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Abstract 
 

Open-architecture composite structures (O-ACS) can be seen as structures, optimized for weight, 

meant to be used as beams or columns, in applications where the stiffness to weight ratio of the 

structure governs the design. The transversely isotropic, braided composite yarn that is used to 

make O-ACS in tube form is important in making them light and strong.  Characterization of this 

yarn’s mechanical properties was the goal of this study. Young’s modulus along the axis was 

found using uniaxial tensile testing. Modulus along the transverse axis was found by performing 

transverse compression test and using Hertzian-contact model. Poisson’s ratio was found using 

an  image processing technique. Flexural modulus was found by performing a 3 point bend test 

and shear modulus was found using micromechanical modeling. Young’s modulus, Poisson’s 

ratio and shear modulus have also been calculated using the micromechanical model and good 

correlation was observed between the values found experimentally and from the 

micromechanical model.  

The bond strength of joints formed by these yarns is also an important property that would 

govern the progressive developments of the yarn in order to make lighter and stiffer tubes. Mode 

1 type of debonding of the joints has been studied and experimental techniques for finding the 

maximum load to failure of the joints have been developed. Four yarns with different jacket 

architectures have been tested and compared on the basis of their mechanical properties and bond 

strength of the joints formed.  Our initial work towards simulating the mode 1 and mode 2 type 

of debonding of the joints using finite element software and cohesive zone modeling approach, 

in particular, has been reported.                                            
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Chapter 1 Introduction and Literature Review 

 

Introduction 
Need for lightweight structures are rapidly increasing in all fields of engineering. Ever since the 

development of mass production of composite materials, in spite of being relatively more 

expensive, usage of these materials has rapidly increased. These materials are predominantly 

used in the aircrafts and high performance automobiles to make chassis, body parts, flooring, etc 

as well as civil engineering structures and space satellites.  

 These materials are being used extensively for their high strength to weight and stiffness to 

weight ratio. Some of the most popular materials being used in the industry currently are carbon 

fiber reinforced plastic and glass fiber reinforced plastic. These two are available in the forms of 

woven Matts, roving, pultruded rods, chopped-strand Matts, etc.  Development of innovative, 

repeatable manufacturing processes to produce these materials has made them less expensive 

than the other similar high modulus fibers like boron. Braiding has been one process which has 

been extensively used in the textile industry.  With advancements in computer controlled 

machinery, fabrics with endless possibilities of permutations and combinations can be mass 

produced on these machines.  

Braided sleeves of carbon fiber, glass fiber, KevlarTM, etc. have been sold in the market for 

several years now. Researchers in the past have also braided the tows of these fibers on a 

mandrel and cured them, resulting in an open truss structures [2]. 
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Overview of Previous Work 
Researchers from Auburn University have in the past developed a novel method of making open 

lattice structures or open architecture composite structures as shown in Figure 1 .These structures 

were made by braiding a yarn, made of a bundle of prepreg carbon fiber tows covered with a 

braided jacket of textile fiber.  

 

Figure 1: Open architecture composite structures in the past [2] 

Several aspects of these tubes were studied. Developing a novel manufacturing method required 

a thorough understanding of the braiding technology. Lace braiding technology was explored 

initially as a solution to engineer pattern controlled braided structures [2]. Lace braiding 

technology allows the user to control each yarn individually which made it one of the most 

versatile technology solutions in braiding [3].  Traditional horizontal maypole braiding machine 

was used next when the lace braiding technology was found to not give desirable results. After 

many efforts, a horizontal maypole braiding machine was found to work well. A novel jacket 

architecture called the true tri axial weave was successfully made on a horizontal braiding 

machine [2]. This jacket architecture was later found to be the most efficient architecture for a 

braided composite yarn.  

Tensile modulus and tensile strength of the braided yarn were found experimentally [2]. Flexural 

modulus was found by 3 point bend test. Nondestructive testing methods like infrared 

thermography was used to evaluate damage in the tubes which were subjected to 3 point bend 

test [5]. Shear modulus of tubes under torsion loads was also found experimentally and verified 

using finite element methods [1].  
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Detailed CADS models representing geometry of the braided tubes were developed.  Detailed 

ground work was laid prior to this study to understand the potential, importance and impact of 

the open architecture composite tubes in the industry.  

Prior to the efforts of our research team. Open lattice composite structures have been developed 

by other researchers. These similar projects include the Iso truss, developed by researchers in 

Brigham Young University [8], Utah and an open lattice pyramid structures by researchers in 

Virginian Tech University [9], as shown on in Figure 2 .  

 

(a) (b) 

Figure 2: (a) Isotruss, (b) Open lattice composite pyramidal structure 

From the initial literature review of the prior work done in these tubes, one of the important 

conclusions was the need to improve the yarn to improve the performance of the tube under 

various types of loading conditions. The work presented in this study is our efforts in understand 

the yarns from a mechanical engineering point of view and improving them. It is also a 

secondary goal of this study to understand the micro strength of the joints formed by these yarns 

and effect of joint strength on the performance of the O-ACS. 

Overview of Yarn Manufacturing  

Introduction 

Open architecture tubes are made by over braiding the composite yarn on a mandrel that serves 

as a preform [3]. Both the tube and the yarn are made on a horizontal braiding machine. The 

composite yarn is a hybrid, with the core made of a high modulus fiber for strength purposes and 

a braided jacket, surrounding the core, made of textile fiber for improved braid ability [2]. The 

core is made of prepreg high modulus fibers like carbon fiber. This prepreg tow, apart from the 
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strength advantages, has a disadvantage that it is sticky and thus does not have good braid ability. 

It is the jacket of the yarn that improves the braid ability of the yarn.  It also protects the yarn 

from foreign media and protects the yarn from damage while braiding. Most importantly it is 

found to consolidate the yarn cross section and increase the packing density of the cross section. 

Manufacturing Process  
Figure 3 [2] shows a horizontal braiding machine and the yarn made by the machine. Figure 3 is 

a schematic of the setup showing the horizontal braiding machine, take-up mechanism and the 

stand at the back that holds the spools of prepreg tow.   

 

Figure 3 : Horizontal braiding machine and take-up mechanism 

 A computer with software that controls a motor that governs the take-up speed of the yarn being 

made [4] was used previously to set the take-up speed. 

Pioneering work on the manufacturing the yarn was done by researchers from our team, in the 

past. Yarns of different jacket architectures were tested to understand the effect of jacket on the 

core [2]. Damage in the yarns of an open architecture tube was studied using non-destructive 

testing schemes [5]. In this study, the aim of the research has been to better understand the yarn 

from the perspective of its mechanical properties. For this purpose, yarns with same core, similar 

jacket architecture but different types of textile fiber (of varying denier count), and different 

amounts of carbon fiber (prepreg or dry) in the jacket have been studied. Four types of yarn were 

made.   
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Table 1 shows the composition of each  type of yarn. 

Table 1 : Yarns and their composition 

                                                         

 The yarns mentioned in Table 1 were manufactured and tested for different mechanical 

properties. A detailed process flow of the manufacturing of the yarns is shown below. The yarns 

made, were cut to a length of 30 cm and cured for 3 hours at 1250C, while being clamped with in 

a fixture, for maintaining them straight and with least amount of twist. The properties of the 

prepreg core and resin were used from the respective datasheets [6][7]. 

 #1 #2 #3 #4 

Core 48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

Jacket Helicals 

(clockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D  

nylon (carpet 

yarn) 

4 X 400 D 

nylon (carpet 

yarn) 

Jacket Helicals 

(anticlockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D 

nylon (carpet 

yarn) 

4 X 400 D  

nylon (carpet 

yarn) 

Jackets Axials 4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

8 X 3K T300 

prepreg 

4 X 400 

VectranTM 
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Figure 4: Yarns #1, #2, #3 and #4 (from top to bottom) 

Figure 4 shows the yarns of different jacket architectures mentioned in Table 1. The braid angle of the 

helical yarns is governed by the Equation 1. 

𝛼 = tan−1(
𝜔𝑟
𝜐

) Equation 1 
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Decide on core 
size and type of 

fibers for the core 
and the jacket  

Setup the 
braiding  machine 

Set the 
parameters for 

braiding process 

Make yarn 

 

1 
•Depending on the application, decide on core size . 
•36 K / 48 K  high modulus prepreg  fiber tow 

2 
•Textile fiber as helicals in the jacket  
•Example:  kevlar, nylon, vectran of a particular denier 

count 

3 
•Prepreg /dry high modulus fiber as axials in the jacket  
•Example : 3K T300 prepreg/dry, 3K glass fiber prepreg 

 

4 
•Setup the prepreg tows at the back of the braiding machine  

5 
•Wind the textile fibers on the bobbins   

6 
•Setup the bobbins  with the helical fibers for the jacket, on the 

appropriate carriers on the front side of the machine 

7 
•Setup the bobbins/ spools with axial fibers of  the jacket, on 

carriers at the backside of the machine 

 

8 
•Decide on the braid angle required 
•Example: 22.5, 33.75, 45 (angle in degrees)  

9 
•Using  (1), find the correct combination of angular velocity 

and take up speed that results in the required braid angle  

10 
•Set the angular velocity for the braiding machine 
•Set the velocity for the take-up machine 

 

11 
•Watch the braiding machine and the take-up machine 
carefully while the yarn is being braided 

12 
•Replace/refill the bobbins/spools once the fibers on 
them are used up 

13 

•Cut lengths of yarn required on each bobbin , for 
making the open architecture tube 
•Wind the yarn on to the bobbins  
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Material Characterization 
Composite materials are non-homogenous materials. This non homogeneity, results in behavior 

of the material being dependent on the load and the manner in which the load is applied. Thus 

these materials have a larger number of unique constants than the homogenous metals.   To find 

the number of unique constants that would fully define a given composite it is necessary to 

categorize it amongst one of several types of non-homogeneities.  Following are the types: 

1. General Anisotropic materials 

These materials have symmetry present. There are 21 independent constants that define the 

material [10]. 

2. Monoclinic materials 

These materials have one plane of symmetry. This one plane of symmetry reduces the 

number of independent constants from 21 to 13 [10]. 

3. Orthotropic materials 

These materials have 3 mutually perpendicular planes of symmetry. These materials have 9 

independent constants. A single ply unidirectional laminate is an example of orthotropic 

materials [10]. 

4. Transversely orthotropic 

These materials have one plane of material symmetry and also the mechanical behavior along 

that plane is the same everywhere and thus isotropic in one direction. There are 5 

independent elastic constants for such a material. A multilayered unidirectional composite 

sheet is an example of this [10].  

The braided yarn is made of multiple layers of prepreg tows as shown in fig and is thus 

similar to a transversely isotropic material. 

Equation 2 shows the simplified strain-stress relationship matrix [10]. 
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⎣
⎢
⎢
⎢
⎢
⎡
𝜖1
𝜖2
𝜖3

ϒ23
ϒ13
ϒ12⎦

⎥
⎥
⎥
⎥
⎤

=

⎣
⎢
⎢
⎢
⎢
⎡

1/𝐸1 −𝜈12/𝐸1 −𝜈31/𝐸1 0 0 0
−𝜈12/𝐸1 1/𝐸1 −𝜈31/𝐸1 0 0 0
−𝜈13/𝐸1 −𝜈13/𝐸1 1/𝐸3 0 0 0

0 0 0 1/𝐺13 0 0
0 0 0 0 1/𝐺13 0
0 0 0 0 0 2(1 + 𝜈12)/𝐸1⎦

⎥
⎥
⎥
⎥
⎤

 

⎣
⎢
⎢
⎢
⎢
⎡
𝜎1
𝜎2
𝜎3
𝜏23
𝜏13
𝜏12⎦

⎥
⎥
⎥
⎥
⎤

 

Equation 2 

 

In the Chapters to come we have found Young’s modulus along the axis (EL), modulus along the 

transverse axis(ET), major Poisson’s ratio (νLT) and torsion modulus (GLT). Flexural modulus of 

the yarns and load to failure for the joints formed by the yarns are also reported. 
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Chapter 2 Young’s modulus along the axis 

 

Introduction 

Open architecture tubes are made of braided yarns, some running along the axis and some 

revolving around the axis  in a helical path as shown in Figure 5 .The behavior of the tube under 

tensile loads, the flexural stiffness of the tubes and behavior under buckling loads are dependent 

on tube geometry and yarn stiffness. Tube stiffness is directly dependent on the stiffness 

properties of the yarn. Mathematically, the axial components of the stiffness for the yarns along 

the axis and the yarn along the helical path can be added up by the theory of superposition to 

form the global stiffness matrix of the tube [2]. 

 

Figure 5 : Tube with axial and helical yarns marked for the stiffness 

Because of this direct relevance of the strength of the axial yarn to the strength of the tube, it is 

very important to study the properties of the braided yarn. For this study, uniaxial tensile tests on 
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the yarns were done to find the Young’s modulus along the axis. Yarns with different jacket 

architectures (Table 2), with diameter ranging between 2 to 3 mm were studied over the course of 

this research. Thus, for doing tensile tests, the braided yarn can be tested in a manner similar to 

testing thin metal wires, ropes, and filaments of textile fibers. All these three were found to be 

similar to the braided yarns in of their geometrical attributes.  

Table 2: Yarns and their composition 

 

Researchers in the past have studied tensile behavior of wires [2]. Tensile tests on single 

filaments have been done [1,7]. Researchers have also performed tensile tests on three 

dimensional braided composite structures [4,5] .The most popular method for performing the 

tensile tests is the usage of universal tensile testing machine. ASTM Standards for tensile testing 

of the single textile fiber [8] and high modulus single filament materials [9] were consulted. No 

standard test procedures have been made for thin cylindrical composites, similar to the braided 

yarn. This meant that a new test would have to be designed for these yarns. These 

 #1 #2 #3 #4 

Core 48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

Jacket Helicals 

(clockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D  

nylon (carpet 

yarn) 

4 X 400 D 

nylon (carpet 

yarn) 

Jacket Helicals 

(anticlockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D 

nylon (carpet 

yarn) 

4 X 400 D  

nylon (carpet 

yarn) 

Jackets Axials 4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

8 X 3K T300 

prepreg 

4 X 400 

VectranTM 
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aforementioned ASTM standards gave several insights to design a tensile test for the braided 

yarn.  

Test Setup  

From the literature review it was decided that the braided yarn would be clamped directly into 

the clamps of the UTM. In order to get the Young’s modulus, the yarn would be loaded within its 

elastic limits. As per the ASTM standards, the gauge length of the tensile test specimen should 

be equal to or more then 1.5 to 4 times the width of the specimen [10]. Since the yarn has a very 

small diameter, the gauge length of the specimen during the tests did not pose any difficulty.  In 

the past, researchers from our team have tested the yarn with end caps as shown in Figure 6. 

        
(a)                                                                             (b) 

Figure 6 : Tensile test sample with(a) and without (b) end tabs 

The yarn with potted end caps were made by potting room temperature cure epoxy resin in pipe 

fittings with the head drilled out for the yarn to go in. The yarn in Figure 6 was clamped within 

the pneumatic grips of the Universal Tensile Machine (UTM) as shown in the Figure 7. Data 

could be recorded in two ways. The first method was using an extensometer based on rotation of 

lead screws in the load frame and the second was a video extensometer connected to the machine 

externally.  

Video Extensometer 
The working principle of the video extensometers is based on 2D digital image correlation. A 

full view camera records the digitized image of the sample before the loading starts. Care has to 

be taken to see that the distance between the camera and the specimen remains constant during 
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the test. Also, constant illumination is achieved by having a separate source of illumination as 

shown in the Figure 7. 

                                                                                      

Figure 7 : tensile test strain data recording using video extensometer 

Using white paint, markers were drawn on the surface of the specimen. The markers need to be 

distinctly sharp so that the contrast between the markers and the background ensure correct edge 

detection and tracking by the camera software. The target position is detected at the edge of a 

contrast transition and is hence not affected by changes in target width. The camera detects the 

markers put on the specimen and calculates the distance between the markers, thus giving the 

user the initial gauge length. Now as the test starts and the applied load causes deflections, the 

camera detects the changes in gauge length from frame to frame and converts into the 

displacement relative to the initial gauge length [21]. Since the displacement is calculated with 

respect to the initial gauge length and not the previous gauge length, the strain measured is the 

engineering strain and not true strain.  

Method 

The UTM was set to record the load and the deflection data. The UTM uses this data to generate 

a stress Vs strain graph using the formulae shown below [21] 

 Equation 3 

Stress, σ = 𝑳𝒐𝒂𝒅,𝑳 
𝑨𝒓𝒆𝒂,𝑨
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In our case, σ = 𝟒𝑳 
𝝅𝒅𝟐

              

 

Equation 4 

For Young’s modulus, the system uses a least square routine to construct a line between the 

bounds specified. It would interpolate the start and the end values if the values do not match the 

actual data points as shown in the Figure 8 [11].  

 

Figure 8 : Least squares fit for the data points 

                               

Dividing the tensile stress by the corresponding strain for each data point, Young’s modulus is 

obtained [14] as shown in Equation 5. 

Young’s modulus, Y=
𝑳𝒐𝒂𝒅 𝒂𝒕 𝒑𝒐𝒊𝒏𝒕 𝒐𝒏 𝒕𝒂𝒏𝒈𝒆𝒏𝒕

(𝒐𝒓𝒊𝒈𝒊𝒏𝒂𝒍 𝒘𝒊𝒅𝒕𝒉)(𝒐𝒓𝒊𝒈𝒊𝒏𝒂𝒍 𝒕𝒉𝒊𝒄𝒌𝒏𝒆𝒔𝒔)
𝒆𝒍𝒐𝒏𝒈𝒂𝒕𝒊𝒐𝒏 𝒂𝒕 𝒑𝒐𝒊𝒏𝒕 𝒐𝒏 𝒕𝒂𝒏𝒈𝒆𝒏𝒕

𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝒈𝒂𝒖𝒈𝒆 𝒍𝒆𝒏𝒈𝒕𝒉

                

 

Equation 5 

Figure 9 shows a detailed flowchart of the steps taken to find the Young’s modulus of the 

braided yarn. 
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Figure 9 : Process flow for tensile modulus 
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Results 

Four yarns of different construction, mentioned in the earlier section, were tested. It is important 

to note that all the different types tested had the same core of 48 K T700 tow. The difference was 

in the jacket. Yarn #1 and #2 had 8 X 400 denier KevlarTM and 8 X 400 denier polyester fiber 

respectively. Both these yarns had 4 X 3K T300 prepreg tow and 4 X 3K T300 dry carbon fiber 

tow. Yarn #3 had 8 X 1000 denier tufted nylon in the jacket alongside 4 X 3K T300 prepreg tow. 

Yarn #4 had the 12 X 300 denier VectranTM fiber in the jacket with no carbon fiber in the jacket.  

Thus #4 had the least amount of carbon fiber amongst the all the yarns tested (Table 1).  

Load Vs axial strain (%) was plotted using the load and displacement data. This data was further 

used to plot the stress Vs strain graph. The stress Vs strain graph is usually plotted internally 

inside the machine to calculate the Young’s modulus. Figure 10 shows a representative Load vs 

axial strain (%) graph for yarn #2. 

 

Figure 10 : Graph for load Vs axial strain for samples for the Young’s modulus, Yarn #2 

Similar graphs were obtained for the 4 types of yarns tested. Young’s modulus was found for 

each of the 7 samples tested per yarn and results are listed in the Table 2 
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Table 3 : Young's modulus along the axis for different yarns 

                       Yarn type 

Sample number 

EL  for 

#1 (GPa)  

EL  for #2 

(GPa) 

EL  for #3 

(GPa) 

EL  for #4 

(GPa) 

1 101.61 117.57 111.49 97.17 

2 113.88 121.13 110.64 86.85 

3 104.82 104.53 96.57 107.47 

4 130.63 115.73 136.62 119.37 

5 116.73 104.86 108.21 96.82 

6 122.07 124.121 108.43 90.49 

7 113.92 118.46 117.93 85.178 

Average 114.81 115.20 112.84 97.62 

Standard Deviation 9.85 7.65 12.27 12.19 

 

 

Figure 11: Comparison of Young's moduli for different yarns 
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Conclusion 

Figure 11 shows the comparison of 4 yarns with respect to the averaged Young’s moduli. From 

the Table 1 it can be seen that the yarns #1 and #2 have a very similar composition, the only 

difference being the type of textile fiber used in the jacket. They are found to have a near equal 

average Young’s modulus. Yarn #4 has no carbon fiber tow in the jacket and thus the relatively 

low Young’s modulus. Yarn #3 was found to have a higher value of Young’s modulus than yarn 

#4 since it had more number of carbon fiber prepreg tows in comparison. It was found to have 

slightly lesser modulus than yarn #1 and #2. This was because of more number of carbon tows in 

yarn #1 and #2. Yarn #1 and #2 have 4 prepreg and 4 dry carbon fiber tows, whereas yarn #3 

only has 4 prepreg tows in the jacket.   

Though the Young’s modulus of the yarn is an important property, it is worth noting that O-ACS 

tube made of yarn with high modulus may not have the highest tensile modulus in comparison to 

the O-ACS tubes made of the other 3 yarns. This was found from our work on the joint strength 

of the yarns, which is discussed in Chapter 6. The tensile modulus of the O-ACS tube depends 

not only on the tensile modulus of the joint but also on the strength of joints formed by the yarn. 

A pure tensile load on a tube would cause the axial and the helical yarns to extend. The helical 

yarns would have a tendency to straighten. The stiffness of the helical yarns along the axis of the 

tube would be less than that of the axial yarns. This mismatch would cause the joints to fail with 

mode 2 type of debonding. Thus it is worth noting that improving the tensile stiffness of the O-

ACS tubes is dependent not only on the tensile modulus of the yarn but also on the stiffness of 

the joint along the tangent direction. 
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Chapter 3 Compressive Modulus, ET and Flexural Modulus 

 

Compressive Modulus in Transverse Direction 

Introduction 

 In this chapter transverse properties of the yarn are studied.  Often, the open architecture tubes 

are subjected to bending and crushing (compressive) loads. In these loading scenarios the yarn 

undergoes diametric compression for a brief moment. The transfer of loads through the cross 

section of the yarn can be understood by finding the transverse modulus of the yarn. This is also 

necessary to understand the load transfer mechanisms through the joints of the tube, the 

compressive strength of the yarns, important for developing a method of connecting the open 

architecture tubes.    

Extensive work has been done in the past on the axial properties of high modulus, highly 

oriented single fibers and bulk fibers. Little work has been on the transverse properties of these 

fibers. For highly oriented fibers, the ratio between axial and transverse elastic modulus has been 

found to be as high as 170 [1].  Kawabata et al have fully defined the compliance matrix for 

anisotropic high performance fibers based on their tests on single filaments [2]. Transverse 

properties of multiple fibers have been studied [1], researchers have done transverse compression 

tests on thick monofilaments [3]. Burgoyne and Brown have determined transverse properties of 

bulk of aramid fibers [4]. Transverse modulus for single filaments has been found with nano 

indentation [5]. Also the complexity involved in modeling a bulk of fibers under transverse 

compressive loads using finite element method is much more than that for modeling single yarns 

[13].  
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The braided yarn has a core made of 48K high modulus prepreg carbon T700. Approximate 

diameter of each filament is around 5-6 micrometer.  It has been shown by the researchers in the 

past that properties of single fibers are not representative of the multiple fibers of the same kind 

[4]. This is because resin fills the spaces between fibers and air voids, packing density in the 

cross section and introduction of foreign particles during the process of manufacturing. Thus for 

this study all the tests were performed on the fully cured composite yarn instead of the single 

filaments as the properties of the bulk of fibers were of interest. Another reason for this was also 

that the braided yarn is an assembly of different kind of textile fibers and at different orientations 

in the jacket and the core and thus testing single fibers of each kind would not be representative 

of the final yarn. 

The way the braided fibers are loaded and unloaded during the test is of prime importance. The 

modulus of the yarn measured while being loaded for the first time and the modulus measured 

after unloading and reloading of the same yarn can be different [4]. This is because of the re-

adjustments and movement of the fibers on the top section of the yarn where the load is applied. 

The amount of spacing between filaments in the yarn and packing density are important 

properties that affect the behavior of yarn under compressive loads [13].The bulk of fibers would 

tend to get stiffer as the few initial loading cycles are applied. The elastic modulus is 

underestimated if the compressive load is causing a considerable amount of localized 

deformation. Thus it is important to make sure that the compressive load applied is distributed 

over an area and is not acting as a line load. Four types yarns with different jacket architectures 

were tested (Table 4). 
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Table 4: Yarns and their composition 

 

  

 #1 #2 #3 #4 

Core 48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

Jacket Helicals 

(clockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D  

nylon (carpet 

yarn) 

4 X 400 D 

nylon (carpet 

yarn) 

Jacket Helicals 

(anticlockwise) 

4 X 400 D 

Polyester 

4 X 400 D 

KevlarTM 

4 X 1000 D 

nylon (carpet 

yarn) 

4 X 400 D  

nylon (carpet 

yarn) 

Jackets Axials 4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

4 X 3K T300 

prepreg 

4 X 3K T300 

dry 

 

8 X 3K T300 

prepreg 

4 X 400 

VectranTM 
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Experimental Setup 

A universal tensile testing machine, InstronTM 5565 was used and a custom made loading device 

made of aluminum was used for loading the yarn. An aluminum cylinder with 73.5 mm diameter 

was used. The large diameter of the face would ensure that length over which the load would be 

applied is distributed over several fibers on the top surface and does not cause localized plastic 

deformations. The yarn was rested on a stiff steel plate and taped on to the surface to prevent the 

lateral movement and rolling of the yarn as shown in Figure 12 . 

 

Figure 12 : Test fixture for transverse modulus test 

In order to find the transverse modulus, a Hertzian-contact model, for the isotropic and 

transversely isotropic material was used. This Hertzian-contact model has been described briefly 

in the following section. 

Hertzian Contact Model 

Researchers in the past have used two kinds of methods for calculating the transverse moduli [6] 

of single filaments. Both the methods are based on Hertzian-contact problem of an isotropic 

cylinder compressed between two rigid, parallel platens. Some have modeled contact between 

the upper and lower plates as a distributed load [1] and some have modeled it as a line load at the 

bottom and distributed load at the top [3].Both the models have been found to give identical 

stress distributions [6,7]. Jawad and Ward’s model results in equations simpler to fit the 
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experimental data and thus this model was used for our purpose. Jawad and Ward used a contact 

patch width of 2b, shown in Figure 13. 

 

Figure 13 : loading condition and cross section for single fiber transverse compression test 

 Equation 6 

𝒃 = �𝟒 (ŝ𝟏𝟏)(𝑭)(𝑹)
𝝅

                                                        

 Equation 7 
Here, ŝ 11 = s11-(s13)2/s33=1/E2-(ν12)2/E1                       

In the equation above, since the value of E1 is very large compared to ν12 and square of ν12 would 

be a very small number, the second term in Equation 5.  

ŝ 11≈ s11                   

 

Equation 8 

Now from the Hertzian contact theory, Jawad and Ward simplified the load-deflection curve as 

follows 

𝐔𝐲 = 𝟒(𝑭)(ŝ𝟏𝟏)
𝝅

[𝟎.𝟏𝟗 + 𝐚𝐫𝐜𝐬𝐢𝐧𝐡 (𝑹
𝒃

)]                       

 

Equation 9 

This equation was further simplified using Equation 4 and Equation 7 as follows: 
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Uy=
𝟒(𝑭)
𝝅(𝑬𝟐)

[𝟎.𝟏𝟗 + 𝐚𝐫𝐜𝐬𝐢𝐧𝐡 �𝝅 (𝐄𝟐)(𝑹)
𝟒𝑭

]                 

 

Equation 10 

Method of Calculations 
Equation 9 is a nonlinear equation and thus MATLABTM was used to solve the equation. 

Function ‘fzero’ was used to solve the equation. This function is used to find roots to a nonlinear 

function. The function requires 2 arguments, for example fzero (f(x), a). Here f(x) is the function 

with unknown roots and a is an initial best guess. The function ‘fzero’ tries to find the unknown 

root of the defined function that makes the function go to zero. Thus the solution is found where 

the defined function changes sign. Function ‘fzero’ begins at a and tries to locate a 

point ‘x’ where f(x) has the opposite sign of f (a). Then function ‘fzero’ iteratively shrinks the 

interval where f(x) changes sign to reach a solution [11]. 

The raw data of force, displacement and time was obtained from the tensile testing machine and 

processed to find the first derivative of the load and displacement, as done by researchers in the 

past [1,12]. This first derivative of the load and displacement was found simply by subtracting 

the current value of force at a data point from the value of the previous data point ie f2 – f1 and 

similarly y2 – y1 . The Hertzian-contact model used, required the input of force in terms of force 

applied per unit length,[3,6] and thus the gradient of force obtained was divided by the length of 

yarn under the load. ET was now found by fitting the data of first derivative of load and 

displacement to Equation 9.   
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Process Flowchart 

 
Figure 14: Process flow for finding ET 
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Method Verification 
It was important to verify the test setup, method and procedure before testing the braided 

yarns. This could be done by finding the transverse modulus of solid cylindrical composite 

tubes, of who’s the value of transverse modulus would be known.  Jawad and Ward had found 

the transverse modulus of nylon 6,6 , thin solid cylindrical rods using the Hertzian contact 

model for transversely isotropic materials. 

 

(a)                                                                                     (b) 

 

                                              (c) 

Figure 15: Graph of Transverse modulus, ET Vs Force for four specimens tested 

3 samples were tested and maximum transverse modulus was noted. It was observed that with 

the increase in force, the slope of the graph of transverse modulus Vs force decreased gradually 

Nylon 6,6 Nylon 6,6 

Nylon 6,6 
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and thus the values of transverse modulus became more and more stable as the force 

increased.  

Table 5: Maximum transverse modulus for Nylon 6,6 rods 

Specimen number ET(max) (GPa) 
1 1.49 
2 1.53 
3 1.59 
Average 1.54 

 

An average modulus of 1.54 GPa was obtained, as shown in Table 3. The published value of 

transverse modulus found was 1.6 GPa. The value found experimentally and the published 

value was found to be close and thus this proved the credibility of our setup, method and 

procedure. 

Results 
A graph of ET Vs force, was plotted for the all the samples tested. Figure 15 shows representative 

graphs of each yarn tested. 

 

                                     (a)                                                                    (b) 
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(c)                                                                      (d) 

Figure 16: (a), (b),(c),(d) shows ET Vs Time for one  specimen each of yarn #1, #2, #3, #4 

Linearly increasing values of ET were obtained. This was because of the yarn made of several 

thousand filaments of prepreg carbon fiber and textile fiber. The braided yarn is not a filament by 

itself (for which the Hertzian-contact model is defined) but a bundle of several different fibers. 

During the application of load, as the yarn cross section is compressed, the packing density of the 

fibers of the cross section increases and this causes the yarn to stiffen progressively with the 

increase in load and thus time.  

Now, all the test specimens were loaded to 3500 N during the course of test. Thus ET at the same 

load would be comparable to find the yarn that performed the best in these tests. Thus, it was 

decided that ET(max) would be considered as the value which of transverse modulus to compare 

the performance of each yarn. Table 3 shows the results for ET(max)  all the 4 types of yarns tested. 

Table 6: ET(max) for yarn #1, #2,#3,#4 

                        Type of yarn 

Sample number  

Et for #1 

(GPa) 

Et for #2 

(GPa) 

Et for #3 

(GPa) 

Et for #4 

(GPa) 

1 1.88 1.87 1.10 1.86 

2 1.85 1.37 1.10 1.67 

3 1.6 1.44 1.06 1.62 

4 1.57 1.33 1.14 1.57 

5 1.87 1.42 1.33 - 

Average Et(max) 1.75 1.49 1.15 1.68 
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Standard Deviation 0.155 0.218 0.106 0.126 

Conclusion 
The values of ET(max) found for yarns #1,#2,#3 and #4 are in the range of 1 to 2 GPa. The values 

are found to be relatively close with the difference between the maximum and minimum being 

600 MPa. This is because of all the yarns having the same core. The approximate diameter of the 

core in all the 4 types of yarns is 1.8 to 2 mm. The fibers in the jacket account for the rest of the 

diameter. The undulation of the helical and the axial fibers in the jacket does not affect accuracy 

of the calculation of ET to a large extent. Though no published data has been found that reports 

on the transverse modulus of prepreg composite carbon fiber yarns of circular cross, the value of 

ET obtained for the yarns is similar to that found for KevlarTM KM2 fibers which have Et of 1.34 

GPa [13].  

Transverse modulus of the yarn is an important property for the hoop strength of the O-ACS 

tubes. These tubes are not currently being used in applications where hoop strength of the tubes 

is important (example: O-ACS tubes used to make pressure vessels). The increasing nature of the 

transverse modulus is because of the increase in packing density of the yarn while being 

compressed. This means improving the packing density could improve the transverse modulus of 

the yarn. However, it should be noted that excessive increase in packing density could cause 

fiber breakage.  
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Flexural Modulus 

Introduction 

Flexural modulus of the yarns can be found by various tests. The most widely used techniques 

involve the 3 point bend test, the 4 point bend tests.  The ASTM standards and guidelines were 

followed for performing these tests. Though it was found ASTM D790 [8], Flexural properties 

for reinforced plastics describes the procedure, calculations and guidelines for the test setup for 

laminate composites. Braided yarn is circular in cross section and thus the calculations for the 

stress and cross section area varied from the prescribed by the ASTM standards.   

As prescribed by the ASTM standard D 790 the length to depth (l/d) ratio in the beams for a 3 

point bend test should be above 16:1 [8]. These dimensional details make sure that there is 

negligible amount of shear deformations at the point of loading. Length to depth ratio lesser then 

16:1 leads to stiffening of the beam and thus over estimates the flexural modulus.  

Test Setup  

Braided yarns of 4 kinds of different architectures were tested [Table 1]. Yarns of length 8 inches 

were used for the test. Span length for all the samples was kept to 6 inches with 1 inch over hang 

on the either side. All tests were performed on InstronTM 5565 using a 3 point bend fixture as 

shown in Figure 16.The load and displacement data was extracted for all the tests from the 

InstronTM machine and this data was further used to generate the Stress Vs Strain curves for the 

samples.  

 

 

Figure 17: 3 point bend fixture for flexural modulus 
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Results 

From the load and displacement data the stress and strain were calculated at all the points using 

the formulae [9,10] shown below: 

 

Stress, σ = 𝐹𝐿
𝜋𝑟3

 Equation 11 

                         

Strain, ϵ = 6𝐷𝑑
𝐿2

 Equation 12 

                

Here F is the force, L is the span length, r is the radius, and D is the deflection of the center point 

and d is the diameter  

7 samples of each type of yarn were tested. Figure 17 show the Stress Vs Strain graphs for yarn 

#1, #2, #3, #4.  
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                                                                         (b) 
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                                                                             (d) 

Figure 18 : (a),(b),(c),(d) Stress Vs strain graph for #1, #2, #4, #3 

Table 4 shows the value of flexural modulus obtained and Figure 18 shows the comparison of the 

flexural moduli for the different yarns tested.  

 

Table 7: Flexural modulus values for yarns 

             Type of yarn 

Sample No 

#1 (GPa) #2(GPa) #3 (GPa) #4(GPa) 

1 74.510 69.95 84.25 78.66 

2 72.803 74.79 79.34 81.74 

3 68.157 70.29 80.79 76.02 

4 69.314 68.96 81.04 79.51 

5 75.151 75.92 78.56 77.96 

6 66.476 77.40 79.34 79.44 

7 72.386 80.98 76.84 81.97 

Average Flexural 

modulus 

71.257 72.44 80.02 78.86 
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Standard Deviation 3.307 4.474 2.334 2.085 

 

 

 

Figure 19: Graph comparing flexural modulus for yarns #1,#2,#3 and #4 

 

Conclusion 

From the results it is seen that the flexural modulus remains nearly the same for the yarns tested. 

This is because all the 3 different types of yarns tested have the same core ,that is, 48K T700 

prepreg tows. Though the yarn #1 and #2 have excess prepreg carbon tow and dry carbon tow in 

the jacket relative the jacket of yarn #4  , their flexural modulus was not found to be higher than 

that of yarn #2.  
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Chapter 4 Poisson’s Ratio 

 

Introduction 

Strain under load as well and the Poisons ratio is critical to the understanding of mechanical 

properties of materials, but is often difficult to measure.   In composites, we should know these 

properties for both the textile reinforcing material, and the finished composite.  The attachment 

of strain gages or a one dimensional (line) camera have proved useful in determining strain in 

one direction, typically the test direction in tensile testing of materials. Beginning in the early 

1980’s, a photographic/video technique known as Digital Image Correlation, or DIC, has been 

available to measure the deformation in two dimensions simultaneously.  We have developed a 

system using off the shelf hardware components and freeware subroutines in MATLABTM to 

accomplish DIC measurements for strain and Poisons ratio on carbon epoxy composites. This 

effort is illustrated by application of DIC to a carbon fiber reinforced composite material during 

a tensile test. The difficulties encountered and the results of our testing are reported. 

Open architecture composite tubes made by braiding prepreg Carbon Fiber Reinforced Polymer 

(CFRP) have a high strength/stiffness to weight ratio and thus might be used extensively in 

minimal weight applications. Much work has been done on the manufacturing process [9, 11], 

citing its potential in minimal weight applications [12] and design possibilities [10] in the past 

few years.  For the development of these tubes from the minimal weight applications to a broader 

application where they are being used as structural reinforcement members for architectural 

structures, it is important to understand the building block of these tubes and that is the 

composite yarn, from which the tubes are constructed via braiding. 
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This composite yarn is made of pre-impregnated CFRP tow in the core and a textile yarn as a 

braided jacket. This structure not only gives the yarn reasonable braid ability but importantly, 

also gives the CFRP tow geometric stiffness. A good understanding of this marriage requires us 

to know all the intrinsic mechanical properties of the resultant yarn. Currently, work is being 

done on finding the modulus of elasticity and shear modulus along the three axes of the 

composite yarn. This paper represents our work done in finding the Poisson’s ratio of the yarn 

along the local x and y axes as shown in the Figure 19 

 

Figure 20: Braided yarn with local x and y axes, 2.03mm diameter before loading 

There are several techniques that have been used to find Poisson’s ratio for different kinds of 

materials and geometries. Usage of strain gauges to find Poisson’s ratio [13] has been the most 

popular technique. Researchers have also used nondestructive techniques like X-ray methods [4] 

for thin films, beta-ray absorption methods [1] for rubber tapes, impact echo methods for solid 

circular rods [2], extensometers  and strain gauges for studying fatigue in composites by 

monitoring Poisson’s ratio [5] . One shortcoming in these non-destructive methods and usage of 

extensometers is that they are either or low precision and accuracy, or are extremely expensive 

for the initial setup.  A new in-expensive technique, 2D digital image correlation, which has been 

used extensively in the past for full field measurements, has been used for finding Poisson’s ratio 

in this study.  

While the implementation of 2D DIC with high end cameras and commercially available 

software codes can be prohibitively costly, we have used an open source MATLABTM code 

jointly developed by researchers in John Hopkins University and Karlsruhe Institute of 
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Technology (KIT), Karlsruhe, Germany [14]. We have used a stereo microscope and a 10MP 

CMOS array digital camera for the microscope to record data. 

Usage of 2D DIC for a yarn having circular cross section poses several challenges pertaining to 

correlation of the subsets, accuracy of the strain data, and size of the speckles. Our approach in 

overcoming these challenges has been discussed in this paper in the later sections. 

Principal of 2D Digital Image Correlation 

Since 1980s, several optical methods for finding the state of stress and strain over an entire field 

of view of the test specimen have been developed. Digital Image correlation is a white light non 

interferometric method that is capable of giving full field measurements. This has advantages 

over strain gauges which can only detect strains; only in the region they are attached. In DIC, 

images are recorded at the time of load application and then the each image is compared to the 

base image by matching a set of pixels in the subsequent image to the same set of pixels in the 

base image. The area of interest over which the displacements are to be tracked is covered with 

speckle pattern spray painted or applied with a brush. Each pixel in the image on which the 

speckle pattern is applied now has a unique gray scale intensity which is unique and unlike any 

other pixel in the image. The DIC code employs a correlation algorithm that correlates a set of 

pixels with certain grayscale intensity to the same set of pixels in the base image. Correlation 

algorithms are used for this purpose. The gray scale intensities change abruptly from pixel to 

pixel in an image and this can cause difficulties in the process of correlation. This is overcome 

by smoothing the intensities over the full image using different kinds of smoothing functions like 

bi-linear interpolation, bi-cubic interpolation, bi-cubic spline interpolation [15]. The 

displacement data obtained in terms of pixels can be differentiated to get the strains and stresses.  

Test Vehicle and Experimental Setup 

The yarn, used for the test is made of made of two components, a unidirectional prepreg carbon 

core and a braided jacket. The core is made of 4 X 12K prepreg carbon fiber tows, pulled and 

collected together. The core is the major contributor to the axial stiffness of the yarn. The jacket 

is made of VectranTM or the conventional fibers braided around the core to hold the core tows 

together during subsequent formation by braiding of open truss composite structures [9]. This 

braided jacket consolidates the core fibers efficiently, protects them during the braiding 

processes and minimizes problematic residue transferred to the machinery. 
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The yarn used for the current experiment is made of four 12K CFRP tows. This resulted in a 48K 

CFRP unidirectional core. The jacket consists of a true tri-axial braid made of VectranTM fiber. 

Since the axial fibers in the true tri-axial braid interweave with the helical fibers, the resulting 

braid is found to be very stable. The true tri-axial braid of VectranTM fibers is made of 4 axial 

axial yarns and 8 helical yarns, 4 of which are clock wise and 4 anticlockwise.  

The resulting yarn is approximately 2mm in diameter Figure 20. Since the jacket is braided, it 

does not have smooth outer surfaces. Because of the open lattice construction of the jacket, the 

diameter of the yarn changes along the periphery of the cross section and along the length. 

 

Figure 21: Braided yarn with dimensions 

A 2D DIC setup consists of a recording device and a software code to perform the correlation 

work.  The recording device is often a DSLR camera with a CCD array. The selection of the 

recording device is based on two parameters, the nature of loading and the size of the object. For 

our purpose, a stereo microscope equipped with a 10 MP CMOS array microscope camera 

inserted in 1 eye piece tube, has been used. The braided composite yarn is 2mm in diameter and 

thus needs to be magnified to get good resolution. Thus it would have been almost impossible to 

get the speckle pattern in focus with anything apart from a microscope which could zoom in on a 

5 mm by 2 mm area at the center of the yarn. An open source 2D DIC MATLABTM code has 

been used for the study. This MATLABTM code uses a normalized cross correlation algorithm 

for correlation. 

 

∑𝜸(𝒖,𝒗) = ∑(𝒙,𝒚)(𝒙,𝒚)[𝒇(𝒙,𝒚)−ḟ(𝒖,𝒗)][𝒕(𝒙−𝒖,𝒚−𝒗)−ṫ]
{∑(𝒙,𝒚)[𝒇(𝒙,𝒚)−ḟ(𝒖,𝒗)]𝟐∑(𝒙,𝒚)[𝒕(𝒙−𝒖,𝒚−𝒗)−ṫ]𝟐}𝟎.𝟓        

Equation 13 
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Here, in Equation 13,  f  is the image, t is the template of the pattern of size Nx and Ny , ṫ is the 

mean of the template, u and v are x and y displacement of a pixel , f(x,y) is the intensity value of 

image f of size Mx and My at point (x,y) in the image, ḟ(𝑢,𝑣)  is the mean of f(x,y) in the region 

under the template, 𝛾 is the normalized correlation value. 𝛾(𝑢, 𝑣)  is the normalized cross 

correlation value which is calculated at each point (u,v) to find the instantaneous position of the 

pattern, t in the image f [18]. Using  the algorithm the position of the displaced pattern is found 

in the subsequent images. 

The braided composite yarns of length 30 mm were coated with black and white spray paints 

with matte finish. As the field of vision was small, the speckle size had to be kept small to aid the 

correlation process.To achieve a small speckle size, each spray cannister used for applying the 

speckle pattern would be used only for 5-7 sprays. This is done because as the pressure within 

the spray cannisters drops the aerosol particles come together forming particles of bigger size. 

The yarn with the speckle pattern was then mounted on the UTM (InstronTM 5565) and a preload 

of 200 N was applied. The application of pre-load was to cancel out the rigid body movement of 

the yarn caused by the UTM once it starts applying the load on the sample. The inclusion of the 

rigid body displacement would directly affect the strain data. 

The microscope with the camera was mounted on a fixture with a tripod as shown in the 

schematic in Figure 21. To achieve symmetric lighting, a LED ring light was mounted on the 

microscope. As a tensile load was applied on the yarn ,a video of the test specimen was recorded. 

This video was then converted into frames. These frames were then  processed by the 

MATLABTM code. 

 

Figure 22: Schematic of the experimental setup 
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The resolution of the microscope camera is 1792x1374 pixels. To ensure good correlation, its is 

mandatory to ensure that the individual speckles are big enough to cover the full subset and is 

not so small as enough to remain entirely within a single  pixel [15,6]. This can also be 

controlled by controlling the subset size [7]. A subset size of 15x15 pixels was found to be good 

for correletion after observing several speckles in different yarns at the magnification where the 

image was pixelated as hown in Figure 22. The least count of the system was found to be 0.54 

pixels by processing the images of the specimen,obtained , while no load was applied for a short 

duration of time. 

 

Figure 23: Pixilated view of the speckle pattern , showing the subset size 

Calculation of Poisson’s Ratio 

DIC is a full field measurement technique that is popular for giving displacements and its 

derivatives as contour plots that lets the researcher analyze the stress-strain distribution [16], 

regions of stress concentration [8],stress intensities around a crack tip [17] and several other 

applications. Two dimensional (2D) DIC has also been used by researchers to obtain mechancial 

properties like modulus of elasticity and shear modulus [3]. Literature review showed that not 

much work has been done in successfully finding the Poisson’s ratio. Poisson’s ratio being the 

ratio of lateral to longitudinal strain has an inherent difficulty that the amount of strain induced in 

the  sample is very small as the load on the sample is always kept within the material’s  elastic 

limit. This makes visual detection of visual strain challenging.Though DIC technique is capable 

of giving subpixel accuracy, there are several means through which error can be induced easily. 

Separating the rigid body motion from the true displacement is difficult because of difficulties in 

correlation of the markers due to improper subset size,fading of white speckles due to improper 

lighting, plane of the camera and the plane of the sample not being parallel. These sources of 
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error induce errors in displacements and thus the strain values required for the Poisson’s ratio are 

affected.   

An additional difficulty in our attemp at finding the Poisson’s ratio was using a 2D DIC 

technique on a yarn with a circular cross section. The attempt was made on the premise that the 

yarn was circular in cross section and thus being able to detect the radial strains on the periphery 

would give a true indication of the lateral strains. This meant that being able to view the 

periphery to detect the radial strain was of paramount importance. This was achieved succesfully 

by using a stereo microscope fitted with a camera. But usage of microscope also posed the 

challenge of producing a small enough speckle size. 

The tensile test on the yarn was captured recorded in the form of video and then converted into 

frames. All the DIC codes commercially available let the user define a Region Of Interest(ROI) 

over the which a grid of markers would be placed. These markers are the centers of the subsets in 

the region of interest.The MATLABTM code that we used allowed the user to define the region of 

interest in several ways. Since the ROI in our experiment was on the periphery, a line of markers 

was defined on both the right and the left boundaries of the yarn. Since the region visible to the 

microscope was circular in cross section it was important to define the markers as close to the 

periphery as possibleas shown in Figure 23. The circular profile of the yarn would be perceived 

as a geometry of a planar rectangle through the microscope. This meant that the  radial strain 

detected would be true only at the boundaries and the strain values would diminish relative to the 

true strain values as we go towards the center of the planar rectangle. 

 

Figure 24: Braided yarn with the marker locations 
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The data was obtained from the 2D DIC MATLAB code in the form of true strain along local x 

and y axis. These strain values were then used to obtain the Poisson’s ratio by plugging them in 

equation below. 

𝑃𝑜𝑖𝑠𝑠𝑜𝑛′𝑠 𝑟𝑎𝑡𝑖𝑜, 𝜈 =  
𝑡𝑟𝑢𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑙𝑜𝑛𝑔 𝑙𝑜𝑐𝑎𝑙 𝑦 𝑎𝑥𝑖𝑠
𝑡𝑟𝑢𝑒 𝑠𝑡𝑟𝑎𝑖𝑛 𝑎𝑙𝑜𝑛𝑔 𝑙𝑜𝑐𝑎𝑙 𝑥 𝑎𝑥𝑖𝑠

 
Equation 14 

          

The true strain was obtained for every frame and thus for each test piece , Poisson’s ratio was 

obtained for each frame correlated. The Figure 26 shows an example of the true strains obtained. 

From the example graph which is representive of the form in which all the data was obtained , it 

was seen that ratio of the value at a peak on the graph with the corresponding valley in the same 

frame number would induce noise in the calculation of the average Poisson’s ratio. To filter out 

this  noise, a running average of 4 data points were calculated. This process ensured that the 

magnitude of the error was minimized. 
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Method Verification 

Before starting to test the braided composite yarn, it was of important to the verify the accuracy 

of the results obtained from the test fixture made, the DIC MATLABTM code and approach 

selected for calculating the Poisson’s ratio. It was decided that the Poisson’s ratio of a metal 

would be found and compared to its known value. This would give a right estimate of the 

accuracy of setup, MATLABTM code and the approach. Strips of aluminum 6061 T6 were were 

used for this pupose. This aluminum alloy is known to have Poisson’s ratio of 0.33. Aluminum 

strips of dimension 14”x1.5”x0.1” were used for the test. Figure 24 show the speckle pattern on 

the aluminum test pieces and the Gaussian distribution of light intensity over the test piece. This 

Gaussian distribution of the grey scale intensities meant that the lighting over the full field of the 

specimen was symetric. 

 

Figure 25: (a) Speckle pattern on the AL test piece, (b) Histogram of the gray scale intensities 

Three samples of the AL 6061 T6 were tested.  The results were obtained from the graphs of 

Poisson’s ratio Vs Image number as shown in Figure 25, following the same procedure mentioned 

earlier. Table 5 shows the Poisson’s ratio for the three samples. 
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                                   (a)                                                                      (b) 

 

                                                                               (c) 

Figure 26:(a),(b) and (c) : graph of Image number Vs Poisson’s ratio for Test piece 1,2,3                                                 

Table 8: Poisson’s ratio for AL 6061 T6 test pieces 

 Poisson’s Ratio % error in comparison to the known value 

Test piece 1 0.3087 6.45 

Test piece 2 0.3123 5.36 

Test piece 3 0.3210 2.73 
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It was seen in that the Poisson’s ratio obtained for the samples were within 7% error in 

comparison to the known Poisson’s ratio of 0.33 of AL 6061 T6 alloy.  

Results 

After validation of the setup and the approach, tests were performed on the braided composite 

yarn as   per the procedure mentioned earlier. Figure 26 shows the graph of true strain along x & 

y Vs image number and Figure 27 shows the graph of Poisson’s ratio Vs Image number without 

taking the running averages. 

 

Figure 27: (a)True strains along x axis , (b)True strain along y axis 
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Figure 28: Poisson’s ratio Vs Image number for test piece 1 without taking a running average 

As seen from the graphs in Figure 26, a fairly linear nature of the strains was obtained for all the 

yarns tested, since the yarns were maintained within the elastic limit. The scatter plot of the 

Poissons’s ratio against the image number is shown.  This data was plotted without taking the 

running averages. It can be seen that there is considerable scatter at the beginning. This was 

because of the initial rigid body displacements in the yarn when the UTM started applying a 

tensile load. This scatter was present in the initial 10% of the frames and thus it was important to 

minimize the error induced by taking the running averages over small intervals. Graphs in  

Figure 28 shows the graphs of Poisson’s ratio Vs Image number of 5 test pieces of yarn #4.  

 

                                   (a)                                                                (b) 
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                                     (c)                                                              (d) 

 

                                                                              (e) 

Figure 29:  (a),(b),(c),(d) and (e) ,Image number Vs Poisson’s ratio for samples 1,2,3,4 and 5 
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Table 9: Poisson’s ratio for braided yarn 

 Poisson’s 

Ratio 

Test piece 1 0.2646 

Test piece 2 0.2934 

Test piece 3 0.2565 

Test piece 4 0.2596 

Test piece 5 0.2838 

 

From the data in Table 6 it is was clear that the Poisson’s ratio was in the range of 0.2646 to 

0.2934 for the five samples of the same make tested. The average Poisson’s ratio was found to be 

0.2716. 
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Conclusion 

At the end of this study, considering the parameters used for 2D digital image correlation, 

speckle size, subset size, and non-perpendicularity of the yarn in the grips, were found to have 

direct impact on the amount of noise induced in the strain readings. The usage of a camera with a 

CMOS array instead of a CCD array and use of 2D DIC for a 3D yarn did affect the accuracy of 

the results obtained marginally. Now, all the 4 types of yarns made, had the same core ie             

4 X 12K T700 prepreg tow and thus the value of Poisson’s ratio found for yarn #4 would not 

change by a considerable amount. Thus, keeping in mind the accuracy of the system, the 

Poisson’s ratio found for yarn #4 could be treated as a value common for other yarns with the 

same core size, ie yarn #1, #2 and #3. 

The use of running averages to minimize the error caused by the initial rigid body motion was 

found to be only necessary for the braided yarn, circular in cross section and not the planar 

aluminum test pieces. This was because of the geometry and size of the braided yarn which was 

difficult to clamp firmly in the UTM’s swivel grips. The approach taken to overcome these 

problems and the setup used for the entire study did yield decent accuracy. Considering this, the 

Poisson’s ratio obtained for the braided composite yarn was found to be reliable for future work.   
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Chapter 5 Micromechanical modeling 
 

Introduction 

In the previous chapters we have discussed the development of various experimental techniques 

to find the mechanical properties of the yarn. Young’s modulus along the axis (EL), 

perpendicular to the axis (ET), Poisson’s ratio (νLT) and flexural modulus (Eflexural) were found 

experimentally. Often, it is found that experimentation can be time consuming and expensive in 

case of composite materials. This is because of the increase in the number of parameters required 

to fully define these non-homogenous, orthotropic materials [5]. For fiber –matrix composites, 

mathematical modeling of the physical properties of the composite has been comprehensively 

done in the past  and it has been found to be reasonably accurate in comparison to the 

experimentation for certain physical properties [3]. In this chapter, considering the principles of 

weight fraction and volume fraction, an attempt has been made to develop a new 

micromechanical model specifically for the composite yarn. 

The micromechanical modeling for the fiber-matrix composites is focused on unidirectional 

continuous fiber reinforced lamina [3]. A majority of the books on mechanics of composites 

materials have been found to have a section on the micromechanical modeling. The technique is 

very helpful to predict the mechanical properties of the composites before they are made. 

Micromechanical modeling is based on the premise that the physical properties of each of the 

constituents that form the composite contribute towards the aggregate properties of the 

composite [3]. The amount of contribution by each of the constituents is dependent on the 

volume, mass and density of the constituent. Researchers have extended the bases of these 

concepts to various applications like a model to predict the Young’s modulus of adipose tissues 

[2]. Micromechanical models have been made for gauging damage in fiber composites [12]. 
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Complex models for finding elastic properties of composites have been made [11]. Ultimate 

strength of composites and life prediction of transversely isotropic composites have been 

predicted using micromechanical models [6,7,8]. Researchers have found mechanical properties 

using computer simulations made by bridging two micro mechanical properties [9].Our work on 

developing a micromechanical model, especially to predict the mechanical properties of the yarn 

have been reported in this chapter.  

The composite yarn resembles the laminae in a way that, the yarn is also predominantly made of 

the unidirectional long continuous prepreg carbon fiber. The textile fiber, for good braid ability 

and dry carbon fiber tow in the jacket, contributes to the axial stiffness and the torsional stiffness. 

The braiding of the jacket on to the prepreg T700 tow has also been found to increase the 

packing density of the resulting yarn. Depending on the architecture of yarn, the presence of 

textile fiber or high modulus fibers (like KevlarTM fibers) and the carbon fiber tow in the jacket 

(if there) has been found to account for a minimum of 10% to a maximum of 35% of the weight 

of the yarn .Thus it is imperative that the effect of the fibers in the jacket cannot be neglected. 

Also the textile fibers in the jacket are at an angle arranged helically around the circumference of 

the yarn.  The vertical component of the stiffness of fibers in the helix would contribute to the 

axial stiffness and the horizontal component would contribute towards the torsion stiffness of the 

yarn. To understand the effect of the fibers that make the jacket towards the overall behavior of 

the yarn and to accurately predict the properties of the yarn, it is important to modify the 

currently existing micromechanical model.   
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Existing Micromechanical Model 

A short overview of the existing micromechanical model for laminates made the equations used 

are as follows is given below. 

 

                  Figure 30: Volume element for the micromechanical model 

Figure 29 shows the representative volume element for which the micromechanical model is 

made. 

vc, vf ,vm = volume of composite, fiber, matrix respectively 

Ρc , Pf , Pm= density of composite, fiber, matrix respectively 

The fiber volume fraction (Vf) and the matrix volume fraction (Vm) can be given as 

Vf =
𝒗𝒇
𝒗𝒄

                

 

Equation 15 

Vm=𝒗𝒎
𝒗𝒄

                

 

Equation 16 

The density of the composite is given as 

 Equation 17 
Pc=PfVf  + PmVm              

The major Young’s modulus is given as 

El=EfVf + EmVm               Equation 18 
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The minor Young’s modulus is given as 

𝟏
𝑬𝒕

 = 𝑽𝒇
𝑬𝒇

 + 𝑽𝒎
 𝑬𝒎

                      

 

Equation 19 

The major Poisson’s ratio is given as  

νc = νfVf  + νmVm                            

 

Equation 20 

The major torsion modulus is given as  

𝟏
𝑮𝟏𝟐

 =  𝑽𝒇
𝑮𝒇

 + 𝑽𝒎
 𝑮𝒎

                        

 

Equation 21 

Figure 29 shows the representative unit cell of the laminate. This unit cell is assumed to remain the same 

for the composite yarn as well. These equations are meant for the lamina which is constituted by 

just the reinforcement fiber and the matrix. To further this model for a composite with more 

number of constituents, more terms have to be added that represents the textile fiber and the 

other fibers (if any ) in the jacket.  

Our initial literature review showed that transverse Young’s modulus for circular fiber in 

rectangular unit cell is cannot be predicted accurately using micromechanical modeling 

developed from the mechanics of materials approach.  The error in experimental values and the 

values obtained by micromechanical modeling increases with increase in fiber volume fraction 

[3]. Also E2 for laminate is tensile modulus for weft fibers and E2 for our yarn is the compressive 

modulus over the cross section of the yarn. 

Modified Micromechanical Model 

The modified micromechanical model is shown below. It is assumed to have the save 

representative unit cell. 

vc, vjh,vja= volume of core, jacket helical  fiber, jacket axial matrix respectively 

Ρc,Pjh,Pja= density of core, jacket helical  fiber, jacket axial matrix respectively 

The core volume fraction (Vc), volume fraction of jacket helical fiber (Vjh) , volume fraction of 

jacket axial fiber(Vja), volume fraction of second jacket axial fiber(Vja2) can be given as 
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Vc =
𝒗𝒄𝒐𝒓𝒆
𝒗𝒄

          

 

Equation 22 

Vjh =  𝒗𝒋𝒉
 𝒗𝒄

           

 

Equation 23 

Vja =  𝒗𝒋𝒂
 𝒗𝒄

              

 

Equation 24 

Vja2 =  𝒗𝒋𝒂𝟐
 𝒗𝒄

              

 

Equation 25 

The density of the composite is given as 

Pc=PcVc + PjhVjh + PjaVja + Pja2Vja2                              

 

Equation 26 

The major Young’s modulus is given as 

Ec=EcVc + EjhVjh + EjaVja + Eja2Vja2                         

 

Equation 27 

The minor Young’s modulus is given as 

𝟏
𝑬𝟐

 = 𝑽𝒄
𝑬𝒄

 + 𝑽𝒋𝒉
 𝑬𝒋𝒉

+ 𝑽𝒋𝒂
 𝑬𝒋𝒂

+ 𝑽𝒋𝒂𝟐
 𝑬𝒋𝒂𝟐

                      

 

Equation 28 

The major Poisson’s ratio is given as  

ν 12 = νcVc  + νjhVjh + νjaVja+ νja2Vja2                

 

Equation 29 

The major torsion modulus is given as  

𝟏
𝑮𝟏𝟐

 =  𝑽𝒄
𝑮𝒄

 + 𝑽𝒋𝒉
 𝑮𝒋𝒉

+ 𝑽𝒋𝒂
 𝑮𝒋𝒂

+  𝑽𝒋𝒂𝟐
 𝑮𝒋𝒂𝟐

                              

 

Equation 30 

On basis of the modified model as shown above yarns of 4 different makes were analyzed. For 

this purpose, yarns of each type were cut to a known length and weighed on a weighing scale, 

accurate upto 4 decimal points. This gave the linear density in terms of milligrams/mm. Weight 

fractions for each constituent were found by separating each constituent in the yarn and weighing 

them separately. Densities of each type of fiber Table 7 were found and this data was used to 

find the volume fractions from weight fractions. 
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Sample calculations for yarn #2  

Length of yarn cut = 30mm 

Weight of the yarn, Wcomposite = 0.20gms 

Length of helical KevlarTM fiber = 36mm 

Length of axial T700 core = 30mm 

Length of axial yarns in the jacket = 32mm 

Linear density of the constituent fibers was found by weighing 2 meter lengths of each fiber 

Linear density of 3K T700 prepreg = 0.2545 gms/m 

Linear density of 12K T700 prepreg = 1.075 gms/m 

Core: 48K T700 prepreg tow (4 X 12K) 

Wc= wc/Wcomposite = 0.645 

Jacket  

8 X 400 denier KevlarTM fiber 

Wjh= wjh/Wcomposite = 0.064 

4 X 3K T300 prepreg tow  

Wja= wja/Wcomposite = 0.16288 

4 X 3K T300 dry carbon fiber tow  

Wja2= wja2/Wcomposite = 0.1267 

Now, density of the composite yarn, Pc = 𝑤𝑒𝑖𝑔ℎ𝑡 
𝑣𝑜𝑙𝑢𝑚𝑒 

=  𝑤𝑒𝑖𝑔ℎ𝑡 
𝐴𝑟𝑒𝑎 𝑋 𝐿𝑒𝑛𝑔𝑡ℎ 

 = 0.20 
4.79 𝑋3 0 

 

Pc = 1.39 gm/cm3  
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Table 10: Densities of fibers 

Type of fiber Density (gm/cm3) 

T700 tow 1.560 

KevlarTM 1.440 

T300 tow prepreg 1.539 

T300 tow (dry) 1.760 

Polyester 1.40 

Nylon  1.30 

VectranTM 1.40 

 

Using the data in the Table 7 [4], volume fractions were found: 

Core 

Wc = 𝑃𝑐
𝑃𝑐𝑜𝑟𝑒

 Vc 

Vc = 0.5747 cm3 

Similarly the volume fractions of the fibers in the jacket were calculated and the results are 

reported below: 

Vjh= 0.06177 cm3
 

Vja=0.14709 cm3 

Vja2=0.1 cm3 

Using equations 31, 33 and 34 the Young’s modulus, Poisson’s ratio and torsion modulus were 

calculated.   
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Table 8 shows the results for yarn #2 

Table 11: Mechanical properties for yarn #2 

Property EL (GPa) νc GLT (GPa) 

Yarn #2 120.253 0.1815 5.6589 

 

Similar calculations for volume fractions were made using equations 26, 27, 28 and 29, for Yarn 

#1,#3, #4.  Table 9 shows the results for volume fractions all the yarns 

Table 12: Volume fractions fors yarns #1,#2,#3 and #4 

Yarn type Vpcf VTf Vpcf(2) Vdcf 

Yarn #1 0.5912 0.05809 0.1302 0.1159 

Yarn #2 0.5747 0.06177 0.14709 0.1 

Yarn #3 0.624 0.165 0.149 - 

Yarn #4 0.91 0.0725 - - 

 

The material properties of composite core and the fibers in the jacket are reported in Table 10, 

[1], [4], [5]  

Table 13: Various mechanical properties of fibers in the core and the jacket 

Yarn type EL (GPa) νc GLT (GPa) 

T700 (prepreg core) 135 0.2 5 

Polyester 10.5 0.38 0.979 

KevlarTM 70.5 0.36 5 

Nylon 9.55 0.38 1.21 

VectranTM 103 - - 

T300 dry 184.566 0.15 5 
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Results 

 Using the material properties in Table 10 and volume fractions from Table 9 , the engineering 

constants for the Yarn #1,#2,#3,#4  were found using equations 31,33,34 

Table 14: Properties found using micromechanical model 

Yarn Type EL (GPa) νc GLT (GPa) 

#1 119.388 0.1837 4.409 

#2 120.253 0.1815 5.658 

#3 105.93 0.2173 2.037 

#4 100.09 - - 
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Conclusion  

 

Figure 31: Comparison of EL, found experimentally and using micromechanical model 

 

Figure 32: Comparison of Poisson's ratio, found experimentally and using micromechanical model 

The engineering constants found using the micro mechanical modeling approach were compared 

against the values found experimentally in Figure 30 and Figure 31. While the Young’s modulus 
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E1 found experimentally was found to be within 10% error, the Poisson’s ratios for the Yarns 

were predicted with 75 % accuracy. This error can be attributed to the error in finding the 

volume fractions, accounting for the strength properties of dry carbon tow and the textile fibers, 

the material properties (Poisson’s ratio) of which are not easily available.  
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Chapter 6 Joints 
 

Introduction 

In the previous chapters we have developed the experimentation for finding the material 

constants of the composite yarns. The braiding of these yarns on to a circular mandrel results in 

final geometry of the open architecture tubes. This geometry is held together, once the structure 

is cured, by the overlaying of one yarn on top of the other. This results in the formation of a joint 

between the two yarns coming in contact with each other as shown in Figure 33. 

 

Figure 33: Joints on a open architecture tube with potential translations and rotations 

The joints are formed by the resin present on or resin that exudes to the surface of each yarn. The 

formation of the joints restricts the linear and rotational degrees of freedom shown in Figure 33 

,thus increasing the axial and torsion stiffness of the tubes. For a tube made of 8 axial yarns and 
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8 helical yarns, 4 clockwise and 4 anti-clockwise, that is, a true triaxial braid, one unit cell of the 

tube contains 12 joints. 4 joints formed between the two helical yarns and the 8 joints formed 

between the axial and the helical yarns. The tangential and normal stiffness of each of these 

joints would add to axial, flexural, torsion stiffness and also to the stiffness in hoop direction of 

tube. If the joints are not formed then the yarns remain geometrically locked in a position and 

would be free to slide against each other under the application of load. Because of these reasons, 

it is very important to understand and investigate the quality of joints.  

Following are the parameters were identified to affect the bond strength of the joints 

1. Resin content in the yarn 

2. Adhesive bond thickness 

3. Amount of prepreg carbon fiber in the jacket of the yarn 

4. Diameter of the yarn 

5. Angle at which the joints are oriented  

From the 5 parameters identified, adhesive bond thickness and angle subtended at the joints were 

identified as parameters that cannot be controlled given the current state of manufacturing. As 

the diameter of the yarn would increase, the amount of contact area of joint would increase 

which would result in better bond strength. Though, the diameter of the yarn more or less 

remained constant as the core of each yarn was the same (12K X 4 T700 prepreg).  

Thus the resin content in the yarn and load to failure for the joints are the two parameters studied 

and discussed here on.  

Resin Content in the Joints 

The joints are formed by the resin present on the surface of the yarns. Also the high tension 

provided by the braiding machine allows for excess resin in the core to come out to the surface of 

the yarn. Initially, to improve the strength of the joints, excess resin was put on to the braided 

structure once the yarns were braided on mandrel [1]. This excess resin was believed to improve 

the bond strength of the joint. Though, the excess resin was believed to improve the bond 

strength, as will be shown in the Result section of this chapter, it increased the weight of the 

tube. Thus there was a compromise between the stiffness to weight ratio of the tube and the bond 

strength. Therefore, it was important to investigate the need to have excess resin to improve the 
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strength of the joint. For this purpose, initially the joints with excess resin and without the excess 

resin were observed under a scanning electron microscope.   

Joint with Excess Resin 
Joints , cut out from a tube made by putting excess resin after the first pre cure cycle were 

obtained under a scanning electron microscope. 

 

Figure 34: Micrograph of the interface of a broken joint 

Figure 33 shows the image of a joint with excess resin. It can be seen that the excess resin put on 

the yarn, formed nearly a 0.25 mm thick layer around the yarn.  

Adhesive thickness is an important parameter to the strength of the joint [8]. The load to failure 

is known to decrease with increase in adhesive thickness beyond a certain thickness [9,10,11]. 

The increase in the adhesive thickness decreases the brittleness of the joint and makes it more 

ductile. 

In the case of the joints formed between the composite yarns, adhesive bond thickness is not a 

parameter that can be controlled, given the current manufacturing process. Also, the stiffness to 

weight ratio has been one of the strongest points of the open architecture tubes and a compromise 

on weight was seen to be more detrimental then the bond strength. Though, joints with and 

without excess resin have been tested and the results are reported in further sections. Also, yarn 

jackets with different textile fibers and varying amount of carbon content have been tested to 

find a characteristic which would be a leading indicator to the increase in bond strength.  
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Failure Modes for the Joints 

Joint failure can be characterized in different ways depending on the location and direction of 

separation. Depending on location of failure, adhesive joints break in 3 different modes, cohesive 

failure mode, adhesive failure mode and adherend failure mode [2]. Figure 35 shows the three 

types of failure modes. 

 

(a)Cohesive Failure mode             (b) Adhesive failure mode           (c) Adherend failure mode 

Figure 35: (a), (b) and (c) show different types of failure modes 

Joints formed by the composite yarns have been found to fail by adhesive failure mode. Though, 

cohesive failure mode would have been the most desirable. The joints formed are also single lap 

joints. Failure of single lap joints have been studied extensively [3, 4]. Researchers have come up 

with near accurate numerical failure models [11]. Advanced optical methods like digital image 

correlation have been used to characterize the behavior of single lap joints [4] 

Properties of the epoxy adhesive have been found experimentally [5] and used to make 

computational method to predict failure of adhesive joints [7]. Depending on the direction of 

separation 3 modes of debonding, mode 1 , mode 2 and mix mode debonding[15], have  been 

studied [12,13,14].Depending on the nature of loading, bonded joints are known to fail in three  

most common ways. They are as follows: 
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(a)                                             (b)                                                    (c) 

Figure 36: (a) Mode 1, (b) Mode2 and (c) mixed mode debonding modes 

Mode 1 debonding involves separation normal to the interface. Mode 2 de bonding involves slip 

tangent to the interface, though in plane. Mode 3 de bonding is slip tangent to the interface 

though, out of plane as shown in the Figure 35 above [15]. 

On an open architecture tube, a concentrated crushing load on one joint is known to cause Mode 

1 type of debonding on the joint before and after the joint on which the load is applied. This 

force tries to displace the joint radially inwards as shown Figure 36, causing normal separation of 

the joints in the vicinity. Though, this load is reacted through the normal stiffness of the resin, 

Knn. Since the contact area of the bond is small, approximately 4 mm2, the joints are prone to 

mode 1 debonding.  

 

Figure 37: Mode 1 debonding on the tubes 

The second most common loading scenario is the tube under a bending load. In this case, the 

yarns in the bottom half of the cross section is in tension and the ones in the top half are under 
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compression. At this point the axial yarns in the bottom half have a tendency to elongate under 

the tensile nature of the load. Though, the helical yarns have the same tendency, the helical 

geometry doesn’t allow the yarn to extend to the same extent as the axial yarn does. This 

mismatch in axial component of the stiffness sets up shear stresses at the joint interface.  

Eventually, the joints are found to have a tangential slip in the plane of the joint, as shown in 

Figure 37. This type of failure is dependent on the tangential stiffness, Ktt of the resin is also 

known as the lap shear strength of the joint.  

 

Figure 38: Initiation of Mode 2 debonding on the tubes 

Thus it is important to know the crushing load and the bending load that cause each joint to 

break. 

 Mode 1 type of debonding, involving separation normal to the interface has been tested and 

analyzed. Two goals were set for this study: 

1. To evaluate the need of excess resin  

2. To find the leading characteristic that governs the load to failure of the joint 

Achieving these goals would aid the researchers make sound choice of the textile fibers and the 

amount and type of carbon fiber axials (prepreg or dry) in the jacket to improve the joints of the 

open architecture tube. 
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Results and Conclusion 

A test fixture to cause mode 1 type of debonding was made. Figure 38 shows the fixture used for 

the test. 

 

Figure 39: Test fixture of Mode 1 type of joint failure 

Two wooden blocks, with hooks inserted in them were used to provide anchorage to the 2 

inextensible strings that would hold the joint. Joints were cut from the tubes made, specifically 

for this study.  
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Results for Joints with Excess Resin 
7 joints cut from a tube with excess resin were tested. Uni-axial tensile test conditions were 

defined for this test which caused the two yarns to separate normal to the bond interface. Loaf to 

failure was found for each of the joints. Figure 40 shows the  

 

Figure 40: Graph of Load at Break Vs extension for join with excess resin 

The loads to failure in Figure 39 are reported in 

Table 15: Load at break for joints with excess resin 

Joint number (Yarn with excess 

resin) 

Load at break (Kgf) 

1 12.06 

2 8.35 

3 7.13 

4 11.02 

5 13.75 

6 8.05 

7 10.18 

Average 10.07 
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Results of Joints with no Excess Resin 
Next tubes of yarns #2 were made without adding excess resin while curing the tube and the 

joints from these tubes were tested. The loads to failure for the 7 joints tested are reported in 

Table 13. The average load to failure for yarn #2 was found to be half of that of joints with 

excess resin. On analyzing the composition of yarn #2, it was found that, not much resin was 

available on the surface of the resin to form a joint. Yarn #2 had 4 prepreg carbon fiber tows and 

4 dry carbon fiber tows as the axial fibers and 400 D KevlarTM as helical fibers in the jacket. 

Next, joints from the tube made of yarn #3 were tested. The loads to failure are reported in the 

table below.  

Table 16: Loads to failure for yarn with and without excess resin 

                                                                             

 

 

 

 

 

 

 

 

A comparison for the load at failure is made for the two types of yarns in Figure 40. The joints of 

this yarn had an average load to failure of 17 kgf, much more than that of joints with excess 

resin. Thus it was concluded that for yarns with similar diameter, similar cores, yarns with a no 

excess resin could be optimized further to make the joints perform better than their counterparts 

in the mode 1 debonding test.  

 Load at break (kgf) for 

joints with resin 

Load at break (kgf) for 

joints without resin (yarn # 

3) 

1 12.06 18.95 

2 8.35 13.07 

3 7.13 16.26 

4 11.02 16.59 

5 13.75 19.29 

6 8.05 23.66 

7 10.18 13.93 

Average 10.07 17.39 
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                    Figure 41: Comparison of loads to failure for joints with and without excess resin 

 This justifies the decision to keep the overall weight of the structure in mind and not add excess 

resin to improve strength. The difference between the #2 and #3 is in the amount of fiber in the 

jacket. While #2 has more amounts of fibers in the jacket, it has the same quantity if prepreg 

carbon tows in the jacket as compared to #3. Thus the fibers in the #3 had more amount of resin 

in the jacket to wet out the fiber than the #2. While the joints with excess resin performed better 

then joints of yarn #2, with the right changes in the jacket configuration, joints of yarn #3 

performed better than former. 
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Yarn with Varying Jacket Architectures 
Since joints of yarn #3 were found to have the highest load to failure, the make of the yarn #3 

was further investigated to understand the parameter that resulted in better bond strength. For 

this purpose, 4 variants yarn #3, with varying denier count of tufted nylon and number of prepreg 

axials were made. The composition of each of these yarns is stated in Table 14. 

Table 17: Composition of yarn #6, #7, #8 and #9 

   

Joints from the tubes made from each of these variants were tested. Figure 41 show the Load Vs 

Displacement graphs for #6 and #8.  

 #6 #7 #8 #9 

Core 48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

48 K T700 

prepreg 

Jacket Helicals 

(clockwise) 

4 X 500 D 

nylon (carpet 

yarn) 

4 X 1000 D 

nylon(carpet 

yarn) 

4 X 1000 D 

nylon(carpet 

yarn) 

4 X 500 D 

nylon(carpet 

yarn) 

Jacket Helicals 

(anticlockwise) 

4 X 500 D 

nylon(carpet 

yarn) 

4 X 1000 D 

nylon(carpet 

yarn) 

4 X 1000 D 

nylon(carpet 

yarn) 

4 X 500 D 

nylon(carpet 

yarn) 

Jackets Axials 4 X 3K T300 

prepreg 

4 X 3K T300 

prepreg 

8 X 3K T300 

prepreg 

8 X 3K T300 

prepreg 
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(a) 

            
(b) 

               Figure 42: Load to failure Vs Extension graphs for (a) yarn #6 and (b) yarn #8 
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Similar graphs were obtained for joints of yarn #7 and yarn #9. The loads to failure for all the yarns are 

stated in Table 15. 

Table 18: Loads to failure for joints of yarns #6, #7, #8 and #9 

             Type of 

yarn 

Sample no 

Load to failure 

(kgf) #6 

Load to failure 

(kgf) #7 

Load to failure 

(kgf) #8 

Load to failure 

(kgf) #9 

1 9.99 5.76 14.15 12.16 

2 8.46 10.10 7.05 13.96 

3 6.63 7.69 14.0657 11.91 

4 7.20 11.71 10.22 11.51 

5 8.72 7.41 8.89 10.89 

6 10.59 9.09 - 11.904 

7 7.41 9.64 7.54 10.85 

8 11.58 7.80 10.47 - 

9 8.98 9.03 7.75 - 

10 - 8.30 - - 

Average 8.84 8.97 10.01 11.88 

Standard Deviation 1.646 1.647 2.804 1.047 
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Figure 42 shows a comparison of load to failures for yarns #6, #7, #8 and #9 

 

Figure 43: Comparison of load to failures for yarns #6, #7,  #8 and #9 

From the test data for the joints of yarns #6, #7, #8 and #9, it was seen that load to failure for #6 

and #7 is nearly the same . This is because both these yarns have equal amount to axial prepreg 

carbon fiber in the jacket. Also the marginal increase in average load to failure for yarn #7 could 

be because of the slight increase in diameter of the yarn caused because of the 1000D tufted 

nylon. 

 Yarn #8 and #9 have 8 prepreg carbon fiber axials instead of 4, thus more amount to resin 

available on the surface for bonding. Loads to failure for #8 and #9 were also found to be close. 

From this it could be concluded that for yarns similar to #3, more number of prepreg carbon fiber 

axials in the jacket improved the bond strength of the joints. 

 

 

0

2

4

6

8

10

12

14

Lo
ad

 to
 F

ai
lu

re
 (k

gf
) 

#6

#7

#8

#9

82 
 



Preliminary Work on the Finite Element Analysis of the Joints 

Introduction 

In the previous section on the joints of the open architecture tubes, experimental method was 

developed and successfully used to find the load to failure for the joints in Mode 1 type of 

debonding. Usage of finite element methods to accurately predict the ultimate strength of the 

joints is very important. Much time and money can be saved by simulating yarns of different 

combinations of diameter, textile fibers and amount of carbon fiber prepreg in the jacket. FEM 

are widely being used in such applications. Advanced FEM packages available in the industry 

have made such methods, easy to implement, and less costly and less time consuming than 

performing experimentation. 

Apart from experimentation, several techniques have been used by researchers to model 

debonding of different types of composites. X.Z.Lu and J.J. Jiang have studied debonding 

between FRP and concrete using finite element techniques [17]. They used ABAQUS for this 

analysis and modeled the interface between the two materials by making them share nodes at the 

interface. Researchers have modeled the matrix cracking in the fiber reinforced composites using 

extended vornoi cell FEM (Finite Element Method) [16,19]. Derewonko and team modeled the 

interface adhesive film between the bonded aluminum pieces using cohesive elements [6]. 

Debonding of concrete and FRP laminates as a function of FRP thickness has been studied using 

finite element analysis. It was found that the as the thickness of the adhesive increased the bond 

strength decreased [18]. Also micromechanical models have been developed to predict interfacial 

debonding in fiber reinforced composites [20]. 
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Finite Element Modeling of Adhesive Joints 

Work done by Derenwonko and team , on the strength assessment of adhesively bonded joints 

was found to be closely related to our research and problem at hand. They have developed a 

finite element model for mode 1 and mode 2 debonding of the adhesive joints formed between 

aluminium samples.  

The work on the finite element modeling was done in two phases. The first phase is the 

prelimnary phase where a simple model depicting the correct geometry, material properties, 

elements, integration points, integration scheme , boundary conditions and loads is made. In this 

model the adhesive and the aluminium tabs are made to share nodes at the interface. The goal of 

this simulation was to evaluate the correctness of the model to depict the nature of the stresses at 

the adhesive. For example , shear debonding causes the elements in the adhesive film to come 

under shear load along its plane as shown in Figure 43. 

 

Figure 44: FEM model with boundary conditions for mode 2 type of debonding 

Being able to obtain the same nature(shear debonding) in this prelimnary model helped the 

researchers to conclusively determine the boundary conditions and location of application of 

loads that would be used in the improved model. This model also helped them in determining the 

element type that would be used. Type of element, meshing technique, density of elements at 

various regions were decided at this prelimnary phase as well. This approach was found to be 

necessary as the improved model was based on a non-linear static contact analysis called the 

cohesive zone modeling. The cohesive zone model being a non linear analysis would take more 

computation time for each simulation to run and not having to work out different combinations 

and going in with a most of the variables determined saved the researchers a lot of time and 

efforts.  
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Considerable literature review was done on the implementation of the cohesive zone model 

which would be addressed in the section ahead.  

 Work done by Vinay Goyal and Team [7]  and Derewonko and Team[6] also showed that Von 

Mises failiure governs the failure of adhesive joints . Load at which the elements representing the 

resin entered the plastic zone were tracked to indicate failure. It was noted that the work done by 

these researchers resulted in plastic strains towards the periphery of the adhesive films that 

initiated debonding. 

Conclusions Made and Approach Selected 

From the literature review it became clear the most appropriate modeling technique was the 

Cohesive zone modeling non linear static contact analysis. Inorder to effeiciently develop this 

nonlinear model prelimnary model with the resin and the yarn sharing nodes would have to be 

implemented. This model would help in zeroing in on various variuables like element type, 

element density, meshing technique, integration points, integration schemes, location on 

boundary conditions and loads.  

On basis of the previous work done, it was decided that though the failure is caused at two 

locations at the same time, the complexity of the model would reduce greatly in terms of 

computation time and convergence difficulties if just one isolated joint was modeled. This would 

mean that accurate boundary conditions and loading would be of prime importance for the 

releveance of the isolated joint.  
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Prelimnary Model with Common Nodes  
Two models , one representing mode 1 debondingand other representing mode 2 debonding, with 

defined made on ABAQUS. Figure 44 shows in detail, a model with shared nodes. 

 

 

 

Figure 45: Model with shared nodes 
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Selection of Element Type  

Solid elements and plate elements have been commonly used by researchers to model thin 

adhesive films and adherends. Plate elements are found to be good in modelling adhesive films 

of relatively small thickness, 100 microns and less. At such small thickness, solid elements tend 

to get stiffer and over predict the bending stresses induced in the adhesive films. Solid elements 

have been used to model adhesive with relatively greater thicknesses.  

During the making of the open architecture tubes, the braided preforms are cured in two steps. At 

the first step just the braided structure is cured . At this stage, the prepreg braided yarn is cured. 

Before the second stage of curing, excess epoxy resin is put on the structure. Its this externally 

applied reisn which when vacuum bagged , seeps inside the joints to form an adhesive film. This 

externally applied resin also increses the thickness of the film  that was earlier formed in the first 

stage of curing process. This initial work has only been done on joints with resin aapplied 

externally. For such joints the thickness of the film was found to be greater then 100 microns. 

With these considerations, it was decided that solid elements would be used to model the yarn 

and the resin. 8 node linear brick elements 20 node linear brick elements were studied and 

compared in Table 16 to decide which one of them was more suitable .Apart from the solid 

elements cohesive elements were further used in the cohesive zone model.  
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Table 19: Comparison of the 8 node linear brick elements 20 node linear brick element 

Element Type 8 Node Brick element 20 node linear brick element 

 

No. of nodes  8 nodes 

 

20 nodes 

 
Type of 

formulation 

and 

integration 

scheme 

In modelling contact problems, first 

order interpolation elements with full 

integration scheme is adviced 

 

In modelling contact problems, 

second order elements with reduced 

or full integration scheme are found 

to be good 

 
 This element has 1X1X1 integration 

points and thus the values of stress are 

most accurate just at the center and 

not the edges 

 

With 8 integration points, nearing the 

edges ,accurate values can be 

obtained at the places where 

maximum shear stress are found in 

our model and thus this element  
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On basis of the above comparisons a element C3D20R , 20 node brick element with qudratic 

formulation and reduced integration was selected.  

A Study to Find the Appropriate Element Size 

To find the optimum element size for the model a prelimnary model with a relatively big element 

size was initially made. This model was re run several times,  each time element size smaller 

then the previous run. At the top corner node of the adhesive values of Von mises stress were 

tracked for each run.Its noted that the values of stiffness and stresses are calculated at the 

integration points withing the element and not the node, the values shown at the nodes are 75% 

averaged over the surrounding integration points.    

 

Figure 46: Location of node at which the Von Mises stress values were tracked 

Figure 45 shows the location of the node at which the values of stress were tracked. From Figure 

46 it was seen that the values of stress rose sharply when at the beginning when the element sizes 

were relatively big. 

 

 

Node at which the values were 
tracked 
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Figure 47: Models with different element sizes 

Variation of Von Mises stress for different element sizes was obtained. A graph of Number of 

elements Vs Von Mises Stress at the selected node, shown in Figure 47 was plotted. The values 

started to get stable at around 1800 elements ie an element size of 0.7-0.6. It was inferred that on 

further reduction of the element size there was marginal increase in accuracy of the Von Mises 

stress. Thus an element size range of 0.7 to 0.6 was used in the advanced model. This exercise is 

done by researchers and professional FEM engineers before doing a nonlinear analysis as it 

allows them not having to rerun large nonlinear analysis , which usually take a lot of time , again 

and again to check for the correct element size and meshing techniques. 
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Figure 48: Number of elements Vs Von Mises stress 

Material Properties, Boundary Conditions and Loads  

The braided yarn is currently made in several different size of diameters ranging from 1.4 mm to 

2.9mm, depending on the number of prepreg tows assembled to form the core of the yarn. In the 

regions where the joints are formed, the two yarns press against each other because of the tension 

produced by the braiding machine and a near flat rectangular joint interface is formed.  

While modeling them for FE analysis several assumptions were made to reduce the complexity 

of the model, they are as follows: 

1. The circular cross section yarn having 2mm diameter is simulated as a square cross 

section with sides of 2 mm  

2. The resin at the interface is made to have a thickness of 0.25mm over a square cross 

section , with no resin coming out the joint and forming a radius at the periphery  

3.  Joints always form a close triangle, with three yarns crossing each other. While isolating 

a joint ,the presence of the other yarns on the isolated joint is made by modeling the top 

face of the resin patches at the bonded areas  having fixed boundary conditions 

4. Since the composite yarn is made of  unidirectional carbon fiber tow , the yarn is 

modeled as an isotropic material with its E11 and Poisson’s ratio in longitudinal direction 

defined  
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Material Properties 
On basis of the assumptions made, the CFRP tow braided yarn was given linear material 

properties with its elastic modulus and Poisson’s ratio defined along the axis of the material. The 

epoxy resin is a nonlinear material and thus apart from the elastic properties, Its yield stress and 

ultimate (plastic zone) stress to failure was defined. 

CFRP braided yarn 

Elastic modulus 97.36 x 103 MPa 

Poisson’s ratio 0.29 

  

Epoxy resin 

Elastic modulus 2,830 MPa 

Poisson’s ratio 0.35 

Yield stress 68.95 MPa 

Plastic stress 73. 06 MPa 

Boundary Conditions and Loads 
On basis of the assumptions made, fixed boundary conditions were applied to the faces of the 

joint where new joint would be formed. To simulate a pure normal and tangential debonding, all 

degrees of freedom except the ones in the motion would result in the respective debonding 

modes were restricted. 

 

                                                  

Figure 49: Locations of applied boundary conditions 

Face A 

Face B 

Face C 

Face D Set of nodes  

Face E 
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Figure 48 shows the location of the boundary conditions and Table 17 shows the types of 

boundary conditions and load and where they were applied. 

Table 20: Applied Boundary conditions and loads 

Locations Degrees of freedom locked 

Face A  u1,u2,u3 

Face B u1,u2,u3 

Face C u1,u2,u3 

Face D Pressure load of 1000 N/mm2 

Face E Pressure load of 1000 N/mm2 

Set of nodes u3, rotation along x and y 
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Cohesive Zone Model 

This method is used to model the behavior between the adhesive and the adherend in the project. 

The concept of the this technique and how it is implemented in ABAQUS  is described in this 

section 

Theory 
Non-linear problems (contact and plasticity) which are found during the analysis require an 

iterative penetration method to be solved. Using this procedure, the iteration process is done 

simultaneously to satisfy both the contact constraints and global equilibrium using Newton–

Raphson procedure. The contact condition is based on the true surface geometry. A Coons 

surface is used in order to improve the geometric representation in calculating the normal. The 

surface is expressed in a four-dimensional homogeneous coordinate space by 

𝑷(𝒖,𝒗) =
∑ ∑ 𝑩𝒊,𝒋𝒉𝒊,𝒋𝑵𝒊,𝒌(𝒖)𝑴𝒋,𝒍(𝒗)𝒎+𝟏

𝒋=𝟏
𝒏+𝟏
𝒊+𝟏

∑ ∑ 𝒉𝒊,𝒋𝑵𝒊,𝒌(𝒖)𝑴𝒋,𝒍(𝒗)𝒎+𝟏
𝒋=𝟏

𝒏+𝟏
𝒊+𝟏

  

 

Equation 31 

where the B are 4D homogeneous defining polygon vertices, Ni,k and Mj,k are non-rational B-

spline basis function, hi,j is a homogeneous coordinate. For given parameters u and v in a local 

system, the location (x,y, z) in a three dimensional space, the first derivative and the second 

derivative, are calculated . A kinematics’ boundary condition is continuously changing because 

the normal can change from iteration to iteration: 

(∆𝑢𝑛𝑜𝑟𝑚𝑎𝑙)0 = 𝑣.𝑛 

 

Equation 32 

(∆𝒖𝒏𝒐𝒓𝒎𝒂𝒍)𝒊 = 𝒗.𝒏𝟏 − 𝒗.𝒏𝟎   
 

Equation 33 

where the subscripts represent the iteration number. 

When contact occurs, a reaction force associated with the node in contact balances the internal 

stress of the elements adjacent to this node. The value of an internal stress is the maximum 

residual force at node n divided by the contact area of node n. After the node comes into contact 

with the other node, it is possible for it to separate in subsequent iteration or increment. 

Therefore node should separate when a tensile force or normal stress exceeds the surface tension. 

Such an approach allows determining and comparing the forces and stressing distribution along 

and across the adhesive and adherend bond lines. 
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Theoretical Implementation in ABAQUS  
The cohesive zone model has been implemented in the commercial finite element package, 

ABAQUS. In particular, cohesive elements are defined along the potential paths of crack growth 

(e.g., a bimaterial interface). The constitutive properties of the cohesive elements are specified in 

terms of the traction-separation law. Several types of traction-separation laws have been 

implemented, and self-developed user subroutines may be incorporated for the cohesive elements 

with non-standard traction-separation laws. In the present study, we adopt the energy-based 

failure criterion: 

Software Implementation 
While setting up the cohesive zone model for energy criterion, we need to define firstly the faces 

along which contact would be made. Next, node to surface type of contact was defined. Here 

nodes on the resin surface are selected to contact the surface on the yarn through the cohesive 

element. This procedure sets up the initial interactions definition in ABAQUS. 

Now the properties of the energy based criterion are defined. This is done in 2 steps 

Damage Initiation properties 

Maximum normal stress = 60MPa 

Maximum shear 1 stress= 60 Mpa 

Maximum shear2 stress= 0  

Damage evolution Properties 

Normal fracture energy= 0.1 J/ mm2 

1st shear fracture energy=0.1 J/mm2 

2nd shear fracture energy=0 

These above mentioned parameters are to be found by basic lab experimentation on the samples 

and at the current phase, these values are taken from web and the true values would be used in 

future once the experimentation would be done.  
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Results 

Results for Mode 1 Debonding 
The primary objective of this study was to find the load capacity of the joint mode 1 type of 

debonding. The analysis was successfully run and from the results obtained. Figure 49 shows the 

debonding of the joint, before and after the load was applied. 

Deformed Images 

                               

(a)                                                                                (b) 

Figure 50: (a) Mode 1 debonding, before load applied; (b) Mode 1 debonding, after load applied 
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Load Vs displacement graph was plotted for the node which underwent debonding. 

 

Figure 51: Displacement Vs Load graph for mode 1 debonding 

 From the graph above the load capacity of the joint was found to be 8.81 N. At this load the 

joint yielded for the first time. The displacement gradient increased rapidly after this point and 

thus the resin and fiber interface was plastically deformed beyond this point. Then at load 10.91 

N, the displacement gradient almost flattened out, thus with no increase in load the displacement 

kept on increasing.  The first yielding occurred at a displacement of 0.03 mm which corresponds 

to 12% elongation before failure. 

 
  

Elastic zone 

Plastic zone 

97 
 



Results for Mode 2 Debonding 
In this model a tangential slip was occurred at the interface. A in plane shear failure occurred at 

the interface.  

Deformed images 

                              

(a)                                                                                              (b) 

Figure 52: (a) and (b) represent Mode 2 debonding, before and after application of load 

In this model a tangential slip was occurred at the interface. Again a displacement Vs load graph 

was plotted at the corner node on the resin where the debonding started.     

          

98 
 



 

Figure 53: Displacement Vs Load graph for mode 2 debonding 

 It is seen that the slope of the graph changed drastically at a load of 31 N. Beyond this point 

again the gradient of displacement started increasing rapidly and thus it was inferred that this 

load was the loading capacity of the joint.  
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Conclusions 

 It was seen that the most strained element in both the modes of debonding remained the corner 

most element on the side opposite to where debonding started. Apart from that, the values for 

load at break obtained for the 2 types of failure modes do not mean anything at the current stage 

of research. The goal of our initial work was just to develop a methodology for simulating the 

joints using Cohesive Zone modeling technique and narrow down vital parameters like type of 

element, element size and perhaps find critically stressed regions of the joint as shown in  Figure 

53. 

 

Figure 54: Mode 1 & Mode 2: Corner elements on the side opposite to the debonding side 
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Chapter 7 Conclusions 
 

Over the course of our work, several important conclusions were drawn. The conclusions 

mentioned below are the major finding of this research. These conclusions have been described 

in details in the previous chapters. 

1. The results of the tensile tests on yarns of different jacket architectures showed a trend of 

increasing values of Young’s modulus as the (prepreg) carbon content in the yarn 

increased. 

2. It was found that the Hertzian-contact model used for calculating transverse modulus of 

the yarns could yield values of modulus with good accuracy. This was observed from the 

validation tests performed on nylon 6,6 samples with known values of transverse 

modulus  

3. Micromechanical model, specific to the braided composite yarn, can accurately predict 

the Young’s modulus along the axis. Literature review showed that micromechanical 

model for finding transverse modulus and in plane shear modulus was not reliable in 

predicting those values respectively. 

4. Bond strength of the joints can be improved further, beyond the bond strength of the joint 

with excess resin. This can be done by controlling the amount of resin available for 

bonding on the surface of the yarn. 

5. With the increase in prepreg carbon fiber tows in the jacket, the bond strength of the 

joints improves. This was accredited to the increased content of resin available for 

bonding on the surface of the yarn. 

It was noted that yarns with highest longitudinal stiffness may or may not yield joints 

with good strength. The strength of the joint is majorly dependent on the jacket 

architecture, resin available on the surface for bonding and diameter of the yarn. 
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