufacturing was studied by compression tests using INSTRON’s 5500R screw driven test 

frame and a compression fixture. Samples, 100 ± 5 mm in diameter, were cut from the mat and 

subjected to compression at a cross-head displacement rate of 0.001 mm/s. The compressive load 

and displacements were recorded. To study the effect of lubrication of fibers by the resin matrix 

on mat compaction, a few 30-P mat samples were wetted by Stypol 8086, sandwiched between 

two non-stick films and tested.  The number of samples tested per mat was three. 

4.5.5 FOD Characterization 

 The needle punched mats were non-destructively imaged by 3D tomography using  

X-Radia’s Micro X-ray CT shown in Figure 4.10. The re-constructed 3-D images were 

subsequently analyzed using commercial software, AVIZO-Fire 7 by VSG Company, to obtain 

the FOD.  The mat sample size was 7×4 cm. An objective lens with a magnification of 4.3 X was 

used to maximize the scan area on the mat, which resulted in a reconstructed 3D image of  

2212 × 2064 × 1640 µm. The smallest feature that could be resolved at this setting was 0.5 µm. 

The scanning was done by rotating the sample at 0.5
o
 intervals from -90

 o
 to 90

o
. The exposure 

time for each scan was 1 second. The reconstruction of the image was done by software that was 

linked to the acquisition software.    One view of the 3D image of the hemp mat is shown in 

Figure 4.11. Slices of these images were imported to AVIZO Fire 7 and reconstructed for 

analysis, as shown in Figure 4.12.  The diameter, the out-of-plane orientation ( ), and the  

in-plane orientation ( ) were determined for each fiber in the image using AVIZO-Fire 7.   
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Figure 4.10. X-Radia’s  Micro X-ray CT 

 

 

Figure 4.11. One view of the 3-D image of hemp mat acquired by X-Radia’s Micro X-ray CT 
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 To confirm that the FOD obtained using the scan volume, 2212 × 2064 × 1640 µm, was 

representative of the mat, the same 30-P was imaged at a higher scan volume (22000 × 20000 ×  

12000 µm) using Bruker’s Micro CT (Skyscan) 1176 X- ray, operated by the Small Animal and 

Material’s Imaging Group at the Human Anatomy and Cell Science department of the University 

of Manitoba. Additionally, 10 scans of contiguous areas of the mat were also completed using 

 X-radia`s X-ray Mico-CT and compared to confirm that  the scan size, 2212 × 2064 × 1640 µm, 

yielded a representative FOD for the entire mat. 

 4.5.6 Fiber-Matrix Interfacial Bond Strength Characterization 

 A single fiber fragmentation test was used to determine the bond strength between the 

natural fibers and the resin matrix. The single fiber fracture test was chosen because of its 

simplicity. Fibers with near-circular cross-section were carefully selected from the mat and dried 

overnight at 70ºC. A silicone mold with cavities, for manufacturing multiple dog-bone shaped 

samples, was manufactured and used. A single fiber was placed in the center of a mold cavity 

and held taut by gluing its ends to the edges of the mold. Stypol 8086 resin, mixed with the 

initiator, was poured into the mold cavity and allowed to cure at room temperature. A dog-bone 

single fiber sample is shown in Figure 4.13. 

 The dog-bone samples were loaded manually using the test frame shown in Figure 4.14. 

The load frame was held under a Nikon Eclipse LV100 microscope and the sample was viewed 

under a polarized light. During loading, the fiber begins to break when the stress on the fiber 

reaches its ultimate strength. The fracture location is observed as a dark region under polarized 

light, as shown in Figure 4.15. With an increase in load, the fiber continues to break until a state 

is reached when the length of the fibers are too small (i.e.      ) to reach the fracture stress of 

the fiber as shown in Figure 4.15.  
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Figure 4.12. One view of the 3-D image of hemp mat reconstructed in AVIZO 

 

 

 

 

Figure 4.13. Single fiber fragmentation test specimen 
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 The length of the fibers at this state is known as critical length (  ) and are equal to the 

length between the breaks in Figure 4.15, which was measured using Nikon’s NIS-Elements 

Basic Research-3.0 image analysis software. Assuming that the average length of the fiber at 

saturation of breaks is equal to the critical length and that the shear stress at the interface is 

uniform, the interfacial bond strength was determined using Equation (4.6) [103]: 

     
(    )

   
                                                              (4.6) 

where σf , and df are  the fracture strength,  diameter of the fiber, respectively. Diameter of the 

fiber (df ) was  measured using the image of the fiber  as shown in  Figure 4.4. Ten samples were 

tested and the average value is reported. 

4.5.7 Tensile Test  

 The tensile properties of the hemp fiber composite were determined as per ASTM D3039 

using INSTRON’s 5500R screw driven test machine.  A dummy test coupon (material, punch 

density, and strain gage same as test coupon) was used with the test coupon in a half-bridge 

configuration to eliminate the effect of temperature fluctuations during testing on the strains 

measured using the strain gauges. The dummy coupon with a bonded strain gauge was under no 

load and was very near the test coupon. The load data was acquired by Instron’s Blue Hill 

software and the corresponding strain data was acquired using National Instruments’ SCXI 1100 

data acquisition system and LabView software. 

  A loading rate of 0.006 mm/sec was used. All tests were done at room temperature. Three 

samples were tested for each punch density and consolidation pressure and average properties 

are reported.  The tensile modulus of the composite was calculated based on the slope of the 

stress-strain curve in the strain range < 0.2%. 
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Figure 4.14. Tensile load frame 

 

 

 

 

Figure 4.15. Fiber breaks observed under normal light (left picture)  

and under polarized light (right picture)  
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4.6 Simulation Details 

 The tensile modulus and tensile strength of needle punched composites were predicted 

using the model discussed in Chapter 3. The model was programmed using MATLAB. The input 

values to the program and algorithm are discussed below. 

4.6.1 Resin, Fiber, and Lamina Properties   

 Tensile modulus (Em) and tensile strength (σm) of the resin were determined experimentally 

and are tabulated in Table 4.3. Poisson’s ratio (  ) and shear modulus of the resin (Gm) were 

extracted from the manufacturer’s data sheet [104] and is shown in Table 4.2. The values in 

Table 4.2 were input as resin properties to the program. 

  The experimentally measured Young’s modulus and strength of hemp fibers (Ef) varied 

with the diameter of fibers due to the change in the chemical composition of fibers with 

diameter, as shown in Figure 4.16 and 4.17 respectively. As the fiber’s diameter varied from 50 

 m to 800  m, its tensile modulus varied from 45 GPa to 2 GPa, and tensile strength varied from 

500 MPa to 35 MPa. This variation was accounted for, while predicting the properties of the 

composite. The data in these figures were empirically fitted using nonlinear regression function 

in MATLAB: 

                                         (  )            (         )                                            (4.7) 

 

   (  )          (         )                                                (4.8) 

 

 The equations with fitted values for the constants are shown Figure 4.17 and Figure 4.18. 

The distribution in the diameter of fibers in the mat was measured by the method discussed in 

Section 4.5.5.  
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 Table 4.3. Resin elastic constants 

 

Em ( GPa) Gm ( GPa)    σm (MPa) 

1.869 (±0.09) 1.2 0.32 34.6 (±1.5) 

 

 

 

 
Figure 4.16. Variation of modulus of hemp fibers with diameter  
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Figure 4.17. Variation of tensile strength of hemp fibers with diameter 
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 A representative distribution in fiber diameter for 0-P hemp mat is shown in Figure 4.18. It 

can be inferred that the diameter varied in the range of 10    to 410   . Using the results in  

Figures 4.17 to 4.18, the distributions in the modulus and the strength were determined. 

Representative results for 0-P mat are given in Figure 4.19 and Figure 4.20. The average 

modulus (      ) and strength of fibers (      ) in a mat were calculated using Equations (4.9) 

and (4.10) respectively: 

       
∑    

∑  
                                                              (4.9) 

       
∑    

∑  
                                                            (4.10) 

where nf  is the frequency of fibers with a certain tensile modulus or tensile strength. The fibers 

were assumed to be isotropic and hence, the transverse modulus was taken to be same as the 

longitudinal modulus discussed above. The distribution of tensile modulus and tensile strength of 

hemp fibers for the rest of the mats are presented in Appendix A.2. 

The shear modulus of the fibers (  ) and the Poisson’s ratio of the fiber (  ), were taken 

from the literature to be 6 GPa and 0.24 [105].  

 Using the resin and fiber properties, the lamina properties were determined using well 

known micromechanical models available in the literature. 

 The rule of mixtures was used to determine the longitudinal modulus (    ) and the 

Poisson’s ratio (   ) of the unidirectional lamina, 

                                                                             (4.11) 

            (    )                                              (4.12)    

where    and     are  fiber volume fraction and  the resin volume fraction, respectively. 
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Figure 4.18. Distribution in diameter of fibers in 0-P hemp mat 

 

 

 
      Figure 4.19. Distribution in tensile modulus of fibers in 0-P hemp mat 
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Figure 4.20.Distribution in the tensile strength of the hemp fibers in 0-P mat 
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 The transverse modulus of the unidirectional lamina (   ) was calculated using the 

micromechnical model developed by Morais [116], which was based on Aboudi’s model: 

    
√  

√  

  
 (  √  )(

    
 

  
)

 (  √  )
  

    
                                      (4.13) 

The shear modulus  of the unidirectional lamina (   ) was calculated using the self consistent 

model  developed by Whitney et al. [106,107]. 

      
        (     )

        (     )
                                            (4.14) 

  The experimentally measured volume fractions used in these equations are presented in 

Chapter 5. 

 The tensile strength of the lamina was calculated based on the micromechanical models 

available in literature. In this approach, the mat composite is modeled as a single layer with a 

distribution in fiber orientation. A modified rule of mixture [108], is used to estimate the tensile 

strength of needle punched lamina. Since the strain to failure of hemp fibers is much less than the 

failure strain of the Stypol matrix used in manufacturing the mat composite (see Figure 4.21), the 

longitudinal strength of unidirectional composite (   ) can be predicted using  

              
 (    )                                            (4.15)     

where     is the fracture strength of fibers and   
  is the stress on the matrix at composite strain 

at failure. In the above equation, the strength is assumed to be a unique value. However, a 

statistical distribution in strength is observed in reality. Even though synthetic fibers have 

uniform chemical composition, they exhibit a distribution in strength because of a statistical 

distribution of defects introduced in fibers during manufacturing.  
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Figure 4.21. Stress–Strain curve for hemp fiber, resin and polymer matrix composites 

 

 

 

 

 

 

0

50

100

150

200

250

300

0 0.5 1 1.5 2

'
m

Hemp Fiber
Stypol Resin
Hemp  Composite

S
tr

e
s

s
 (

M
P

a
)

Strain (%)



122 

 

In the case of natural fibers, additional variability is introduced by the distribution in the 

diameter of the fibers (due to the nature of the fiber extraction process from the plant stalk), 

which is related to variation in chemical composition of fibers. Hence, the distribution in fiber 

diameter and fiber strength (   ) has been measured experimentally in this thesis, and the 

average fiber strength is calculated for each mat based on the frequency of   fibers with a certain 

diameter (Ni): 

       
∑        

∑    
                                                                      (4.16) 

where        is used instead of     in Equation (4.15). Additional modification of Equation 

(4.15) is required to take in to account the effect of variation in fiber length and fiber orientation 

in needle punched hemp mat composites. 

 The effect of fiber length was first studied by Kelly and Tyson [109]. Their model was 

based on Cox’s shear lag theory [110]. Applying this theory, the average fiber stress is given by  

  ̅  
   

 
                                                                             (4.17) 

        ̅        (  
  

  
)                                                    (4.18) 

where    is the critical length, which was measured in this thesis using single fiber fragmentation 

test. The distribution in the length of hemp fibers was measured experimentally and fitted with a 

Weibull distribution function [83]: 

 ( )           (    )                                                  (4.19) 

where a and  b are Weibull parameters, obtained by fitting the experimental data with Equation 

(4.19). Substituting  ( ) for l in Equation (4.17) and (4.18) and integrating over the observed 

range for fiber lengths, the average fiber stress is calculated as 

  ̅  [
     

 
∫        (    ) ( )

  

    
 

      

  
∫ (  

  

 
) (        )    

    

  
]           (4.20) 
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Using this, equation (4.15) becomes 

      ̅     
 (    )                                                    (4.21) 

   The distribution in the length of hemp fiber is shown in Figure 4.23. The length of fibers 

varied from 4 mm to 210 mm. The Weibull parameters (a and b) obtained by fitting the data in 

Figure 4.22 using Equation (4.19), and the measured critical maximum and  minimum lengths of 

the fibers are tabulated in Table 4.4.  

 The transverse strength of the lamina (  ) was calculated using 

      (    )     (4.22) 

 This equation was derived [10] based on the assumption that the transverse strength of a 

lamina is controlled by the strength and volume fraction of the matrix. 

 The shear strength of the lamina     is controlled by the adhesion between the fiber and 

matrix [108] and was assumed to be equal to the interfacial strength of hemp and stypol resin 

(11.12 MPa). 
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Figure 4.22. Distribution in length of hemp fibers  

 

 

 

Table 4.4. Hemp fiber length variation and critical length measurements 

lc 

(mm) 

lmin 

(mm) 

lmax 

(mm) 

a b 

2.67 4 210 74.91 2.47 
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4.6.2 FOD 

 To calculate the orientation distribution of fibers, fibers were grouped at orientation 

intervals of 5
o 

(referred to as bin size) to determine their frequency. For example, fibers with 

orientations in the range of 0
o
 to 5

o
 were grouped together and considered to have an average 

orientation of 2.5
o
.  Similarly, fibers found in the range of 5

o
 to 10

o
 were grouped together and 

considered to be with an average orientation of 7.5
o
. This procedure was repeated for the entire 

orientation range. 

The frequency of fibers in each bin was determined by 

  (  )= 
 (  )

∑ (  )
           (4.23) 

where  (  ) is the number of fibers oriented in that bin. 

  Representative results for distribution in  in 30-P mat, determined using two bin sizes of 

2
o 

and 5
o 

are compared in Figure 4.23. Even though a slight difference in FOD is noted, the 

planar orientation factor fp , calculated using this data and Equation (2.4), varied by less than 0.05 

when the bin size  was changed from 2
o
 to 5

o
. However, the data based on 5

o
 bin, is easier to 

visualize while comparing the FOD from different mats. Hence, it was chosen to determine FOD 

and all FOD data presented in this thesis based on this bin size. 

 It can be observed in Figure 4.23 that the FOD is not symmetrical. Since equivalent 

laminate used in the model for modulus and strength, discussed in Chapter 3, is assumed to be 

symmetric and balanced, the experimental FOD was corrected to satisfy this condition, before 

being input to the model. The procedure of correcting the FOD is as follows: 

1.   If fibers are present only in +θ, then the frequency at this angle is divided by two and 

used as the frequency for –θ and +θ. For instance, a frequency of 0.2 at 10
 o

 is equal to 

0.1 at 10
o 
and 0.1 at -10

o
. 
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Figure 4.23. Effect of bin size on FOD for 30-P hemp mat 

 

 

 

 

 

 

 



127 

 

2.  If the frequency of fibers at –θ and +θ were not the same, then they were added and 

divided by 2 to yield the average frequency at these two orientations (see Figure 3.8). The 

lamina lay-up was determined using this corrected FOD as per the procedure discussed in 

Chapter 3 (Section 3.3). 

4.6.4 MATLAB Program for Predicting the Tensile Modulus of a Needle-punched Mat 

Composite 

 The various steps of the program for predicting the tensile modulus of a mat composite are 

presented as a flow chart in Figure 4.24. The program was based on lamination theory. 

 Step 1: For a given punch density and manufacturing pressure, input  corresponding values 

for the corrected FOD for , the fiber (Ef , Gf, υf) and resin (Em, Gm , υm) properties, the 

experimentally measured composite thickness (hc),  and the fiber volume fraction(Vf) . 

 Step 2: Determine laminate stacking sequence using the FOD and the procedure discussed 

in Section 3.3 

 Step 3: Calculate the elastic constants of a unidirectional hemp fiber composite lamina as 

per Equations (4.11)-(4.14). 

 Step 4:  Determine stiffness matrices,          and         for each laminate layer, using 

Equations (3.27) to (3.26). 

 Step 5:  Determine laminate stiffness [A]x,y and compliance matrices [a]x,y using Equation 

(3.25). 

 Step 6:  Determine the longitudinal and transverse tensile moduli of the mat composite 

using Equations (3.30) and (3.32). 
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Figure 4.24. Flowchart of predicting the tensile modulus of a needle punched mat composite  
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4.6.5 MATLAB Program for Predicting the Tensile Strength  

The various steps of the program for predicting the tensile strength of a mat composite 

are presented as a flow chart in Figure 4.25. This program is the second part of the program 

presented in 4.6.4. 

 Step 1: Read lamina and laminate stiffness’s as well as laminate compliance from the 

program discussed in Section 4.6.4.  

 Step 2. Read strength values for fiber and resin and determine lamina strengths as per 

Equations (4.21) and (4.22).  

 Step 3. Initialize initial load to be 0 . 

 Step 4: Apply a load increment and add to the previous value to obtain current load per unit 

width. 

 Step 5: Using this load per unit width and laminate compliance, calculate the laminate 

strain as per Equation (3.29). 

 Step 6: Calculate ply stresses along global axes using the laminate strains (which are equal 

to ply strains) and ply stiffness values along global axes, using Equation (3.34).  

 Step 7: Transform the ply stresses along global axes to obtain ply stresses along principal 

material axes, as per Equation (3.36). 

 Step 8-10:  Using these ply stresses and the maximum stress criterion to determine if any of 

the ply groups would fail. 

  Step 11. If a ply group is deemed to have failed, the properties of this lamina are reduced 

to a negligible value and the laminate stiffness and compliance matrix are calculated again. 

 Step 12-13. If the ply with least   failed, output that load per unit width as the ultimate 

failure load for the composite and divide this value by the thickness of the laminate to obtain the 
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tensile strength of the composite. If not, increment the load by (0.1 N) and repeat steps 4 to 11. 

Load increment (0.1) is less than stress variation between two plies with 5
o 

differences in 

orientation angle. 
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Figure 4.25. Flowchart of predicting the tensile strength of a needle punched mat  
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

 

 

5.1 Introduction 

In this chapter the results of experimental and theoretical study on needle punched mats and 

composites are presented and discussed. First, the results from the experimental study on the 

effect of needle punching on mat structure characterized by the areal density (GSM), thickness, 

fiber volume fraction, compressibility, permeability, and fiber orientation are discussed. Then, 

the predicted results for the evolution of FOD during needle punching and composite 

manufacturing are presented and compared with experimental results. 

 Subsequently, the experimental results for the modulus and the strength of mat composites 

are presented and discussed to highlight the processing-structure-property relationship. Finally, 

the predictions of the model, presented in Chapter 3, for modulus and strength are presented and 

compared with the experimental results to validate the model. 

   

5.2 Effect of Needle Punching on Mat structure  

5.2.1 Physical Properties of Needle Punched Mats 

 The areal density, the thickness, and the fiber volume fraction of mats, manufactured with 

various punch densities, are tabulated in Table 5.1.  
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 The mats with punch density from 2.6 to 30 Punch/cm
2
 were manufactured as one batch 

and the mats with punch densities of 0, 70 and 150 Punch/cm
2
 were manufactured as a second 

batch. The areal density of the mats from the two batches varied by 240 to 340 g/m
2
. This 

variation in areal density is due to variation in the manufacturing parameters, which was beyond 

the control of the author of this thesis. The manufacturing parameters include difference in air 

pressure (which was controlled to vary the areal density of the web of fibers) and difference in 

the speed of conveyor belt (0.8 m/s versus 1 m/s). Similarly, the variation in the areal density 

between 7-P mat and rest of the mats from the first batch is believed to be due to the occasional 

clogging of the comb that separates the fibers and feeds them into the air stream and the manual 

feeding of the fibers to the comb. Lack of good control over the location where the air stream 

dumps the fibers onto the moving conveyor belt is also believed to have contributed to the 

observed variation of the areal density. 

 Due to this variability, the trend in thickness and volume fraction is not readily apparent in 

Table 5.1. The areal density of 2.6-P, 20-P and 30-P mats were nearly the same and hence, 

results for these mats can be compared; with  an increase in the punch density, the thickness of 

the mat decreased, and the fiber volume fraction in the mat increased. Similar conclusions can be 

drawn based on the results for 70-P and 150-P with similar areal density. Despite having an areal 

density lower than many mats, the 0-P mat was thicker than all other mats and had the least fiber 

volume fraction. This also supports the above conclusion that needle punching reduces the 

thickness of the mats. 

5.2.2 Compressibility of Needle Punched Mats 

   As discussed in Chapter 3, the fiber volume fraction and the FOD, which control the 

properties of the mat composites, depend on the compaction of the mat during composite 
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manufacturing. Hence, the compaction behavior of various mats was studied to understand the 

effect of needle punching. The compressibility of various mats, in dry state, is plotted in Figure 

5.1.  Equation (3.1) was used to convert the mat thickness to fiber volume fraction in the mat. 

The observed difference in the slope of the curves clearly demonstrates the significant effect of 

needle punching on the compaction behavior of the mats. 

 At low compaction levels, when rotation of fibers is easy, the volume fraction would 

increase at nearly constant stress due to the elimination of voids among fibers. At higher 

compaction levels when fiber rotation becomes difficult, the stress would rapidly increase 

without much increase in the volume fraction due to elastic deformation of the fibers.  The level 

of fiber rotation, resistance to fiber rotation, and elastic deformation of the fiber, depends on mat 

structure (Vf, FOD). Since needle punching influences the mat structure, the observed difference 

among mats is to be expected.  However, a trend on the effect of needle punching on 

compressibility is not apparent. This will be discussed further in Section 5.3.1. 

 During composite manufacturing at 101 kPa by VARTM, the pressure of 101 kPa was first 

applied before impregnating the mat with resin. Hence, the mat compacted in a dry state. 

However, in case of composites manufactured at 260 kPa and 560 kPa, the mat was impregnated 

with resin by VARTM under 101 kPa before applying the pressure and hence, the mat 

compacted under lubricated condition.  In order to study the difference in compaction between 

dry and lubricated states, the compressibility of 30-P mat was also studied under lubricated 

states. The compressibility of lubricated mats differed substantially from that of dry mats beyond 

~200 kPa, as shown in Figure 5.2.  

 



135 

 

        

 

 

 

 

 

 

 

 

 

         Table 5.1. Physical properties of manufactured needle-punched hemp mat 

ID Mat areal 

density(g/m
2
) 

(Variation %) 

Thickness 

(mm) 

 

Vf    

in  

Mat (%) 

Vf   

in Composites at 

101 kPa (%) 

0-P 941.34 (±17.9)
 

1
 

12.45  

(±3.1)
 1

 

6.6  

(± 1.6)
 1

 

11.6  

(± 2.1)
 1

 

2.6-P 1021.59 (±7) 8.07 

 (±1.53) 

8.7  

(±1.6) 

12.8  

(±1.1) 

7-P 872.45 (±9.3) 5.86 

 (±0.65) 

8.7  

(±1.2) 

13.8  

(±0.7) 

20-P 1014.84 (±7) 5.75  

(±0.93) 

11 

 (±3.5) 

16.4  

(±1.4) 

30-P 1113.85 (±6.6) 5.39 

 (±1.24) 

15 

 (±1.1) 

20.8  

(±1.2) 

70-P 1241.28 

(±11.2) 

6.83  

(±1.40) 

12  

(±1.5) 

18  

(±3.0) 

150-P 1283.28 (±7.5) 6.12  

(±1.37) 

13.9 

(±1.7) 

22.9  

(±2.4) 

                                1
Standard deviation 
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Figure 5.1. Effect of needle punching on the compressibility of dry mats 

 

Figure 5.2. Effect of resin on compression behavior of 30-P mat 
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 The lubricated mats required higher stress to reach the same level of compaction when 

compared to dry mats, which is due to the additional resistance offered by the resin (filling the 

void space between fibers in the dry mat) to compaction. The nonlinear change in slope suggest 

that lubrication could also be changing the rate of rotation of fibers with applied stress and the 

level of elastic deformation of fibers when compared to that in dry mats.  

5.2.3 FOD of Needle Punched Mats 

 As discussed in Chapters 3 and 4, the FOD in  and  was non-destructively characterized. 

Typical distributions in  and  are plotted in Figures 5.3 and 5.4, respectively for both small 

scan volume (measured using X-Radia’s Micro-Xray CT) and large scan volume (measured 

using SkyScan). The result from the smaller scan volume is slightly different than that from the 

larger scan volume; the larger scan volume detected more fibers with   in the range of 50
o
 to 90

o
 

when compared to the smaller volume scan. The 2D (using the FOD in ) and 3D (using the 

FOD in  ) orientation factors were determined using Equations (2.3) and (2.5) and are plotted in 

Figures 5.5 and 5.6, respectively for both scan volumes. The 2D factor is referred as fp and the 

3D factor is referred as fa in this thesis. The values for both volumes compared very well 

(difference was 0.27 for fp and 0.12 for fa). However, the difference in FOD observed in Figures 

5.3 resulted in a modulus variation of 6.5% as predicted using the model developed in this study. 

Hence, the FOD obtained using smaller scan volumes was considered to be representative of the 

entire mat and the smaller scan volume was used in the characterization of all mats.  

 
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Figure 5.3. FOD in θ for 30-P mat for two different image sizes acquired  

by X-Radia and SkyScan 

 

Figure 5.4. FOD in   for 30-P mat for two different image sizes acquired  

by X-Radia and SkyScan 
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Figure 5.5. Comparison of fp determined using multiple small scans in continuous area  

using X-Radia and large scan value by SkyScan 

  

  

Figure 5.6. Comparison of fa determined using multiple small scans in continuous area  

using X-Radia and large scan value by SkyScan 
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 The FOD in   for various mats are compared in Figures 5.7 and 5.8. Lines, connecting the 

data points, are drawn to aid in the interpretation but the observed FOD is not continuous in 

 and 

 The 0-P mat was from the second batch and was very fragile to handle. While due care was 

taken to minimize any change in its FOD due to handling, minor change in the FOD could not be 

ruled out. Since the results for 0-P mat is used in interpreting the effect of needle punching on 

FOD, the above two factors should be remembered while interpreting the results.  

 All fibers in 0-P mat were oriented in 3D and no fibers were found either at θ = 0 or 

   = 0. Most of the fibers in the 0-P mat were oriented with   in the range of 0
o 

to 50
o
. This is to 

be expected since the thickness of the web, formed at the location where the fibers were dropped 

by gravity onto the conveyor belt, was about 2” to 3”, allowing the fibers to orient along the  

out-of-plane direction. The fibers were gradually reoriented towards the in-plane direction during 

a subsequent needling operation due to compaction and stretching.  

 The FOD in   for 0-P is compared with the FOD for 2.6-P, 7-P, and 30-P in Figure 5.7. 

While the FOD for 0-P from batch 1 is not known, it is assumed to be same as that for 0-P from 

the second batch. Comparing 0-P with 2.6-P and 30-P, it can be inferred that   increases with an 

increase in punch density. This is to be expected since compaction and stretching results in 

reorientation of the fibers towards the in-plane directions. The 7-P mat follows this trend weakly 

and this is thought to be due to the lower areal density, which reduces the probability of 

engagement of needles with fibers and hence, fiber reorientation. 

  A similar trend is observed in the FOD in   for 70-P and 150-P (from the second batch) 

compared with the FOD for 0-P in Figure 5.8. 
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Figure 5.7. FOD in   for the first batch of needle punched mats 

 

Figure 5.8. FOD in   for the second batch of needle punched mats 
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 The magnitude of reorientation for 150-P is relatively less than that for 70-P. The 

difference in the areal density is believed to be the reason for this. The fa, determined using the 

FOD, is plotted in Figure 5.9. With increasing the punch density to 70-P, the   increases and 

hence, the fa decreases. The reorientation of fibers at 150-P is relatively less, which results in a 

higher fa at 150-P than at 70-P. The observed trend is similar to that observed in the mat 

thickness’s shown in Table 5 .1 and hence, is believed to be due to the combined effect of needle 

punch density and the difference in the areal density of various mats. 

 The FOD in  for various mats are compared in Figures 5.10 and 5.11 for the first (2.6-P to 

30-P) and second batches (70-P to 150-P) of mats, respectively.  The distribution in  was 

obtained by projecting the fibers onto the x-y plane. With an increase in the punch density, the 

frequency of fibers near = 0
o
 decreased and those near = 90

o
 increased, i.e. more fibers got 

reoriented towards the transverse direction (y-axis) than the longitudinal direction (x-axis).

 The fp determined using the FOD is plotted in Figure 5.12 as a function of punch density. 

All mats have negative values for fp, which means more fibers are oriented in the transverse 

direction than in the longitudinal direction, reflecting the observed trend in the FOD. This is also 

corroborated by the higher transverse modulus of the composite than its longitudinal modulus, 

which is discussed later in Section 5.5.1. It can be observed from Figures 5.10 and 5.11 that the 

FODs in for 0-P and 7-P and for 2.6-P and 30-P are similar. Hence, the values for fp are of the 

same magnitude, as observed in Figure 5.14. 
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Figure 5.9. fa for the hemp mat as a function of punch density 

 

 

Figure 5.10. FOD in θ for the first batch of needle punched mats 
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Figure 5.11. FOD in θ for the second batch of needle punched mats 

 

Figure 5.12.  fp for the hemp mat as a function of punch density 
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5.2.4 Permeability of Needle Punched Mats 

 The experimentally measured flow front location with respect to resin inlet position is 

plotted in Figure 5.13 as a function of time. It follows a linear trend as per Equation (4.5). The  

in-plane longitudinal permeability was determined from Figure 5.13 and Equation (4.4), is 

tabulated in Table 5.2 for various mats. It can be inferred from Table 5.2 that the in-plane 

longitudinal permeability of the mats decreased with an increase in punch density due to the 

reduction in void spaces (i.e. porosity).  It was modeled using the well-known Kozney-Carman 

model [99]: 

 

   
  

 (    )
 

     
                                                   (5.1) 

   
 

  
                                                           (5.2) 

    
    

 (    )
 

   
                                                    (5.3) 

where    is the radius of the fiber,    is the volume fraction of the fibers, and    is the Kozney 

constant. 

 In accordance with this equation, the experimentally measured    is linearly proportional 

to C as shown in Figure 5.14. The slope of this plot is 1/kx and the value for kx, determined from 

the slope of this plot, is 27.6. The C was determined using the data for three different mats with 

different volume fraction. Despite this, a linear relation with a constant value for kx for all three 

mats is observed.  This observation is consistent with published studies that have found the 

Kozney constant, for continuous fiber prepregs, to be independent of fiber volume fraction. 

Although the fiber diameter in the mat exhibited a distribution, the minimum value reported in 



146 

 

Table 3.2 was used in determining the “C” plotted in Figure 5.14. The reason for this is discussed 

later in this section.  

 The through-the-thickness permeability (Kz) of hemp mats is plotted in Figure 5.15 as a 

function of punch density. With increasing the needle punch density from 2.6 to 150, Kz 

decreased by a factor of 8. It can be inferred from Table 5.3, that the relation between Kz and % 

porosity is not clear, unlike Kx that increased with increase in porosity. Kz is plotted as a function 

of C in Figure 5.16. It should be noted that the C was determined using the minimum diameter in  

Table 3.2. Unlike Kx, the relation is not linear, suggesting that the Kozney constant for the 

through-the-thickness (kz) is a function of punch density. This varied in the range of 0.007 to 

0.018 due to variation in FOD with punch density, which is discussed in the next section. 

 The transverse permeability is roughly 100 times the in-plane permeability. This ensured a 

planar resin front during testing for in-plane permeability; i.e., the transverse permeability did 

not influence the in-plane permeability measurements.  

 The permeability values reported in the literature for glass and natural fiber mats are 

tabulated in Table 5.4. It can be inferred that the needle punched hemp mats of this study have 

higher transverse permeability than, and comparable in-plane permeability to, glass fiber mats. 

Possible reasons for higher transverse permeability in hemp mats are lower Vf and bigger pore 

sizes due to larger diameter fibers.  
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Figure 5.13. Square of the distance travelled by the flow front as a function of time for hemp 

mats with varying punch density 

 

 

  

Table 5.2. In-plane permeability of needle hemp punch mats  

Mat Porosity (1-Vf) 

% 

KX  ×10 
-10 

(m
2
) 

2.6-P 80.63 1.30 

7-P 82.79 1.65 

30-P 75.27 1.20 
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Figure 5.14. In-plane permeability plotted as a function of C using equation (5.3) for three mats 

 

Figure 5.15. Through-the-thickness permeability as a function of needle punch density 
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Table 5.3. Through-the-thickness permeability of needle-punched hemp mats 

Mat 

 

Porosity (1-Vf) 

% 

Kz ×10
-7

 

(m
2
) 

2.6-P 91.3 (±1.6) 8.35 (±0.141) 

7-P 91.3 (±1.2) 6.8 (±0.592) 

30-P 85 (±1.1) 2.75 (±0.468) 

70-P 88 (±1.5) 0.636 (±0.039) 

150-P 86.1 (±1.7) 0.49 (±0.0259) 

 

 

         

Figure 5.16. Through-the-thickness permeability plotted as a function of C, determined using 

equation (5.3) for five mats 
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Table 5.4. Permeability data from literature for various fiber mats 

Mat In-plane 

permeability(m
2
) 

Out of plane 

permeability (m
2
) 

Vf  (%) Reference 

Knitted glass 

mat 

3.05×10
-10

 3.064×10
-10

 0.30 [111] 

Long strand 

random mat 

- 2×10
-11

 0.2 [112] 

Glass fiber 

fabric(±45) 

- 3.09×10
-12

 0.357 [113] 

Compacted 

medium density 

wood fiber mats 

1×10
-11

 - 0.30 [114] 

Flax mat 1.02×10
-10

 - 0.31 [64] 

Bidirectional Jute 0.82×10
-6

 - 0.27 [115] 

Random Sisal 1.25×10
-6

 - 0.25 [115] 
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 It can be inferred from Table 5.4 that the in-plane permeability of needle punched hemp 

mats of this study is comparable to that of flax and medium density wood fiber mats (in the order 

of 10
-10

 m
2
). It is lower than that of bidirectional jute by 1000 times because the fibers in the 

latter are parallel to one another. It is also lower than that for sisal fiber mat by a factor of 1000 

because of the larger sisal fibers  

 While the decrease in permeability due to needle punching increased the impregnation time 

during composite manufacturing by VARTM, it did not affect the quality of the composite part. 

Hence, it can be concluded that needle punching can be increased to increase the Vf and the 

properties of hemp mat composites without concern about permeability. 

 The Kozney constant (kz) for the through-the-thickness permeability is plotted as a function 

of fa in Figure 5.17. Note that this constant was determined using the values of C that was 

calculated using minimum fiber diameter in Table 3.2. The kz decreased with increase in fa. 

Increase in fa means the fibers was increasingly oriented along the out-of-plane direction. Hence, 

the through-the-thickness permeability (Kz) increased and the Kozney constant (kz) decreased 

with increase in fa.  

 The fa decreased with an increase in punch density from 2.6 to 70, and hence, kz increased 

resulting in a decrease in Kz, as observed in Figures 5.14 and 5.17. Although Kz increased with 

porosity (similar to the trend in Kx), this is not apparent in Table 5.3 due to the additional 

influence of the FOD, that changed with punch density. These results demonstrate a clear 

relationship among the punch density, the FOD and the through-the-thickness permeability (Kz).  

In contrast, the Kozney constant for in-plane longitudinal permeability (kx) did not 

change with punch density despite the change in FOD with punch density. The negative values 

for fp indicate that there are more fibers in the transverse direction than the longitudinal direction.  
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Figure 5.17. Relation between kz (determined using smallest fiber diameter) and fa 

 

 
              Figure 5.18. Relation between kz (determined using average diameter) and fa 
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The observed changes in fp with punch density do not exceed “0”. Since a value above 

zero would indicate a significant number of fibers aligned along the longitudinal direction, the 

changes in fp indicate that the change in the frequency of fibers aligned along the longitudinal 

direction was not significant enough to cause a change in Kx and kx. Hence, the dependence of Kx 

and kx on fp or fa could not be discerned experimentally.  

 A value of fa greater than  0.5 indicates that fibers are oriented in the out-of-plane 

direction and a value of 0 represents random orientation in 3D. The needle punched mats had fa 

in the range of  0.128 and  0.251, suggesting more fibers are in the out-of-plane direction. 

Hence, the changes in the orientation of these fibers with needle punching are significant enough 

to cause the observed changes in Kz and kz. A lack of correlation between fp and kz supports the 

above conclusion. 

  The value for kx (27.6) was higher than those for kz (0.007-0.019). The value for the 

Kozney constant reported in the literature [99] for unidirectional continuous graphite fiber  

prepregs varies from 0.68 for orientation parallel to the fiber axis, to 11 for orientation 

perpendicular to the fiber axis. However, there are no reports correlating fiber orientation with 

permeability in discontinuous mats. The negative values for fp suggest that more fibers are 

oriented perpendicular to the longitudinal direction. Hence, the high value for kx is believed to be 

due to more fibers being oriented in the direction perpendicular to the longitudinal axis along 

which permeability was measured.  Similarly, values close to zero for fa suggest that more fibers 

are oriented in 3D rather than in in-plane alone. Hence, the low value for kz is believed to be due 

to more fibers in the out-of-plane direction. 

 In order to study the impact of fiber diameter used to determine C in equation (5.3), the kz 

determined using average fiber diameter is plotted in Figure 5.18 as a function of fa.  
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Because of a correlation between kz and fa in Figure 5.18, the smaller diameter that 

showed a good correlation (see Figure 5.17) was used to determine C, which was correlated with 

Kx and Kz to determine kx and kz.  Also, smaller diameter resulted in kx and kz values that are 

consistent with the values reported in the literature for Kozney constant. The reason for the lack 

of correlation at larger average fiber diameters is not understood. One possible reason is the 

idealization of the elliptical cross-section of the fibers to be circular. 

 

5.3 Effect of Compaction Pressure during Composite Manufacturing on Structure of 

Composite 

5.3.1 Thickness and Fiber Volume Fraction  

 The final thicknesses of composites, manufactured using various mats, are compared in 

Figure 5.18 for various molding pressures. The thickness of the mats used in manufacturing the 

composites is denoted as “As received” in Figure 5.19. It can be inferred that the degree of 

compaction (i.e. reduction in thickness) for a mat composite decreased with an increase in 

compaction pressures, which is in line with the observation in Figure 5.2 for lubricated 

compaction. Moreover, the trend in  “As received thickness” due to variation in  the areal weight 

of the mats was also observed in the composite thicknesses, which decreased with an increase in 

punch density until 30-P and increased beyond that. This highlights the influence of areal weight 

and thickness of mats on the thickness of mat composites.  
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 The experimentally measured fiber volume fraction in the composites is plotted in Figure  

5.20 as a function of compaction pressure for various mat composites. The Vf at zero pressure 

corresponds to fiber volume fraction in dry mats. Although the Vf  increased with consolidation 

pressure as expected, the rate of increase and the Vf  at a pressure varied with punch density used 

to manufacture the mats. The fiber volume fraction of the composite at a pressure increased with 

increase in punch density. 

 Despite having a higher thickness and lower Vf  of the mat than 30-P composites (see Table 

5.1), the 150-P composites had a higher Vf due to higher areal density of the mat. However, 70-P 

composite had a lower or equal Vf when compared to 30-P composite, despite having a higher 

areal density due to lower Vf  of the mat. 

 Additional increase in the punch density (from 30 to 70) was not enough to compact the 

additional fibers due to higher areal density (see Table 5.1), resulting in the thickness and the Vf 

of 70-P mat to be lower than those of 30-P. These results confirm the variability in the 

compaction behavior, observed in Figure 5.2 for dry mats, due to needle punching.  

5.3.2 FOD 

  Consolidation pressure, applied during manufacturing of composites, results in 

compaction as well as a change in FOD. The FOD in composites could not be obtained due to 

difficulties in imaging them. The small difference in density between the fiber and the matrix 

was not enough to resolve the fibers (specifically small fibers) during X-ray computed 

tomography. Hence, this FOD was obtained by an alternative method. The dry mat was subjected 

to various pressures (in the range encountered during manufacturing) and the FOD in the dry mat 

was determined as a function of pressure and used to interpret the effect of consolidation 

pressure. 
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Figure 5.19. Thickness of composites as a function of consolidation pressure for various mats 

 

 

Figure 5.20. Effect of consolidation pressure on fiber volume fraction in composites 
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 While this would be applicable for VARTM manufacturing where the pressure is applied 

before resin impregnation, at 260 kPa and 560 kPa, the mats impregnated with resin, were 

compacted. The liquid resin could lubricate the fibers altering the level of compaction (see 

Figure 5.2) and fiber reorientation during compaction. Hence, the influence of resin lubrication 

on the effect of pressure on FOD, presented below, has to be investigated in future work.  

 The influence of compaction pressure on FOD in 2.6-P is shown in Figures 5.21(a) and (b) 

for  and  respectively. With increasing the pressure to 101 kPa, the fibers rotated towards 

     and = 90. With a further increase in pressure to 260 kPa, the frequency of fibers near 

    reduced and  for fibers decreased towards 0
o
. With further increase in pressure to 560 

kPa the frequency of fibers reduced at certain angles and increased at others. Such a complex 

trend was observed in other mats also and plots for these mats are provided in Appendix C1 

(Figure C.1 to C.4)   

 Due to the complexity in the interpretation of these curves, fa and fp are used to understand 

the effect of consolidation pressure on FOD. The fp and fa , determined using the FOD in Figures 

5.21 and C.1 to C.4 are  plotted  as a function of pressure in Figures 5.22 and 5.23 respectively. 

The values at zero pressure correspond to the orientation factors for the dry mat before 

application of the pressure. It is obvious from these figures that the fa and fp changed with 

consolidation pressure and the magnitude of change in the FOD differed with punch density. 

When pressure was increased to VARTM (101 kPa) pressure, the fp became more negative for all 

mats except 7-P. This means more fibers were rotated towards the transverse direction (i.e. = 

90
o
). With further increase in pressure to 260 kPa, the fp increased towards zero due to rotation to 

new angles as well as reduction in the frequency of fibers at certain angles. 
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      (a) 

 

(b) 

Figure 5.21. Effect of compaction pressure on FOD in 2.6-P 

(a) out of plane orientation angle, φ (b) in-plane orientation angle, θ  
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Figure 5.22. Effect of consolidation pressure on fp 

 

 

 

Figure 5.23. Effect of consolidation pressure on fa 
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 With further increase in pressure to 560 kPa, the fp decreased for 30-P, 70-P and 150-P, and 

marginally increased for 2.6-P due to rotation and change in the frequency.  The behavior at 560 

kPa is similar (i.e. decrease in fp) to that at 101 kPa. However, there is a sudden increase in fp 

when pressure is increased from 101 to 260 kPa. 

 In order to understand this, a derivative of the curves in Figure 5.1 is plotted in Figure 5.24. 

This derivative corresponds to the rate of stiffening of the mat during compression. A 

monotonically increasing slope would represent stiffening; a decreasing slope would correspond 

to softening. All mats exhibited a peak in the curve beyond which the slope decreased. The 

compressive stress corresponding to this peak differed with punch density; however, the stress 

values were greater than 101 kPa. Such softening is believed to be the reason for the sudden 

increase in fp at 260 kPa.  

 The cause for this softening is not clearly understood at this time. Buckling of these fibers, 

oriented in the out-of-plane direction during needle punching, could be one possible reason. 

Further investigation is required to confirm this. 

 A similar reversal of trend at 260 kPa is observed in fa, plotted in Figure 5.23. Exceptions 

to these general trends in fp and fa are 7-P in Figure 5.22 and 2.6-P punch in Figure 5.23. Reasons 

for this deviation are not understood at this time. Nevertheless, the data in these figures highlight 

the complex interaction between the consolidation pressure applied during manufacturing and 

the mat structure after needle punching in deciding the FOD in composites. 
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Figure 5.24. Derivative of volume fraction-pressure curves in Figure 5.1 
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5.4 Comparison of Predicted and Simulated FOD  

 As stated in Chapter 4, the modeling approach presented in Chapter 3 could not be used to 

predict the FOD due to the lack of information on inputs such as take-up roll velocity, friction 

coefficient, etc. These inputs are required to predict the change in the dimensions of the mat (x 

y, z) needed to predict the new orientations of the fibers using Equations (3.14) and (3.15). 

 A key assumption in this modeling approach is the pseudo-affine deformation assumption. 

According to this assumption, the deformation at the microscopic (i.e. fiber) level is the same as 

that at the macroscopic (i.e. mat) level. This allows the use of change in mat dimensions in 

Equations (3.14) and (3.15) to predict the rotation of fibers.   

 This key assumption was evaluated in this thesis by predicting the FOD using the FOD in 

0-P mat and assumed values for x, y and z. These values were varied to obtain the best 

correlation between the experimental and the predicted FOD.  The level of correlation was used 

to evaluate the pseudo-affine deformation assumption. 

5.4.1 Influence of needle punch density on FOD in mats 

 The predicted FODs in   and  are compared with experimental FODs in Figures 5.25 and 

5.26 respectively, for 2.6-P mat. The plots for other mats can be found in Appendix C.2 (Figure 

C.5 to C.8) While experimentally measured thickness of mats was used to determine z, the 

optimal values for x and y that resulted in the best correlation are tabulated in Table 5.5.  

 While the trend in FOD is predicted well, the accuracy of prediction of the frequency of 

fibers at an angle differed.   It can be inferred from Figure 5.25 that the fiber reorientations in the 

range of 70 – 90
o 

for   could not be predicted. This is thought to be due to lack of accurate 

description of FOD in the mat prior to needle punching for each punch density. The areal density 

of the 0-P mat was different from that of other mats. This difference, as well as heterogeneity in 
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fiber distribution within a mat could have resulted in a FOD for 0-P different from the FOD input 

to the model.   

 The orientation factors, fp and fa, determined using the predicted FODs are compared with 

orientation factors determined using experimental FODs in Figures 5.27 and 5.28, respectively 

for various punch densities. It can be observed that the proposed model could predict the 

experimental trend in FODs correctly. This supports the pseudo-affine assumption. The error in 

prediction of fp is less than that of fa.  

 One possible reason for the error is the accuracy of initial FODs input to the model, as 

discussed above. A second reason is the lack of accounting for the effect of multiple strokes. The 

number of strokes increases with punch density; 55, 150, 630, 1500 and 3214 strokes/min for 

2.6-P, 7-P, 30-P, 70-P and 150-P respectively. A change in dimension per stroke would decrease 

with increase in the number of strokes since the mat would become increasingly stiffer due to 

compaction.  Whereas, a constant average value for x, y, and z was used for each stroke. The 

error in fp in Figure 5.27 increases with punch density, supporting this reasoning. 
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Table 5.5. The estimated amount of fiber displacement in a mat due to needle punching 

Mat    (mm)    (mm)   (mm) 

2.6-P -0.01 2.5 3.93 

7-P -0.01 0.5 4.20 

30-P -0.08 3 6.61 

70-P -0.01 2 5.17 

150-P -0.05 3 5.88 

 

 

 

 

Figure 5.25. Predicted and experimental FOD for φ in 2.6-P mat 
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Figure 5.26. Predicted and experimental FOD for   in 2.6-P mat 

 

 

Figure 5.27. Predicted and experimental fp for different needle punch density mats 
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Figure 5.28. Predicted and experimental fa for different needle punch density mats 

 

 

 

   

 

 

 

 



167 

 

5.4.2 Influence of consolidation pressure on FOD in composites 

 The change in FOD due to consolidation pressure was predicted using the FOD in a mat 

after needle punching. The predicted FOD in   is compared with the experimental FOD at 101 

kPa, 260 kPa, and 560 kPa in Figures 5.29 (a), (b), and (c), respectively, for 2.6-P mat.  The 

predicted FOD in   is compared with the experimental FOD at 101 kPa, 260 kPa, and 560 kPa in 

Figures-5.29 (d), (e), and (f), respectively, for 2.6-P mat. The plots for other mats can be found in 

Appendix C.3 ( Figure C.9 to C.16) While experimentally measured thickness of mats was used 

to determine z, the optimal values for and x and y that resulted in the best correlation are 

tabulated in Table 5.6. 

 While the trend in the experimental FOD was predicted well, the accuracy of prediction of 

frequency at an angle differed.  

 The orientation factor, fp, determined using the predicted FODs are compared with 

orientation factor, fp, determined using experimental FODs in Figures 5.30(a) to (e) for 2.6-P, 7-

P, 30-P, 70-P, and 150-P, respectively. The orientation factor, fa, determined using the predicted 

FODs are compared with orientation factor, fa, determined using experimental FODs in Figures 

5.31 (a) to (e) for 2.6-P, 7-P, 30-P, 70-P, and 150-P, respectively. It can be observed that the 

model could predict the experimental trend in FODs correctly. This supports the pseudo-affine 

assumption. The error in prediction of fp is less than that of fa.  

  One major source of error in prediction is lack of accounting for elastic deformation of the 

fibers. The recovery in thickness after unloading is plotted in Figure 5.32 for all punch densities 

and pressures. (i.e. the difference between the thickness after unloading and thickness under 

load) is plotted in Figure 5.32 for all punch densities and pressures. There are Substantial 

recovery points to elastic deformation, which needs to be accounted for in any prediction. 
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(a) 

 

(b) 

 
(c) 

Figure 5.29. The predicted and experimental FOD in φ for 2.6-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 



169 

 

     

 

       (d) 

 

 

                  (e) 

 
 

        (f) 

Figure 5.29. The predicted and experimental FOD in θ for 2.6-P mat in (d) 101 kPa, (e) 260 kPa, 

and (f) 560 kPa compaction pressure 
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Table 5.6. The estimated amount of fiber displacement in a mat due to manufacturing pressure 

 101 260 560 

Mat    

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

   

(mm) 

2.6-P -0.01 2 1.56 -0.01 0.2 2.56 -0.01 0.16 3.27 

7-P -0.01 0.8 1.75 -0.01 1.5 2.59 -0.01 1.2 3.36 

30-P -0.01 8 0.46 -0.01 3 0.6 -0.01 4 1.02 

70-P -0.01 12 0.05 -0.01 9.5 0.53 -0.01 11.5 1.22 

150-P -0.01 6 0.24 -0.01 1.5 0.46 -0.01 2 1.04 

 

 

(a) 

 

(b) 
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(c) 

 
(d) 

 
(e) 

 

5.30. Comparison between predicted fp and predicted values for (a) 2.6-P, (b)  

7-P, (c) 30-P, (d) 70-P, and (e) 150-P 
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(a) 

 

 

(b) 

 

(c) 
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(d) 

 

(e) 

5.31. Comparison of predicted fa with experimental values for (a) 2.6-P, (b)  

7-P, (c) 30-P, (d) 70-P, and (e) 150-P 
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             Figure 5.32. Recovered thickness after unloading from the compressive load 
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5.5 Composite Properties 

5.5.1 Tensile Modulus – Experimental Results 

 A representative tensile test result is plotted in Figure 5.33. Results for neat resin (Stypol) 

and Stypol reinforced with glass fibers are also included for comparison. It is obvious that the 

hemp fibers reinforced the neat resin significantly; however, the level of reinforcement changed 

with mat density as indicated by the lack of superposition among stress-strain curves for various 

punch densities. It can also be inferred that the modulus of hemp fiber mat composites are 

comparable to that of glass-fiber composites.  

 All tensile test results are non-linear. The initial linear portion, identified in Figure 5.33, 

was used to determine the modulus of the composite. The experimentally determined modulus of 

composites manufactured using various mats are plotted as a function of fiber volume fraction in 

Figures 5.34 – 5.39. These values are also tabulated in Table 5.7. The modulus of the samples cut 

along the length of the mat (referred as longitudinal modulus) differed from the modulus of the 

samples cut along the width of the mats (referred as transverse modulus). Hence, results for these 

two moduli are plotted separately. The modulus for the neat resin is also plotted in all these 

figures. Three samples were tested at each pressure.  

 The composite panel manufactured at a given pressure exhibited spatial variation in fiber 

volume fraction (Vf) due to heterogeneous fiber distribution within a mat. Hence, the measured 

fiber volume fraction in each of the tested sample for a single compaction pressure varied. 

Therefore, the data point for each sample is plotted instead of plotting the average value for each 

pressure. The Vf of composites increased with consolidation pressure; however, the increase was 

not linear (except 2.6-P and 7-P) as observed in Figure 5.20 and discussed in Section 5.3.1. 
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Figure 5.33. Stress-strain curve for needle punched composite manufactured at 101 kPa 
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Table 5.7. Experimental tensile modulus of needle punched composites at various manufacturing 

pressures 

Composite Manufacturin

g Pressure 

Vf 

(%) 

EL 

(GPa) 

ET 

(GPa) 

 Composite Manufactur

ing Pressure 

Vf 

(%) 

EL 

(GPa) 

ET 

(GPa) 

 

 

 

 

0-P 

101 kPa 11-14 3.80 4.56   

 

 

 

30-P 

101 kPa 22-28 8.00 8.60 

4.29 5.25  8.20 9.30 

4.90 6.00  8.50 9.80 

260 kPa 42-43 7.80 8.90  260 kPa 29-33 7.19 6.90 

9.30 9.30  7.30 7.57 

9.50 10.30  8.10 7.90 

560 kPa 44-50 6.10 8.10  560 kPa 37-41 8.90 9.60 

6.80 10.30  9.25 10.30 

10.30 10.90  10.10 10.50 

 

 

 

 

2.6-P 

101 kPa 11.8-

14 

4.43 5.10   

 

 

70-P 

101 kPa 17-23 4.70 5.20 

5.50 5.30  4.80 6.40 

5.60 6.40  5.30 6.50 

260 kPa 18-24 4.60 4.60  260 kPa 28-37 7.30 5.27 

5.60 5.30  8.30 7.50 

5.70 5.70  13.00 8.00 

560 kPa 33-36 5.10 5.80  560 kPa 34-44 9.20 9.40 

5.50 5.80  10.00 13.50 

5.60 5.70  10.00 14.00 

 

 

 

 

7-P 

101 kPa 13-

14.8 

6.60 6.00   

 

150-P 

101 kPa 26-31 6.1 6.90 

6.90 7.60  6.9 7.50 

7.00 8.40  7 8.69 

260 kPa 21-24 3.60 4.60  260 kPa 31-35 7.8 8.30 

4.70 6.30  7.90 8.90 

4.70 6.30  7.95 8.95 

560 kPa 33-38 4.60 8.80  560 kPa 54-59 6.50 8.70 

4.90 8.80  9.00 10.10 

5.60 9.80  9.20 10.30 
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Figure 5.34. Experimental tensile modulus of 0-P composite in longitudinal and transverse 

direction 

 

 

Figure 5.35. Experimental tensile modulus of 2.6-P composite in longitudinal and transverse 

direction 
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Figure 5.36. Experimental tensile modulus of 7-P composite in longitudinal and transverse 

direction 

 

 
Figure 5.37. Experimental tensile modulus of 30-P composite in longitudinal and transverse 

direction 
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Figure 5.38. Experimental tensile modulus of 70-P composite in longitudinal and transverse 

direction 

 

 

 

Figure 5.39. Experimental tensile modulus of 150-P composite in longitudinal and transverse 

direction 
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 Despite this increase, the modulus did not follow the trend observed in Vf   indicating that 

the FOD, which changed with pressure and punch density as observed in Figure 5.22, should 

have also influenced the modulus in addition to Vf.  Hence, fp plotted in Figure 5.22 is used to 

interpret the trend in moduli.  

 The values of  1 and +1 correspond to orientation of all fibers along the transverse 

direction (= 90
o
) and the longitudinal direction (= 0

o
) respectively. A value between  1 and 

0 means more fibers are oriented at angles closer to 90
o
 than 0

o
. A value between 0 and +1 means 

more fibers are oriented at angles closer to 0
o
 than 90

o
.  A value between  1 and +1 corresponds 

to a set of angles along which fibers in the composite are oriented.  A value of 0 for fp 

corresponds to a number of sets of orientations; for example, it can be random orientation, quasi-

isotropic, bi-axial orientations with 1+2 = 90, etc. The longitudinal modulus (Ex) is equal to the 

transverse modulus (Ey) only if fp = 0. Hence, if fp <0, Ey will be higher than Ex and if 

 fp > 0, Ey < Ex. With increase in fp from  1 to +1, Ey would decrease and Ex would increase. It 

should be noted that a given value of fp can correspond to multiple sets of orientations, i.e. FODs. 

Hence, the magnitude of the modulus for a given fp would depend on the FOD. The above 

generalizations need to be considered while interpreting the data in Figures 5.31 to 5.36.  

 It can be recalled from Figure 5.19 that the experimentally derived fp is negative for all 

punch densities and pressures.  Hence, Ey is expected to be higher than Ex. This indeed is 

observed in Figures 5.31 to 5.36 except when fp is close to zero.  

 The difference between the moduli is small and masked by the variation in Vf. Hence, both 

moduli appear to be same (see 2.6-P at 260 and 560 kPa, 30-P at 260 kPa, 70-P at 260 kPa, 

150-P at 101 kPa). The trend in moduli plotted in Figures 5.34 to 5.39 correlate very well with 

the trend in fp  as shown in Figure 5.22. When the pressure is increased from 101 to 260 kPa, the 
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fp increased from negative value towards zero for 2.6-P, 7-P, 30-P, 70-P, and 150-P composites. 

Since fiber orientations corresponding to fp values close to zero would be relatively more 

randomly oriented than those at 101 kPa, a reduction in modulus would be expected. This is 

observed for 2.6-P and 30-P in Figures 5.34 and 5.36, despite the increase in Vf suggesting that 

the decrease due to change in FOD was more than the increase due to change in Vf. 

 In addition to the change in the orientation angles, the frequency of fibers at each angle 

would also change when fibers rotate under compressive force as shown in Figure 5.21 and C.1 

to C.4. These changes in frequency can increase or decrease the modulus depending on the 

orientation angle. This is believed to be the reason for no increase (rather than a decrease) in 

modulus in 70-P and 150-P composites. Despite a decrease in fp, the modulus of the 7-P 

composite decreased when pressure is increased to 260 kPa, which is also believed to be due to 

this change in frequency of fibers for a given angle. 

 With a subsequent increase in pressure from 260 to 560 kPa, the modulus of 30-P, 70-P, 

and 150-P increased due to an increase in fiber volume fraction and a decrease in fp. In the case 

of 2.6-P and 7-P, the fp increased slightly. The reduction in modulus due to this change is 

believed to have offset the increase in modulus due to increase in Vf resulting in no change in 

modulus with increase in pressure to 560 kPa.  

 In order to understand the effect of punch density on the modulus, both the modulus and 

the fiber volume fraction values are averaged and tabulated in Table 5.8, for composites 

manufactured with VARTM pressure (101 kPa). The scatter in these values is also shown in this 

table. 

 For composites manufactured with VARTM pressure (101 kPa), the modulus increased 

with punch density until 30-P, which is believed to be due to an increase in fiber volume fraction 
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since the fp values in Figure 5.19 are close to one another. With further increase in punch density, 

the above trend could not be clearly observed.  Despite higher Vf, the modulus of 150-P 

composite is lower than that of 30-P and the modulus of 70-P is lower than that of 20-P 

composite. Since fp values are different, the difference in FOD is believed to be the reason for 

this.  The experimental data presented in Figures 5.34 to 5.39, are plotted together in Figure 5.40 

and Figure 5.41 to highlight the trend in the effect of punch density on modulus at compaction 

pressures higher than 101 kPa. This plot shows no clear trend in the effect of punch density on 

modulus for a given fiber volume fraction, even though the fiber volume fraction increased with 

increase in the punch density. This behavior is due to the strong influence of FOD, which varied 

in a complex manner during composite manufacturing, as discussed above. This is confirmed in 

the next section by the good agreement between experimental modulus and the predictions based 

on the experimental FOD. 

 In contrast, the glass fiber mats, currently used in composites, are not needle punched and 

their composites do not show such a variation in modulus for a given fiber volume fraction. 

However, the modulus of 30-P hemp fiber composite is comparable to the modulus of the glass 

fiber composite despite slightly lower fiber volume fraction and lower fiber modulus (see Figure 

5.33). Hence, increasing the needle punch density while manufacturing the natural fiber mats is 

definitely beneficial; however, there appears to be an optimal value, which in the case of hemp 

fibers used in this study is about 30-P for VARTM manufacturing. 
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Table 5.8. Experimental tensile modulus, strength and strain to failure of needle punched 

composites manufactured at 101 kPa 

Compo-

site 

Fiber 

Volume 

Fraction 

(%) 

Tensile Modulus 

(GPa) 

Tensile Strength 

(MPa) 

Strain to Failure 

(%) 

  Longitudinal Transverse Longitudinal Transverse Longitudinal Transverse 

Stypol 

8086 

0 1.869(±0.09) 34.6(±1.5) 2.54(±0.8) 

0-P 11.6 

(±2.1) 

4.11 

(±0.48) 

5.23 

(±0.65) 

18.36 

(±3.14) 

22.46 

(±1.2) 

0.59 

(±0.2) 

0.48 

(±0.08) 

2.6-P 12.8 

(±1.1) 

4.9 

(±0.64) 

5.59 

(±0.61) 

21.95 

(±3.29) 

25.7 

(±2.3) 

0.58 

(±0.09) 

0.48 

(±0.05) 

7-P 13.8 

(±0.7) 

6.86 

(±0.18) 

7.02 

(±1.2) 

29.50 

(±2.27) 

30.5 

(±2.2) 

0.54 

(±0.03) 

0.55 

(±0.16) 

20-P 16.4 

(±1.9) 

6.68 

(±0.64) 

6.9 

(±0.6) 

27.90 

(±0.48) 

30.0 

(±1.7) 

0.49 

(±0.06) 

0.50 

(±0.07) 

30-P 20.8 

(±1.2) 

8.29 

(±0.18) 

9.26 

(±0.65) 

36.20 

(±3.02) 

38.81 

(±0.4) 

0.62 

(±0.07) 

0.51 

(±0.04) 

70-P 18 

(±3.0) 

4.9 

(±0.32) 

6.03 

(±0.32) 

27.45 

(±4.8) 

29.7 

(±3.17) 

0.45 

(±0.12) 

0.72 

(±0.08) 

150-P 22.9 

(±2.4) 

6.66 

(±0.076) 

7.86 

(±3.9) 

25.9 

(±2.82) 

28.3 

(±8.2) 

0.49 

(±0.07) 

0.53 

(±0.19) 

Glass -

Stypol 

32.7 

(±1.06) 

8.5 

(±1.4) 

118.09 

(±8.2) 

1.8 

(±0.48) 
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Figure 5.40.  Experimental longitudinal modulus of all needle punched mat composites  

 

 

Figure 5.41. Experimental transverse modulus of all needle punched mat composite 
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5.5.2 Tensile Modulus – Predicted Results and Model Validation 

 The moduli of composites manufactured using hemp fiber mats with various punch 

densities were predicted using the model presented in Chapter 3, and using the procedure 

discussed in Chapter 4. These predictions are compared to experimental data in Figure 5.39 to 

Figure 5.50.   

 In addition,  predictions using three commonly used micro-mechanical models,  available 

in the literature, are also compared in Figure 5.42 to Figure 5.53 to evaluate the relative merits of 

the model developed in this study.  The micro-mechanical models include the Simple Rule of 

Mixture given by equation 4.6 (ROM), Morais’ Modified Inverse Rule of Mixture (IROM) by 

Equation (4.13) [117], and Halpin-Tsai model. Details of Halpin-Tsai Equation is presented in 

Appendix A.1. 

 The rule of mixture (ROM) predicts the upper boundary for the tensile modulus when all 

the fibers are oriented in the direction of the load. The inverse rule of mixture (IROM) predicts 

the lowest boundary for the tensile modulus of the composites when all the fibers are oriented 

perpendicular to the load direction. The experimental moduli were in between these two limits, 

as expected.  In case of certain punch densities (0, 2.6,7, 30), the experimental moduli (either 

longitudinal or transverse) were found to be close to the value predicted by ROM. Since fiber 

orientations in these composites are not unidirectional, the predicted moduli by the rule of 

mixtures would be expected to be lower than what it should be. This can only be attributed to a 

low average fiber modulus used in the rule of mixtures. The predictions using the model 

developed in this thesis compare better with the experimental tensile modulus than the 

predictions using the rule of mixtures or Halpin-Tsai model. 
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Figure 5.42. Theoretical and experimental longitudinal modulus of 0-P composite  

 

 

Figure 5.43. Theoretical and experimental transverse modulus of 0-P composite 
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Figure 5.44. Theoretical and experimental longitudinal modulus of 2.6-P composite in 

longitudinal direction 

 

 

Figure 5.45. Theoretical and experimental transverse modulus of 2.6-P composite  
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Figure 5.46. Theoretical and experimental longitudinal modulus for 7-P composite 

 

 

 

Figure 5.47. Theoretical and experimental transverse modulus for 7-P composite  
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Figure 5.48. Theoretical and experimental longitudinal modulus for 30-P composite 
  

 
Figure 5.49. Theoretical and experimental transverse modulus for 30-P composite  
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Figure 5.50. Theoretical and experimental longitudinal modulus for 70-P composite  

 

 

Figure 5.51. Theoretical and experimental transverse modulus for 70-P composite  
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Figure 5.52. Theoretical and experimental longitudinal modulus for 150-P composite  

 

 

Figure 5.53. Theoretical and experimental transverse modulus for 150-P composite  
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 The error in prediction (determined using Equation (5.5)) is tabulated in Table 5.9 and 

Table 5.10 for the longitudinal and the transverse tensile modulus, respectively. The values 

calculated for the Halpin-Tsai model are also included in these tables. 

      ( )  
                     

             
                                       (5.5)                                        

 The % error in the predictions from the current model is lower than that in the predictions 

from Halpin-Tsai model. Moreover, the current model was able to predict the trend in the change 

in moduli with fiber volume fraction, for various punch densities and compaction pressure 

correctly, while other micro-mechanical models could not. This validates the modeling approach 

used in this thesis. Finally, the observed good correlation between the experimental and the 

predicted moduli would not be possible without the use of experimental FOD, which varied from 

sample to sample due to variation in punch density, or compaction pressure, or both. This 

supports the arguments presented in the previous section correlating fp and moduli.  

 It should be noted that the predictions from the Halpin-Tsai model were based on 

parameter,  , which was obtained by fitting the experimental data. Hence, the moduli obtained 

using the Halpin-Tsai model were simulations rather than predictions. 

The minimum percentage error in the moduli predicted by the current model was noticed 

for 30-P composite ( 1% to 29% in transverse modulus) and the maximum error in predictions 

was noticed for 7-P composites ( 32% to 55% in transverse modulus). Possible reasons for the 

observed error are discussed below. 

 One possible reason for the observed is the error in the experimental FOD used in the 

prediction.  Because of small difference between the densities of the hemp fiber and the resin, the 

FOD in the manufactured composite could not be obtained using X-ray tomography.  Instead, the 

FOD in the dry mat subjected to the same compaction pressure was characterized and used. The 
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compaction behavior of a dry mat is expected to be different from that of the composite due to 

resistance offered by the fluid pressure and lubrication in the latter. This difference is reflected in 

the final thicknesses of the dry mat and composite compared in Figure 5.16 and Table 5.1 for 

various punch densities.  It can be inferred that the level of compaction was lower in the 

composites than in the dry mat.   

 Another possible reason for the error is because of variation of FOD in the mat.  For 30-P 

mat, it is shown that the FOD changes by 10% (see Figure 5.5) in different locations of the mat. 

Therefore, an error of 5 to 6 % in tensile modulus predictions can be expected due to this 

estimation.  

 A third possible reason for the error is the assumption that the 3D composite can be 

modeled as 2D composite using the 2D lamination theory and the in-plane fiber orientation 

angles obtained by projecting the fibers on to the plane of loading.  

 A fourth possible reason is the assumption that the distribution in fiber diameter is the same 

in all orientations.  This assumption allowed for the use of an average fiber modulus.  Future 

work may consider variation in the distribution in the fiber diameter (and hence distribution in 

the fiber modulus) with orientation. 

 Nevertheless, it can be concluded that the model developed in this thesis is very capable of 

predicting the modulus of needle punched hemp fiber mat composites, manufactured using a 

wide range of compaction pressures. It has also helped to understand the observed trend in the 

experimental moduli. 
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Table 5.9. % Error in predictions for longitudinal modulus 

Composite Current Model 

(%) 

Halpin-Tsai 

(%) 

0-P -33 

+37 

-24 

+47 

2.6-P -37 

+14 

-36 

+15 

7-P -50 

+15 

-46 

+49 

30-P -39 

-11 

-15 

+30 

70-P -54 

-5 

-17 

+35 

150-P -43 

+33 

-24 

+77 

 

 

Table 5.10. % Error in predictions for transverse modulus 

Composite Current Model 

(%) 

Halpin-Tsai 

(%) 

0-P -30 

+16 

-30 

+11 

2.6-P -34 

+7 

-36 

+47 

7-P -54 

+32 

-59 

+3 

30-P -29 

-1 

-29 

+24 

70-P -23 

+49 

-17 

+63 

150-P +24 

-17 

-21 

+32 
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5.5.3 Tensile Strength - Experimental Results 

 The tensile strength results for composites manufactured under VARTM pressure  

(101 kPa) are tabulated in Table 5.8. Similar to the modulus, the transverse strength was higher 

than the longitudinal strength for all punch densities.  The trend in the effect of punch density on 

strength was similar to that observed for the modulus; the strength increased with the punch 

density until 30-P, beyond which the trend was not clear. The discussion in the previous section 

on the trend in modulus is applicable for tensile strength too. 

 For composites manufactured with VARTM pressure, the tensile strengths were lower than 

that of the matrix resin for all punch densities except 30-P, suggesting  there was no 

reinforcement of the matrix by the fiber at the fiber volume fractions achievable using VARTM 

pressure. Despite having a fiber volume fraction slightly higher than 30-P, the strength of 150-P 

composite is lower than the strength of 30-P composite. 

 The longitudinal and transverse tensile strengths for all punch densities are plotted as a 

function of fiber volume fraction in Figure 5.54 and Figure 5.55 respectively.  

The fiber volume fraction was varied by varying the compaction pressure. Both strengths 

increased with pressure (i.e. fiber volume fraction).  Beyond a VARTM pressure of 101 kPa, the 

strengths of 0-P, 30-P, 70-P, and 150-P composites were higher than the resin strength indicating 

fiber reinforcement. In the case of 2.6-P and 7-P composites, despite the weak increase in 

strength, the values were still lower than the strength of the resin.  

 The maximum value for the strengths was recorded for composites cured at 560 kPa, in the 

range of 30–60 MPa. While a weak proportional relationship between the strength and the punch 

density could be observed at this pressure, no such trend could be observed at 260 kPa. 
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Figure 5.54. Experimental longitudinal tensile strength of needle punched composites 

manufactured with various manufacturing pressures  

 

Figure 5.55. Experimental transverse tensile strength of needle punched composites 

manufactured using various manufacturing pressures  
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  For all punch densities, the strength at 260 kPa was equal to, or lower than, the strength at 

VARTM pressure.  

 It can be inferred from these results that changes in fiber volume fraction, with compaction 

pressure, cannot explain the observed trend.  Similar to its influence on modulus, a variation in 

FOD with punch density and compaction pressure is also believed to have influenced the tensile 

strength. This inference is supported by the simulation results presented below. It can be inferred 

from Table 5.8 that although the modulus of glass fiber composites can be matched by 

appropriately choosing the needle punch density, the tensile strength of hemp fiber mat 

composites are lower than the strength of glass fiber mat composites. This study did not treat the 

fibers to increase the matrix–fiber bond strength. Optimization of this bonding has been done by 

other students of Dr. Jayaraman’s research group. While treatments increased the strength of the 

composite, the strength of glass fiber composites could not be reached. This is due to the higher 

strength of glass fibers (2 GPa for E-glass) when compared to the strength of hemp fibers 

(maximum of 500 MPa for fibers with less than 100 µm). 

5.5.4 Tensile Strength-Predicted Results and Model Validation 

 The tensile strengths of needle punched hemp fiber composites were predicted using the 

model presented in Chapter 3 (which is referred as Ply Discounting Model (PDM) in this 

section) and the procedure discussed in Chapter 4.  These predictions are also compared to the 

predictions from the Modified Micromechanical Model (MMM) presented in Appendix A.2 to 

evaluate the merits of the model developed in Chapter 3.  

 A representative tensile stress-strain curve, predicted using PDM, is compared with 

experimental results in Figure 5.56. Despite the assumptions in the model, the predicted curve 

compares very well with experimental curve. Referring to Figures 5.57 to 5.68 it is apparent the 
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PDM is able to predict better than other models compared in this thesis. While Lee’s model 

predicts non-linear increase in strength with increase in fiber volume fraction, McNally et al.’s 

model predicts a linear increase.  Besides, the tensile strength values predicted by them were 

much higher than the experimental values. The predictions of the MMM (which was modified in 

this thesis) were better than the predictions of models by McNally et al. and Lee. MMM 

predictions were comparable to or better than those of PDM in certain cases and inferior in other 

cases. 

 The error in the predictions was determined using Equation (5.6) and tabulated in Table 

5.11 and Table 5.12 for longitudinal and transverse strengths respectively. 

 (       )  
                     

             
                                          (5.16) 

 It can be inferred from Table 5.15 and Table 5.16 that the tensile strength predicted by the 

PDM developed model in this thesis has the least deviation from experimental results. 
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Figure 5.56. Comparison of experimental tensile stress-strain curve with the curve predicted by 

PDM for 70-P composite manufactured at 560 kPa 

 

 

Figure 5.57. Theoretical and experimental longitudinal tensile strength for 0-P composite  
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Figure 5.58. Theoretical and experimental transverse tensile strength for 0- P composite  

 

 
Figure 5.59. Theoretical and experimental longitudinal tensile strength for 2.6- P composite  
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Figure 5.60. Theoretical and experimental transverse tensile strength for 2.6- P composite  

 

 
Figure 5.61. Theoretical and experimental longitudinal tensile strength for 7- P composite  
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Figure 5.62. Theoretical and experimental transverse tensile strength for 7-P composite  

 

 

Figure 5.63. Theoretical and experimental longitudinal tensile strength for 30-P composite  
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Figure 5.64. Theoretical and experimental transverse tensile strength for 30- P composite 

  

 

Figure 5.65. Theoretical and experimental longitudinal tensile strength for 70- P composite  
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Figure 5.66. Theoretical and experimental transverse tensile strength for 70- P composite  

 

 

Figure 5.67. Theoretical and experimental longitudinal tensile strength for 150- P  
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Figure 5.68. Theoretical and experimental transverse tensile strength for 150-P composite  
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Table 5.11. Error in prediction of longitudinal tensile strength for PDM developed in this thesis 

and models from literature 

Composite Developed Models Models from Literature 

    

(%) 

Micromechanical 

Model 

(%) 

Lee’s Model 

(%) 

McNally et al.’s 

Model 

(%) 

0-P -52 

+10 

-37 

+24 

+36 

+318 

+33 

+144 

2.6-P -26 

+5 

-11 

+46 

+97 

+140 

+32 

+79 

7-P -37 

+7 

-28 

+54 

+57 

+140 

-40 

+39 

30-P -48 

+8 

-30 

+12 

+26 

+76 

+11 

+40 

70-P -45 

+4 

-31 

+44 

-34 

+157 

+29 

+71 

150-P +6 

+67 

-24 

+72 

+33 

+175 

+57 

+130 

 

 

Table 5.12. Error in prediction of transverse tensile strength for models developed in this thesis 

and models from literature 

Composite Developed Models Models from Literature 

    

(%) 

Micromechan

ical Model 

(%) 

Lee’s Model 

(%) 

McNally et 

al.’s Model 

(%) 

0-P -32 

+38 

-26 

+13 

+5 

+188 

+3 

+68 

2.6-P   -33 

-10 

+8 

+34 

+86 

+124 

+166 

+69 

7-P      -35 

+64 

-27 

+93 

+32 

+191 

-37 

+52 

30-P   -49 

+9 

+8 

+27 

+27 

+57 

-8 

+37 

70-P    +8 

+19 

-15 

+77 

+21 

+143 

+17 

+71 

150-P  -38 

+49 

-27 

+81 

+23 

+144 

+42 

+113 
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 PDM showed a better agreement with experimental tensile strength in most cases; a 

maximum deviation of  35% to 64% from experimental transverse tensile strength was recorded 

for 7-P composite. For the same composite, the predictions of the micromechanical model 

yielded a maximum deviation of  27% to 93%. The transverse strength of 70-P composite, 

predicted by PDM exhibited a minimum deviation of 8% to 19% from experimental results. The 

transverse tensile strength predicted for the same composite by the MMM was  15% to +77%. 

 Prediction of tensile strength is more complicated than prediction of modulus even for 

unidirectional continuous fiber composites, with fibers oriented in a single direction, due to 

difficulty in predicting the fracture initiation, propagation, and ultimate fracture.  

 This difficulty is increased many fold in discontinuous fiber mat composites due to a 

distribution in fiber length and orientation. Hemp fiber mat composites add additional 

complexity due to the effect of punch density on fiber orientation distribution and variation in 

properties of hemp fibers with diameter.  

 In view of this complexity, the observed difference between the predictions and 

experimental results is to be expected since many of the factors that influence tensile strength 

were either not considered or simplified. These are detailed below. 

a)  Error in model`s ability to account for damage progression: 

 Referring to Figure 5.30, it is clear that needle punched composites exhibit a ductile non-

linear behavior under tensile loading. This non-linearity is due to progressive damage that occurs 

in the composite before final failure of the test specimen.  In contrast, a brittle behavior would 

result in a linear stress-strain curve until final failure of the test specimen. Therefore, accurate 

prediction of the type of fracture is essential to accurate prediction of the tensile strength of the 

composite.   
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 The MMM predicts a brittle behavior since it assumes that the composite would fracture 

when the damage initiation occurs; the damage initiation can be failure of the fiber or the matrix 

or the interface (depending on the orientation of the fiber). The MMM determines the stresses to 

initiate the various damage modes and adds them, in proportion to the volume fractions of fiber 

orientation with each type of damage, to determine the tensile strength of the composite. In 

reality, damage progression would follow damage initiation leading to final fracture of the 

composite, which has not been accounted for in the MMM developed in this thesis. The 

capability to simulate progressive damage (and thus differentiate between ductile and brittle 

laminate fracture) is the advantage of the PDM over the MMM. 

 For example, the PDM predicted stress-strain curve presented in Figure 5.56 corresponds to 

progressive failure of three ply groups before final failure of the composite. This results in a 

nonlinear stress-strain curve, which compares well with the experimental stress-strain curve. The 

predicted strength deviated minimally from the experimental value (Table 5.11 and 5.12).  

However, the MMM could not predict the stress-strain curve. 

  Despite this, the predicted failure mode was different from the experimental failure mode 

for some composites.  For these composites, while the experimental stress-strain curve was non-

linear with a ductile failure, the model predicted simultaneous fracture of all the plies, and vice 

versa. One possible reason is the non-consideration of a stress concentration, which is inherent in 

any damage initiation and progression.  Another possible reason is the error in the FOD used in 

the simulation, as discussed in Section 5.4.2. 

b) Error in predicted laminate modulus: 

 The error in the predicted modulus of the laminate is another source of error since this 

modulus is used by the PDM to predict the tensile strength. While comparing the error in the 
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predicted tensile moduli in Tables 5.9 and 5.10 with the errors in the predicted tensile strengths 

in Table 5.11 and 5.12, it is apparent that the error in the predicted tensile moduli is carried over 

as an error in the predicted tensile strength. For instance, an underestimation of the longitudinal 

and transverse tensile moduli of 2.6-P, 7-P, 30-P composite, and of the transverse moduli of  

70-P and 150-P composites at 101 kPa correlate well with an underestimation of the longitudinal 

and transverse tensile strengths for those composites. 

 Hence, the possible sources of error, discussed in the previous section on modulus, such as 

the error in experimental FOD due to use of dry mat and small scan volume, approximation of 

the 3D FOD as 2D FOD, and the assumption of same fiber length and diameter distribution in all 

orientations, are also applicable to tensile strength too. 

c) Error in hemp fiber strength: 

 Hemp fibers are essentially a bunch of smaller fibrils (both in diameter and length). Their 

mode of failure may be tensile failure of all fibrils or debonding of fibrils or a mixture of both. 

This structure affects the measured tensile strength of the fibers. The number of fibrils and their 

distribution within a hemp fiber depends on the diameter and length of the fibers. While the 

effect of the former on tensile strength has been accounted for, the effect of the latter has not 

been accounted for, which is believed to be another reason for the observed error in predicted 

strength. Additionally, the mat/composite manufacturing process may introduce additional fiber 

defects such as fiber kinking and debonding of the fibrils. The effect of these defects on fiber 

strength was not characterized and included in the model. 

  Nevertheless, it can be concluded that the models developed in this thesis are very capable 

of predicting the tensile strength of needle punched hemp fiber mat composites, manufactured 

using a wide range of compaction pressures. The developed model also helped to understand the 



211 

 

observed trend in the experimental moduli data in terms of the effect of fiber volume fraction and 

FOD. 
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CHAPTER 6 

CONCLUSIONS 

 

 

 

Needle punched hemp fiber mats have been manufactured and used to elucidate the effect of 

needle punch density on mat structure.  Effect of consolidation pressure applied during 

composite manufacturing on composite structure has been studied; while its effect on fiber 

volume fraction has been studied directly, its effect on FOD has been investigated indirectly by 

studying the effect of consolidation pressure on mat structure.   

 Composites have been manufactured using mats with various punch densities and 

consolidation pressures, and tested for their strength and modulus. These results have been 

analyzed to investigate the relationship among mat manufacturing, mat structure, composite 

manufacturing, composite structure, and composite properties.   

 A modeling approach to predict the evolution of FOD and Vf during needle punching and 

composite manufacturing has been presented and its underlying assumption has been empirically 

tested. Finally, a model for predicting the modulus and the strength of needle punched mat 

composites has been presented and validated. Therefore, it is concluded that the overall goal and 

the five objectives of this thesis, stated in Section 2.7, have been successfully achieved. 
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6.1 Summary 

 A summary of accomplished tasks are presented below. 

(a) Effect of needle punch density on the structure of the hemp fiber mat has been 

experimentally studied. 

 Needle-punched hemp fiber mats have been manufactured by varying the needle 

punch density in the range of 0 – 150 Punches/cm
2
 and used to delineate the 

relationship between the punch density and the mat structure, characterized by its 

thickness, areal density,  Vf, FOD, and permeability.  

 For a given areal density, with increasing the punch density the mat thickness 

decreases and the Vf in the mat increases. To achieve a certain mat thickness, the 

required punch density would increase with the areal density. 

 The fiber orientation in the mat formed by air-laying was in 3D with a bias towards 

the width (transverse) of the mat. With increase in the needle punch density, the fibers 

increasingly reoriented from 3D to 2D due to compaction and stretching of the mat. 

 Changes to areal density of the mat formed by air-laying, due to the lack of fine 

control over the process, has a significant effect on the changes in Vf and FOD due to 

needle punching. 

 The in-plane permeability along the longitudinal direction (Kx) decreases with 

increase in punch density due to reduction in the porosity (i.e. increase in Vf) and does 

not depend on FOD. 
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 The through-the-thickness permeability (Kz) is dependent on both Vf and FOD; it 

decreases with increase in punch density due to increase in Vf  as well as change in 

fiber orientation from 3D to 2D. 

(b) Effect of consolidation pressure, applied during composite manufacturing, on composite 

structure and properties has been experimentally studied; while its effect on Vf has been 

studied directly using composites, its effect on FOD has been studied indirectly by studying 

the  compaction of dry mats. 

    Vf in needle-punched hemp composites increases with applied pressure for a given punch 

density and increases with punch density at an applied pressure; however, the rate of 

increase differs with punch density due to the effect of the latter on the compaction 

behavior of the composite during manufacturing 

   The rate of increase in applied pressure for a unit increase in thickness (i.e. fiber volume 

fraction), which is a measure of rate of stiffening of the mat, varied widely with punch 

density highlighting the impact of mat structure on the compaction behavior. A clear 

trend in the effect of punch density on the rate of stiffening could not be discerned due to 

variation in the areal density of the mat, which altered the mat structure and hence, the 

compaction behavior. 

   The FOD changes in a complex manner with increase in compaction pressure. Similar 

trend is observed for all punch densities with few exceptions. Apparent softening (instead 

of stiffening) at pressures above 101 kPa appears to contribute to this complex trend. 

   The transverse modulus is higher than the longitudinal modulus confirming the bias 

observed in the FOD; The modulus of the composite is a function of both the Vf and the 

FOD; The modulus increases with punch density at VARTM pressure (101 kPa) due to 
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increase in Vf, provided the areal density is same. When the pressure increases to 260 

kPa, the modulus decreases due to change in FOD, provided the increase in modulus due 

to increase in volume fraction is not significant. With further increase in pressure to 560 

kPa, the modulus increases or does not change depending on the magnitude of 

contributions from change in the Vf and the FOD 

   The transverse strength is more than longitudinal strength confirming the bias in FOD. 

The strength is a function of both the Vf and the FOD. The effect of punch density on 

strength is similar to that on modulus. The strength of the composite exceeds the strength 

of the resin only at punch densities ≥ 30.  

(c) A modeling approach has been developed to predict the change in FOD during needle 

punching and composite manufacturing   

  A model based on roll forming has been developed to predict the change in mat 

dimensions due to needle punching. 

 Assuming a pseudo-affine deformation, the changes in mat dimensions are used with 

FOD in the web of fibers to predict the change in FOD due to needle punching. 

 The above model could not be put to use due to lack of information on inputs required 

by the model. Instead, the validity of the pseudo-affine deformation has been tested 

by predicting the FOD using initial FOD and assumed values for changes in mat 

dimensions. Good correlation with experimental FOD supports this assumption. 

(d) A model has been developed to predict the modulus and the strength of the needle-punched 

mat composites and validated using experimental results 

 The mat composite has been modeled as laminate with a lay-up defined by the FOD. 

The lamination theory has been used to predict the modulus. Very good correlation 
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between the model predictions and experimental values at all consolidation pressures 

and punch densities confirms the effect of Vf and FOD discussed above 

 Ply discounting method and maximum stress criterion have been used along with the 

lamination theory to predict the strength of mat composites. Good correlation 

between the model predictions and experimental values at all consolidation pressures 

and punch densities confirms the effect of Vf and FOD discussed above 

 Distribution in the modulus and the strength of hemp fibers in the mat has been 

characterized and used in the prediction. This accounts for the distribution in the 

diameter and length of the fibers as well as any defects in the fiber, due to the 

processes of fiber extraction and needle punching.  

e) The above results point to a complex relationship among mat manufacturing, mat structure, 

composite manufacturing, composite structure, and composite properties. The following can be 

concluded based on these results:  

   It is advisable to use needle punching to achieve the desired Vf and properties than to 

achieve the same through compaction pressure. In other words higher needle punch 

density is preferred over higher compaction pressure to achieve the desired Vf for a given 

areal density, provided this does not affect permeability and degrade the properties of the 

fibers. 
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6.2 Original Contributions 

 To the best knowledge of the author, the following contributions are first in this area 

    Comprehensive study delineating the complex relationship among mat manufacturing, 

mat structure, composite manufacturing, composite structure, and composite properties. 

   A model to predict the modulus and the strength of needle-punched mat composites. 

   A model to predict the evolution of Vf and FOD during needle punching process. 

 

6.3. Recommendations for Future Work 

 Fibers used in this thesis exhibited a large distribution in the tensile modulus and strength 

of the fibers. Since these, result in the distribution in the properties of composites, a fiber 

extraction process that minimizes the distribution in fiber properties is needed.  

 In addition, the variations in the areal density of the needle punched mats have to be 

minimized with a better control over the processes of mat formation and needle punching 

in order to minimize the variation in composite properties.    

 Controlled experimentation to validate the model developed for needle punching and 

development of a model to predict Vf  and FOD during composite manufacturing. The 

model for modulus and strength developed in this thesis requires Vf and FOD as input. In 

this thesis, experimental values have been used. If a mat has to be designed to yield 

desired composite properties without much experimentation, then these values have to be 

predicted as an input to the model. The model for needle punching has not been validated 

in this thesis due to lack of information for many variables of this model. Further, the Vf 

and the FOD in the mat change during composite manufacturing and no model is 

currently available for this. 
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 Extension to 3D lamination theory 

The model for modulus and strength is based on 2D lamination theory, which uses the 

FOD in . The results of this study clearly show that fibers in needle punched mats and 

composites are oriented in 3D. Hence, extension of this approach using 3D lamination 

theory is recommended to improve the accuracy of prediction. 
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APPENDIX A 

Introduction 

 

In this appendix formulations and input values for different micromechanical models that 

are compared with the developed models, in this thesis, for tensile modulus and tensile strength 

are presented respectively. 

A.1 Tensile Modulus 

  Halpin-Tsai equation [100] as shown in A.1 is used to predict the tensile modulus of 

needle punched composites. 

            (
      

     
)                                           (A.1)                                              

parameter    is given by equation (A.2) 

  
(

  

  
)  

(
  

  
)  

           (A.2) 

where    is the shape parameter. The significance of the parameter    is that it takes in to account 

the packing arrangement and the geometry of the reinforcing the fibers. A variety of empirical 

equations for    are available in the literature and they depend on the shape of the reinforcing 

fibers [106].  In this thesis, parameter   is estimated by fitting average experimental tensile 

modulus, in transverse and longitudinal direction for each needle punch density, with Equation 

(A.1). The empirically fitted     is tabulated in Table A.1. 
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Table A.1. Empirically fitted η for different needle punch density composites 

 

Composite   

0-P 10 

2.6 -P 8 

7-P 10 

30-P 30 

70 -P 8 

150-P 9 
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A.2. Tensile Strength Predictions Using Modified Micromechanical Model (MMM) 

 

 In this section The MMM model that is used to predict the tensile strength of needle 

punched hemp mat composites are explained. Two other models available in literature that are 

compared with PDM model in Section 5.5.4 are also presented.  

 In MMM approach, the mat composite is modeled as a single layer with a distribution in 

fiber orientation. A modified rule of mixture [108] is used to estimate the tensile strength of 

needle punched composite. The effect of orientation is accounted for in Equation (4.15) which is 

developed for tensile strength of unidirectional fiber composites.  

 It is well known that a continuous fiber unidirectional lamina would fail by one of the three 

failure modes depending on the orientation of the fiber axis with respect to loading axis. This is 

illustrated in A.1, where in strength of unidirectional lamina is plotted as a function of 

orientation angle. For small values (    ), the composite fail by fiber fracture and strength of 

the composite (    ) is calculated given by  

                                              (      )                                (A.3) 

where     is the strength of the composite when all the fibers are aligned in  the direction of the 

applied load and 

         (
  

   
)                                                           (A.4) 

 where   is the shear strength of the composites. 
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 At intermediate angles, the composite fails by shear and the strength of the composite is 

given by  

   
  

        
                (       )                                           (A.5)                                  

where  6,u is the shear strength of the composite and  

         (
    

    
)                                                                    (A.6) 

 Beyond   , the composite would fail by normal failure 

                              (     
 

 
)                                      (A.7) 

 Needle punched hemp mat composites, have fibers with orientation distributed from 
0
0 to 

0
90. Therefore, the average strength of the composite can be calculated by summing the 

contribution from fibers at ach orientation as 

   ∑  ( )  
  

                                                                   (A.8)     

where Nf   is the number of fibers,    ( ) is  the normalized frequency of fibers oriented in     

such  that  ∫  ( )    
 

 
 

 .  

 Substituting Equations (A.3), (A.5), and (A.7) into Equation (A.8) yields: 

   ∑  ( )         
  
 ∑  ( )

  

        
 ∑  ( )

  

    ( ) 

 

 

  

  
  

                               (A.9)                                     

    , calculated based on the Equation (4.15), is substituted in Equation (A.9) to determine the 

tensile strength of the needle punched composite 
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 The input data required for the MMM are the distribution in the length of the hemp fibers 

in the mats and     and    . The former was determined experimentally and modeled using a 

Weibull distribution. The model-fit parameters (a and b) along with minimum and maximum 

length are tabulated in Table 4.4. The latters are tabulated in Table A.2 and A.3. 

 

 

Figure A.1. Strength of a unidirectional lamina as a function of orientation of the fibers 

 

Table A.2. Experimental input values for MMM 

  
  (MPa) 

         (
  

  
 
) 

20 63.019
0 
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Table A.3. Fiber orientation angle for transition from longitudinal composite failure (i.e. fiber 

fracture) to shear failure (θ0) 

Composite ID 

 

    

 

No P 3
0 

No P-260 5
0 

No P-560 6
0 

2.6 P 3.1
0
 

2.6 P-260 4.2
0
 

2.6 P-560 5.2
0 

7 P 3.2
0
 

7 P-260 4.1
0
 

7 P-560 5.3
0
 

30 P 3.7
0
 

30 P-260 4.6
0
 

30 P-560 5.4
0
 

70 P 3.1
0
 

70P-260 4.2
0
 

70P-560 5.1
0
 

150P 4.1
0
 

150P-260 5.2
0
 

150P-560 7.3
0
 

 

 

 Predictions using two other micromechanical models available in the literature are also 

compared with the predictions using the PDM model that is developed in this thesis to evaluate 

the relative merits of these models with respect to those available in the literature Both of these 
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models took in to account the effect of length and orientation of fibers on tensile strength of the 

composite. For the effect of length, both used simple and widely accepted shear lag theory, 

introduced by Cox [110] and developed by Kelly and Tyson[109].  The first model is the one 

developed by McNally et al. [108]  represented by Equation (A.10).   

 

    [∑
      

 
 ∑      (  

  

   
)

       

     

     
       

]      
                           (A.10) 

 

 In this model, to the effect of fiber orientation is taken into account using an empirically 

fitted factor  (D) [106].  

The second model is that developed by Lee [38] and have been applied  successfully to 

predict the tensile strength of discontinuous fiber glass composite . In this model, represented by 

Equations (A.11) and (A.12), the in-plane orientation of fibers is assumed to be random.  

 

    
  

 
 {    [

(  
  
  

)           
   

  
]}                                   (A.11) 

    
  

 
{    [

 (     )       
   

  ]}                                      (A.12) 

 

 

 Various parameters in this equation have been defined above. Lee’s model is one of the 

few simple micromechanical models that have used a constant value (
 

 
) for orientation of fibers. 

The constant value used for orientation factor in these models differentiates it from the PDM and 

MMM models that is introduced in this thesis that use FOD instead of constant values. 
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APPENDIX B 

 

 

 Distribution of tensile strength and tensile modulus of hemp mats with different needle 

punch density is presented in this Appendix. 

 

B.1. Tensile Modulus of Hemp Fibers 

 

 
Figure B.1. Distribution of tensile modulus in 2.6-P hemp mat 

 

 

 

 
Figure B.2. Distribution of tensile modulus in 7-P hemp mat 
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Figure B.3. Distribution of tensile modulus in 30-P hemp mat 

 

 
Figure B.4. Distribution of tensile modulus in 70-P hemp mat 

 

 

 
Figure B.5. Distribution of tensile modulus in 150-P hemp mat 

 

 

 

 

0

4

8

12

16

20

0 5 10 15 20 25 30 35 40 45 50

E
fuavg

= 27.05 GPa

F
re

q
u

e
n

c
y

Tensile Modulus (GPa)

0

5

10

15

20

25

30

35

40

0 10 20 30 40 50 60

E
fuavg

= 28.08 GPa

F
re

q
u

e
n

c
y

Tensile Modulus (GPa)

0

5

10

15

20

25

30

35

40

0 5 10 15 20 25 30 35 40 45 50 55 60

E
fuavg

= 29.257 GPa

F
re

q
u

e
n

c
y

Tensile Modulus (GPa)



242 

 

B.2 Tensile Strength of Hemp Fibers 

 

 

 
Figure B.6. Distribution of tensile strength in 2.6-P hemp mat 

 

 

 

 

 
Figure B.7. Distribution of tensile strength in 7- P hemp mat 
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Figure B.8. Distribution of tensile strength in 30–P hemp mat 

 

 
Figure B.9. Distribution of tensile strength in 70–P hemp mat 

  

 

 
Figure B.10. Distribution of tensile strength in 150–P hemp mat 
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APPENDIX C 

In this appendix the experimental FOD for    and   of hemp mats at different compaction 

pressures are presented.  

 

 

 
         (a) 

 

 
         (b) 

 

Figure C.1. Effect of compaction pressure on FOD for 7-P (a) in- plane orientation θ,  

(b) out of plane orientation φ  

 

 
(a) 
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(b) 

Figure C.2. Effect of compaction pressure on FOD for 30-P (a) in- plane orientation θ,  

(b) out of plane orientation φ  

 

 

 
 

               (a) 

 

 
(b) 

 

Figure C.3. Effect of compaction pressure on FOD for 70-P (a) in- plane orientation θ,  

(b) out of plane orientation φ 
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            (a) 

 

 

 

(b) 

 

Figure C.4. Effect of compaction pressure on FOD for 150-P (a) in- plane orientation θ,  

(b) out of plane orientation φ  
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C.2. Effect of Needle Punching on FOD of Hemp Mats 

In this section the predicted FOD of hemp mats after needle punching is compared with 

experimental FODs. 

 

 
(a) 

 

 

 

 

 
(b) 

Figure C.5. Predicted and experimental FOD of 7-P mat (a) in- plane orientation θ,  

(b) out of plane orientation φ  
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(a) 

 

 

 

 
(b) 

 

Figure C.6. Predicted and experimental FOD of 30-P mat (a) in- plane orientation θ,  

(b) out of plane orientation φ  

 

 

(a) 
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(b) 

Figure C.7. Predicted and experimental FOD of 70-P mat (a) in- plane orientation θ,  

(c) out of plane orientation φ  

 

 

(a) 

 

(b) 

Figure C.8. Predicted and experimental FOD of 150-P mat (a) in- plane orientation θ,  

(b) out of plane orientation φ  
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C.3. Effect of Compaction Pressure on FOD of Hemp Mats 

In this section the predicted FOD of hemp mats after compacting at pressures of 101, 260 

and 560 kPa are compared with experimental FODs. 

 

(a) 

 

(b) 

 

 

 
(c) 

 

Figure C.9. The predicted and experimental FOD of φ for 7-P mat in (a) 101 kPa and (b) 260 kPa 

(c) 560 kPa compaction pressure 
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(a) 

 

(b) 

 

(c)   

Figure C.10. The predicted and experimental FOD of θ for 7-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

 

 

 
 

(b) 

 

 

 

 
(c) 

 

Figure C.11. The predicted and experimental FOD of φ for 30-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

(b) 

 

(c) 

Figure C.12. The predicted and experimental FOD of θ for 30-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

 

 

 

 
 

(b) 

 

 

 

 

 
(c) 

Figure C.13. The predicted and experimental FOD of φ for 70-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

(b) 

 

 

(c) 

Figure C.14. The predicted and experimental FOD of θ for 70-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

 

 

 
 

(b) 

 

 

 

 
(c) 

Figure C.15. The predicted and experimental FOD of φ for 150-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 
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(a) 

 

 

(b) 

 

(c) 

Figure C.16.  The predicted and experimental FOD of θ for 150-P mat in (a) 101 kPa and (b) 260 

kPa (c) 560 kPa compaction pressure 

 


