
Copyright ⓒ The Korean Society for Aeronautical & Space Sciences
Received: July 29, 2016  Revised: February 24, 2017  Accepted: March 31, 2017

222 http://ijass.org pISSN: 2093-274x eISSN: 2093-2480

Paper
Int’l J. of Aeronautical & Space Sci. 18(2), 222–235 (2017)
DOI: doi.org/10.5139/IJASS.2017.18.2.222

Prediction of Effective Material Properties for Triaxially Braided Textile 
Composite

Tsinuel N. Geleta*
Department of Civil Systems Engineering, Chungbuk National University, Chungbuk 28644, Republic of Korea

Kyeongsik Woo**
School of Civil Engineering, Chungbuk National University, Chungbuk 28644, Republic of Korea 

Bongho Lee***
Nexcoms Co., LTD, Daejeon 34037, Republic of Korea

Abstract

In this study, finite element modeling was used to predict the material properties of tri-axially braided textile composite. The 

model was made based on an experimental test specimen which was also used to compare the final results. The full interlacing 

of tows was geometrically modelled, from which repeating parts that make up the whole braid called unit cells were identified 

based on the geometric and mechanical property periodicity. In order to simulate the repeating nature of the unit cell, 

periodic boundary conditions were applied. For validation of the method, a reference model was analyzed for which a very 

good agreement was obtained. Material property calculation was done by simulating uniaxial and pure shear tests on the unit 

cell. The comparison of these results with that of experimental test results showed an excellent agreement. Finally, parametric 

study on the effect of number of plies, stacking type (symmetric/anti-symmetric) and stacking phase shift was conducted. 

Key words:  Triaxially braided textile composites, Unit cell analysis, Periodic boundary condition, Effective property prediction, 
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1. Introduction

Textile composite is a type of composite material made 

from braided, knitted, woven or three-dimensional textile 

structure impregnated with matrix material. Unlike laminate 

composites, they are manufactured by inter-weaving of fiber 

bundles to form net shapes before the application of matrix. 

This net shape fabrication is one reason they are chosen 

for building complex structural parts. They have excellent 

out–of–plane properties accompanied by high impact and 

delamination resistance [1, 2]. Because of these properties 

they are widely favored in a variety of energy absorbing 

structural applications [3]. Some examples of industries that 

need such applications are aerospace, automotive, sports and 

recreation and medical industries. Elaborate literature review 

of 2D braided composites is given by Ayranci and Carey [4].

Triaxially braided textile composites are one type of 

2D textile composites in which tows run in three different 

directions within a plane alternating below and above one 

another. Their properties can be controlled by varying the 

amount, orientation and gaps of these tows. The material 

characteristics can be determined from experimental tests or 

numerical analysis. Even if experimental tests represent the 

actual material, they are often quite costly, while computer 

simulations using numerical models can also be a quicker 

and easier alternative. One of the numerical methods is use of 
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multiscale modeling and analysis [5]. Liu et al. [6] employed 

multiscale modeling to predict the effective properties and 

onset of failure at the microscale, mesoscale and structural 

level.

In contrast to its ease of application, the numerical 

analysis method also has its own drawbacks. One of the 

challenges faced in modeling textile composites is difficulty 

to accurately simulate the non-homogeneous distribution of 

fiber tows in the composite [7]. To overcome such difficulties 

researchers have come up with simplification methods. 

Miravete, et al. [8] have proposed an analytical approach to 

predict properties of tri-axial and 3D braided composites 

and validated against FEA and experimental tests. Quek, et 

al. [9] have worked on analytical model for the calculation 

of the effective linear elastic stiffness of a 2D tri-axial flat 

braided composite and the effect of initial imperfections. 

While these simplified methods are easier than FE modeling, 

the accuracy gets less. Byun [10] developed analytical model 

based on unit cell of 2D braided composites to predict the 

geometric characteristics and three dimensional engineering 

constants. For better representation of mechanical behavior 

between individual tows and matrix pocket, detailed 3D FE 

modeling is applied. Tang, et al. [11] modeled 2 × 2 braided 

composites and performed progressive failure analysis. They 

focused on the variation of braid parameters and prediction 

of failure. Goyal, et al. [12, 13] also modeled 2 × 2 braided 

composites to characterize the effect of fiber properties on 

their plastic behavior. Yan and Van Hoa [14, 15] developed 

a macrostructure model to predict the mechanical behavior 

of 2D triaxially braided composites using elastic deformation 

energy of a unit cell to calculate the effective stiffness. Xu, et al 

[3] have modeled and analyzed biaxial and tri-axial braided 

composites to predict material properties with multiscale 

approach. The geometric modeling approach from their 

work has been an important reference for the present work.

In most previous works conducted on triaxially braided 

composites, the geometric modeling was done considering 

the cross-sections of tows to be either lenticular [3] or 

elliptical [17]. However, it may be difficult to achieve as high 

tow volume fraction as the real triaxial braid specimen. In 

the current study, the geometric modeling technique of 

Xu et al. [3] was used with a slight modification to consider 

tow flattening which is very useful to achieve relatively 

high tow volume fractions. In addition to the geometric 

modeling improvement, the current study also considers 

multiple layers to assess the effect of number of plies and 

stacking type on the effective properties. Another aspect of 

multilayer stacking of triaxial braids is misalignment, which 

is not studied very well. In actual manufacturing process, 

misalignment is a random thing since the positioning of plies 

is uncontrollable. In the present study, an attempt is made 

to predict the extreme cases and some intermediate cases 

of phase shifts, which are symmetric and antisymmetric 

stacking.

In the present work, prediction of tri-axially braided 

textile composite model based on an experimental test and 

reference result was done before parametric study on it. The 

modeling was done in two steps: geometric modeling and 

finite element modeling. The geometric parameters were 

extracted from experimental test specimen and reference for 

verification. When the number of layers concerned is more 

than one, factors such as phase shift, symmetry between 

layers and the number of plies comes into play, which is also 

covered by the parametric study at the end.

2. Analysis

The idealization process of tri-axial braided composite 

structures involves models at three different levels. The 

lowest level, called micro–scale level, involves individual 

fibers and matrix to determine tow material properties and 

failure loads. On the opposite end, there is structural level 

where a number of plies each made from tows and matrix 

pockets are modeled and analyzed to predict failure load 

and other required load responses. Mid way between these 

two levels, an intermediate model called mesoscale model is 

used to bridge the gap between the two. Micro and mesoscale 

models involve representative unit cells instead of the whole 

structural model while a complete analysis cycle involves all 

three levels in the form of iteration. In this study, modeling 

was only done for the mesoscale unit cell. The microscale 

analysis to obtain the properties of tows was conducted 

using GENOA/MCQ [16] software programs. The resulting 

effective properties can be utilized in structural analysis.

2.1 Geometric modeling

Tri-axially braided textile composites are comprised of two 

types of tows. The first is the axial tow which usually carries a 

major portion of load carried by the whole composite. It runs 

straight in the direction of major material axis that is the one 

with small or no undulation. The second type of tows are the 

bias tows. These tows run at a diagonal direction to the axial 

tow along an undulating path above and below the axial tow 

and bias tows in other direction. The bias tows are arranged 

in tow groups in such a way that the groups run in symmetric 

directions relative to the axial tow.

In an actual specimen, the dimensions and positions 

cannot be kept precise all over a given sample. However, 
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in an average sense, the dimensions, angles and spacing 

among tows can be given nominal values. A typical tri-axially 

braided composite is defined by these nominal dimensions 

and positions of the axial and bias tows. One of these 

parameters is the braiding angle (θ) which is the acute angle 

between the axial tow and one of the bias tows. Its value can 

be positive or negative depending on the direction of the bias 

tow. The value of this angle typically ranges between 15⁰ and 

75⁰ [3]. This and the rest of the parameters shown in Fig. 1 are 

used to define the geometry of the tows. They are the width, 

thickness and gap of the axial (wa, ta and εa) and bias (wb, tb 

and εb) tows, respectively.

In addition to the averaging simplification of tow width and 

thickness, the cross-sectional shape of the tows also needs 

to be modeled. One way to do so is through an assumption 

that the cross-section has a lenticular shape. The lenticular 

shape can be defined by a circular arc or sinusoidal function 

with or without straight line in the middle. In this study, an 

arc lenticular cross-section with circular arc of radius r (Fig. 

2) has been used for both axial and bias tows. However, 

when higher tow volume fraction is needed with fixed major 

geometric parameters, using the lenticular shape alone may 

not be enough. Therefore, whenever it is required, a straight 

line (ea or eb in Fig. 2) is inserted between the arcs in the 

cross-section as shown Fig. 2. By controlling the ratio of the 

length of straight line to width of the tow, the amount of tow 

flattening and tow volume fraction can be controlled. The 

amount of axial and bias tow flattening (fa and fb) is defined 

as the percentage of the tow width that is flat, i.e., fa = ea/wa 

and fb = eb/wb. 

Figure 3 shows the process of generation and assembly of 

tows for unit cell modeling. For the creation of the axial tow, 

the lenticular cross-section with or without straight line was 

swept along a straight path to create a 3D solid representing 

the axial tow. The cross-section was always kept orthogonal 

to the sweep path, which was then replicated as much as 

required.

Similarly, the bias tows were created by sweeping a 

lenticular cross-section with or without straight flattened 

portion. Unlike the axial tows, however, the bias tows were 

swept along an undulating path at an angle equal to twice 

the braiding angle. The undulation of the path enables the 

bias tow to pass above and below the axial tow and the 

other direction bias tows while the inclined orientation of 

the cross-section enables to create a better perpendicular 

section representation of the actual cross-section. 

The bias tow path was created from a combination of 

arcs with or without straight lines. In the same way as cross-

section flattening, bias tow path flattening was also defined 

to enable further control on the tow volume fraction and 

avoid interference of tows in the case of small tow gaps. The 

tow path flattening (fp) is defined as the percentage of the 

vertical projection length of the bias tow that has straight 

path. In other words, tow path flattening (fp) is equal to twice 

ep divided by the undulation length (λ) as shown in Fig. 3. 

The bias tow path has other characteristic parameters such 

as the amplitude (A), radius (rp) and the undulation length 

 
 
 
  

 
 
 
 
 
 

Fig. 1. Major parameters defining the tri-axial braided textile composite 
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Fig. 2. Axial and bias tow cross-section 
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Fig. 3. Assembly of tows and creation of unit cell 
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(λ), which are determined using the basic tri-axial braiding 

parameters and the percentage tow path flattening.

Bias tows were then created by sweeping the cross-section 

along the undulating bias tow path at an angle of 2θ to the 

path. This was done for both positive and negative bias tows. 

As a result, the cross-sections of a bias tow in a direction 

were always parallel to the path of opposite direction bias 

tows. These two tows together with the axial tow are finally 

assembled to create the full tri-axial braiding.

Since the assembly has several repeating parts, extraction 

of a systematic portion that can represent the behavior 

of the whole assembly is an important task. The unit cell 

extracted has three parts from the axial tow, three parts 

from one of the bias tows and four parts from the other. It 

was cut perpendicular to the axial tow. Once the tows were 

cut, the matrix was created in such a way that it fills a void 

space within a box containing the tows of the unit cell. The 

thickness is equal to the nominal thickness of the ply. The 

tow volume fraction (υtow) is then calculated as follows.
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Fig. 3. Assembly of tows and creation of unit cell for tri-axial braided composite 
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2.2 Finite element modeling

Once the geometric modeling is done for the unit cell, 

the next step is mesh generation for finite element analysis. 

In this study, the geometric modeling was performed in 

CAD software which was then imported into FE software 

ABAQUS in the form of IGES (Initial Graphics Exchange 

Specification) format. Fig. 4 shows the geometric parts and 

mesh generation process. To simplify the meshing process, 

the matrix was created in the FE software and then merged 

to the tows resulting in single part partitioned automatically 

between the tows and the matrix.

The element type used is four node tetrahedral linear 

elements for all models. Even though hexahedral elements 

are the first choice in typical 3D FE calculations, the level of 

effort needed to generate elements in such a complicated 

shape, especially in tow-crossing areas, was too high. The 

mesh was generated in such a way that the number of nodes 

and their location matches in opposite faces of the unit cell 

as required depending on the type of boundary condition 

applied. This will be discussed in detail later.

2.3 Periodic boundary condition

The periodic nature of the extracted unit cell requires a 

boundary condition that repeats the displacement condition 

on the opposite faces of the unit cell. This boundary condition 

is called a periodic boundary condition (PBC). It is applied to 

a pair of nodes on the opposite sides of the unit cell which 

requires the nodes to have the same two coordinates. This is 

why the mesh was generated in such a way that the opposite 

faces had matching nodes as shown in Fig. 5. (In Fig. 5, a 

coarse mesh was used to represent the matching nodes 

schematically. In actual computation, much more refined 

meshes were used.) The PBCs for the three pairs of faces can 

be expressed as [3]:
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Fig. 4. FE part generation and sample mesh of unit cell for tri-axial braiding 
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Fig. 5. Matching opposite faces of unit cell mesh for the application of PBC 
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represents arbitrary stacking of infinitely repeating block of 

plies. However, when the stacking is symmetric, equation 

3c will be eliminated and replaced by normal displacement 

boundary condition on one face of the unit cell only. In this 

case, either the top or bottom of the unit cell is constrained 

against displacement in z direction. Similarly, for the case 

when a finite number of plies are involved, equation 3c 

needs to be eliminated all–in–all.

In order to apply PBCs, a custom code was written that 

searches for matching node pairs and applies the equation 

constraints of ABAQUS. The global strain exerted on the unit 

cell is applied to a single pair of nodes called master nodes 

of their respective faces. This means, the difference in the 

applied displacement between these two nodes is equal to 

the value on the right hand side of equation 3. For the rest 

of the node pairs, the displacement difference is equated to 

that of these pairs.

2.4 Material property and unit cell parameters

In this work, two configurations were used to validate 

the method. Configuration 1 is directly taken from the 

work of Xu, et al. [3] while Configuration 2 is made based 

on experimental test specimen. Fig. 6 and Table 1 show the 

geometric parameters from which the tow volume fraction 

was calculated to be 45.3%. Thus, considering the fiber 

volume fraction in the tow given in the reference as 78%, 

the total fiber volume fraction becomes 35.3%. The material 

properties of both axial and bias tows were the same and are 

summarized in Table 2. For the FE meshing, a converged 

mesh size of 0.08 mm was used for this configuration.

The parameters and dimensions needed for configuration 2 

were extracted from an experimental test specimen. Geometric 

and other relevant information about this specimen is also 

given in Table 3. Two types of carbon fiber material have been 

used with one type of matrix for all models of configuration 2. 

The fiber used for the axial and bias tows are TR50S-12L and 

37-800WD carbon fibers, respectively. The properties of these 

and the epoxy matrix used are listed in the Table 4. 

For configuration 2, the extracted unit cell is shown in Fig. 

7 which has a tow volume fraction of 53.4%. With the total 
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Fig. 6. Unit cell modeling for configuration 1 considered in Xu et al. [3] 
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Fig. 6. Unit cell model for configuration 1 considered in Xu et al. [3]

Table 1. Major parameters of tri-axially braided textile composites of configuration 1 considered by Xu et al. [3]
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Table 1. Major parameters of tri-axially braided textile composites of configuration 1 considered by 

Xu et al. [3] 

 

θ  
(mm) 

 
(mm) 

 
(mm) 

 
(mm) 

 
(mm) 

 
(mm) 

25⁰ 1.144 1.130 0.195 0.197 0.645 1.162 
  

Table 3. Modeling parameters of configuration 2
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Table 3. Modeling parameters of configuration 2 

 

 Axial Tow Bias Tow 
Count of ply (ea) 1 
Total thickness (mm) 0.8 
Fiber volume fraction of plate (%) 47 
Braiding angle (⁰) 61 
Product 37-800WD TR50S-12L 
Filament Count (1,000ea) 30 12 
Dia. of Filament (μm) 6 7 
Total Area of Filament (μm²) 0.848 0.462 
Density (g/cm³) 1.82 1.82 
Thickness (mm) 0.399 0.273 
Width (mm) 4.379 3.241* 
Space (mm) 7.91 3.78* 

Gap (mm) 3.33 0.375* 

* These dimensions of the bias tow have been measured in direction parallel to the axial tow. 
  

Table 2. Material properties for configuration 1 [3]
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Table 2. Material properties for configuration 1 [3] 

 

 E11 
(GPa) 

E22 = E33 
(GPa) 

G12 = G13
(GPa) 

G23 
(GPa) v12 = v13 v23 

Tows 236.39 10.26 7.17 4.17 0.23 0.43 
Matrix 3.31 - - - 0.35 - 
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fiber volume fraction given as 47%, the fiber volume fraction 

in the tows calculated from equation 2 to be 88%. This value 

was used for the calculation of the tow properties shown 

in Table 5 from the properties of the constituent materials 

shown in Table 4. Concerning the mesh of the FE model, a 

converged mesh size of 0.2 mm was used over all models 

based on this configuration. 

To compute the tow material properties, micro–scale 

analysis was conducted using GENOA/MCQ software. The 

properties listed in Table 5 were computed with fiber volume 

fraction in the tow of 88% for configuration 2.

2.5 Tow orientation

After the mesh generation, the next step is material 

assignment to the various parts of the unit cell. There are at 

least two types of materials involved in any tri-axial braided 

composite. The isotropic matrix material is simply assigned 

to elements of the matrix while the orthotropic material 

for the axial and bias tows, which may or may not have the 

same properties, needs further definition of material axis 

orientation. By grouping the elements of each tows, the 

material type is assigned after which the orientation was 

assigned for those which need it.

The material orientation for the straight axial tow is easily 

assigned in such a way that the material axis-1 is parallel to 

the tow path and the material axis-2 is perpendicular to the 

path and parallel to the global xy-plane. The third material 

axis-3 is then determined as the cross-product of material 

axes 1 and 2.

Similarly, the material orientation for the bias tow is 

defined to represent the fiber direction parallel to the tow 

path. However, since the bias tow path is not straight, it has 

to be considered in segments which represent a group of 

elements. If the vertical projection of the tow path segment on 

Table 4. Constituent material properties for configuration 2
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Table 4. Constituent material properties for configuration 2 

(a) Matrix 

 

Maximum Strength 
(MPa) 

Maximum Strain 
 (με) 

Modulus of Elasticity 
(GPa) Poisson’s Ratio 

74.30 0.04965 2.904 0.39 

 

(b) Fiber 

 

Used for Name Strength 
(MPa) 

E1 
(GPa) 

Elongation 
(%) 

Density 
(g/cm3) 

Axial tow TR50S-12L 4900 240 2.0 1.82 
Bias tow 37-800WD 5490 255 2.2 1.82 
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(b) Fiber

Table 5. Tow material properties for configuration 2 (88% fiber volume fraction in the tows)
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Table 5. Tow material properties for configuration 2 (88% fiber volume fraction in the tows) 

 

 E11 
(GPa) 

E22 
(GPa) 

E33 
(GPa)

G12 
(GPa)

G13 
(GPa)

G23 
(GPa) v12 v13 v23 

Axial tow 208.36 1.621 1.621 7.542 7.542 4.074 0.247 0.247 0.410 
Bias tow 196.14 1.621 1.621 7.542 7.542 4.074 0.247 0.247 0.410 
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a) Picture of Specimen 

 

b) Unit cell model 

 

 

Fig. 7. Unit cell extraction for configuration 2 of 60° triaxially braided textile composite (Experiments 

were conducted for this configuration.) 

  

+θ

-θ 

W = 15.820 

t = 0.830 mm 

L = 4.567 mm

Fig. 7.  Unit cell extraction for configuration 2 of 60° triaxially braided 
textile composite (Experiments were conducted for this con-
figuration.)
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Fig. 8. Material orientation assignment for bias-tows 

  

Fig. 8. Material orientation assignment for bias-tows
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to the global xy-plane has a length of g (called the orientation 

density), then all the elements whose centroid lies between 

two vertical planes passing through the start and end of the 

path segment parallel to the ‘other’ bias tow direction are in its 

group (The ‘other’ bias tow means a bias tow having opposite 

braiding angle). By controlling the length of g the density 

of the material direction definition can be controlled. The 

local material axis-1 is then the secant direction of the path 

segment while material axis-2 is perpendicular to the vertical 

projection of the Tow path and parallel to the global xy-plane. 

And finally, in the same way as that of the axial tow, material 

axis-3 is the cross – product between material axes 1 and 2.

In order to apply this varying material orientation for 

every element, a custom code was written that reads mesh 

data and generates the required orientation definitions. The 

code works with ABAQUS input file and requires some of the 

basic geometric parameters, coordinates of the tow paths 

and the orientation density (g) to run. Fig. 9 shows the tow 

material orientation assigned in this way for axial and bias 

tows of configuration 2.

2.6 Effective property calculation

The property calculation of the tri-axial braiding is 

conducted in multiple test simulations on the unit cell. It 

involves the application of uniaxial tension and pure shear 

at macro level in different directions. The relation between 

global stresses and strains for the unit cell is given as:
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Fig. 9. Definition of material axes for configuration 2 
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The application of one of the global stresses at a time results in global strain values from which 
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simulations, all nine independent material constants can be determined. 
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The application of one of the global stresses at a time results in global strain values from which 
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simulations, all nine independent material constants can be determined. 

(d) axial tow (c) +θ bias tow(b) -θ bias tow (a) all tows 

(4c)

The application of one of the global strains at a time results 

in global stresses values from which corresponding effective 

elastic properties are obtained. With three uniaxial and three 

pure shear test simulations, all nine independent material 

constants can be determined.

3. Experiment

Tests were performed following the specification of 

ASTM D3039 [18]. Fig. 10 shows the configuration and 

the dimensions of test specimens. The total length of the 

specimen is 250 mm and the length of test section is 138 

mm. The width and the nominal thickness are 15 mm and 

0.83 mm, respectively. At both ends, 56 mm long and 1.5 mm 

thick Glass/Epoxy grip tabs are attached.

For the manufacture of test specimens, first triaxially 

braided composite plate was molded by VARTM(Vacuum 

Assistant Resin Transfer Method). Braid preform was placed 

on flat mold, bagged with release fabric, flow medium and 
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Fig. 9. Definition of material axes for configuration 2 

  

(d) axial tow (c) +θ bias tow(b) -θ bias tow (a) all tows 

Fig. 9. Definition of material axes for configuration 2
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Fig. 10. Test specimen dimension 

  

Fig. 10. Test specimen dimension
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Fig. 11. Triaxially braided composite plate molding 

 

  

Fig. 11. Triaxially braided composite plate molding
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Fig. 12. UTM set-up with specimen mounted 

 

  

Fig. 12. UTM set-up with specimen mounted
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vacuum film, injected resin, and then cured at the designated 

temperature. (See Fig. 11.) Then, the cured plate was cut to 

specified dimensions and the end tabs were attached with 

epoxy resin. At the specimen center, two strain gages with 5 

mm length and 120 ohm were attached.

The tensile tests were performed using 10 ton UTM. (See 

Fig. 12.) A constant displacement speed of 2 mm/min was 

applied until final fracture. The applied load was measured 

using load cells. In total, 10 specimens were tested, while 

the results of 7 specimens were selected for further data 

processing discarding 3 unreasonable results.

4. Results and Discussion

Analysis was conducted on two base configurations and 

a number of models for parametric study. Firstly, the result 

of the two configurations was used to validate the method 

before proceeding to the parametric analysis. Here, the 

results for the two configurations and the parametric studies 

are presented in the same order as their introduction.

4.1 Comparison of effective properties

The modulus of elasticity, shear modulus and Poisson’s 

ratio values from the present analysis for configuration 1 are 

shown in Table 6 along with the same properties from the 

reference. All the results showed a very good match with 

those of the reference. The difference was negligible for 

all properties with a relatively higher difference in E22 and 

lowest for the Poisson’s ratio.

For configuration 2, six different types of test simulations 

were performed to obtain all nine independent material 

constants. Three of the simulations were alternative 

application of tensile displacement in the three principal 

axes, from which three moduli of elasticity and three 

Poisson’s ratio values were calculated. In addition to these, 

three pure shear test simulations in xy-, xz- and yz-directions 

were also performed and three shear modulus values were 

obtained. Table 7 lists the effective properties obtained for 

configuration 2.

For the validation of the analysis results, a series of 

uniaxial tensile tests were performed for configuration 2. 

Fig. 13 shows the experimental stress-strain curves. The 

experimental results exhibited a large amount of scatter 

which is typical for textile composites with the low degree 

of homogeneity due to the coarse fiber tow structure. The 

tensile modulus was obtained from the flat portion of the 

curves. The average and the standard deviation of the test 

results for E11 were 38.81 GPa and 4.5 GPa. In comparison 

to the numerical analysis result, an excellent agreement was 

found again.

4.2 Parametric study

Once the method was validated with results from reference 

and experiments, parametric study was conducted on the 

number of plies and stacking phase shift. The numbers of 

plies considered are one ply, two plies and ideally infinite 

number of plies in symmetric and antisymmetric stacking. 

To simulate infinite plies, the boundary conditions are 

used while an actual unit cell model is made for two ply 

case. In addition to the number of plies, the symmetry of 

plies was also considered at the same time. Infinite plies 

Table 7. Independent material constants of configuration 2.
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Table 7. Independent material constants of configuration 2. 

 

E11 
(GPa) 

E22 
(GPa) 

E33 
(GPa) 

G12 
(GPa) 

G31 
(GPa) 

G32 
(GPa) v12 v13 v23 

38.84 37.81 2.91 5.81 2.14 2.05 0.277 0.307 0.261 
 
  

Table 6. Result comparison of property calculation between the present work and reference
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Table 6. Result comparison of property calculation between the present work and reference 

 

 Xu, et. al [3] Present work Deference 
E11 (GPa) 66.0 65.6 0.61% 
E22 (GPa) 7.2 7.12 1.11% 
G12 (GPa) 10.5 10.4 0.86% 

v12 1.18 1.18 0.00% 
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Fig. 13. Experimental stress-strain curves of configuration 2 

 

  

Fig. 13. Experimental stress-strain curves of configuration 2

Difference
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with symmetric stacking were represented by equating the 

z-direction displacements within the two in-plane faces of 

the unit cell. 

4.3.1 Effect of number of plies

The first parametric study conducted was on the number 

of plies in symmetric and anti-symmetric stacking based on 

the geometric parameters of configuration 1. Single, double 

and infinite plies have been considered for the comparisons. 

The single and double plies have been directly modelled 

with unit cells while the infinite plies have been simulated 

using boundary conditions on the single ply models. Fig. 14 

shows these three unit cells used in this parametric study.

The variation of E11, E22, v12 and G12 with number of plies 

has been shown in Fig. 15. It was found that the number of 

plies and the symmetric/anti-symmetric stacking did not 

have much effect on the variation of E11, E22, and v12, while it 

did have on G12. The value of E11 increased only slightly with 

increase in the number of plies for both symmetric and anti-

symmetric stacking. This increase is due to the tighter side-

ways confinement as the number of plies increases. Besides 

the number of plies, its value in the case of symmetric 

stacking was slightly higher than that of anti-symmetric case. 

The anti-symmetric stacking is relatively softer due to the 

lack of inter-supporting arrangement of bias tows present in 

the case of symmetric stacking. The value approached that 

of ideally infinite number of plies from below for both kinds 

of stacking.

The shear modulus, which shows a significant variation, 

is directly related to the orientation and arrangement of 

bias tows. In general, shear means tension in diagonal 

direction which happens to be closer to the direction of 

bias tows. Therefore, at the time of shear load, bias tows 

in one direction are tensioned while those in the opposite 

direction are compressed. Since these tows are not straight, 

axial application of load results in transverse out-of-plane 

deformation. In the case of anti-symmetric stacking, the 

out-of-plane deformation of each ply occurs in phase and 

the plies can deform without too much restriction between 

the adjacent plies. In contrast, if the plies are stacked in such 

a way that the bias tows in consecutive plies are arranged 

symmetrically, the out-of-plane deformation of the each 

ply tends to cancel one another and thus the out-of-plane 

deformation is be more restricted. Therefore, single ply 

has the lowest G12 while symmetrically stacked multi-ply 

arrangement results in maximized G12.

In Fig. 15(b), E22 increased with increase in number 

of plies in similar fashion to E11. The reason for this is also 

the additional confinement of plies contributing to the 

stiffness of the plies with increase in number of plies. This 

value approached that of the infinite plies with increase in 

the number of plies. However, E22 had higher value in the 

case of anti-symmetric stacking than that of symmetric 

stacking, unlike E11. Bias tows in plies stacked symmetrically 

experience relatively less bulging as seen from the stress 
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Fig. 14. Unit cells of single and double ply models of configuration 1 

 
  

1 Ply 2 Ply Anti-symmetric 2 Ply Symmetric 

Fig. 14.  Unit cell models of configuration 1 with different stacking 
pattern
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Fig. 15. Effect of phase shift in x-direction on effective material properties 

 

  

Fig. 15. Effect of phase shift in x-direction on effective material properties
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contour plot in Fig. 16. The symmetrically stacked plies, 

however, get relatively more softened due to bias tows 

bulging in opposite directions. 

The braiding angle also plays an important role in this 

behavior that symmetric stacking being softer in y-direction 

than anti-symmetric one. A braiding angle less than 45⁰ 

means that the bias tows contribute more to the x-direction 

properties than to the y-direction. This means, if these bias 

tows are going to support a load in y-direction, they have 

to fold around a little bit like a ribbon requiring a slightly 

more out-of-plane displacement than they do if the load was 

in x-direction. However, if the out-of-plane deformation is 

constrained, as in the case of symmetric stacking, more and 

more portion of the load in y-direction will be supported by 

the bias tows in its transverse direction. On the other hand, if 

the stacking is anti-symmetric, the relatively free out-of-plane 

movement will let the bias tow move around and support the 

load in its strongest axis. This explains why the current case, 

being a 25⁰ braiding, behaves the way described in the above.

The converse of the above argument is also true that for 

braiding angle larger than 45⁰, E22 of symmetric stacking is 

larger than the anti-symmetric counterpart; but E11 is larger 

for the anti-symmetric case. This can be seen from the result 

in the next section on phase shift Fig. 20(a) and (b). These 

models are all 60 models with dy/W = 0 and 0.5 being anti-

symmetric and symmetric two ply models, respectively.

4.3.2 Effect of phase shift

Stacking phase shift is the in-plane movement of one ply 

relative to its adjacent ply defined by the distance moved 

in x- and y-directions. It represents the actual shift in ply 

stacking at the time of manufacturing multi-ply composites. 

The shift can take place in x, y or both directions. The amount 

of shift can be defined by the relative movement between 

plies divided by the dimension of the unit cell in the shift 

direction. Fig 17 and Table 8 summarize the phase shift 

models considered. The number pairs in Fig. 17 indicate the 

normalized shifts in the x- and y-direction, i.e., (dx/L, dy/W).

All the models were made based on configuration 2 

but with a slight modification to some of the geometric 

parameters and thus the total fiber volume fraction. The unit 

cell size is 14.373 mm × 4.149 mm × 1.660 mm with a total 

fiber volume fraction of 40%. The fiber volume fraction in the 

tows of 80.5% for the calculation of tow material properties 

from the same constituent properties of configuration 2.

Figures 18 and 20 summarize the results for these two 

sets. Since all the results are symmetric about 50% shift all 

discussions are made based on shifts between 0% and 50%. 

Both set of figures have the same percentage variation of their 

vertical axis across the four plots of each figure. As can be seen 

in the figures, the effective normal moduli (E11 and E22) and 

the Poisson’s ratio (v12) were found insensitive to the stacking 

phase shift while the shear modulus (G12) was. For the case of 

phase shift in the x-direction, E11 had approximately average 

value at 0% shift then decreased towards a minimum value 

at 25% shift and increased again towards the maximum 

value at 50% shift. The maximum value at 50% shift is due to 

the alternation of bias tows along the axial tow filling some 

of the ‘unsupported’ parts of the axial tow. This additional 

confinement of the axial tow contributes to the addition of 

stiffness. 

On the other hand, E22 and G12 increased almost steadily 

from 0 to 50% shift. This is caused mainly by the increase in 

out-of-plane deformation with increase in phase shift. This 

can be seen from the deformed shape shown in Fig. 19. The 

model with 50% shift (0.5, 0) shows the least out-of-plane 

deformation. (All plots in a row have the same deformation 

scale.) In a close relationship with E22, ν12 had a reverse 

variation with increase in x-direction phase shift due to the 
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Fig. 16. Stress plot of bias tows in y-direction tensile test simulation with variation in number of plies 

and stacking type (��̅�= 0.02795, displacement magnification factor = 4) 
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Fig. 16.  Stress plot of bias tows in y-direction tensile test simulation 
with variation in number of plies and stacking type (
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Fig. 16. Stress plot of bias tows in y-direction tensile test simulation with variation in number of plies 

and stacking type (��̅�= 0.02795, displacement magnification factor = 4) 
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Fig. 17. 2-ply unit cell models with phase shifts 

  
Fig. 17. 2-ply unit cell models with phase shifts

Table 8. Phase shift parameters
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Table 8. Phase shift parameters 

 

Model Id.   

0 0 0 
1 0.125 0 
2 0.25 0 
3 0.375 0 
4 0.5 0 
5 0 0.125 
6 0 0.25 
7 0 0.375 
8 0 0.5 
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Fig. 18. Effect of phase shift in x-direction on effective material properties
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Fig. 19. Deformed shapes and stress plots of test simulations on x – direction phase shift models 

(��̅�= 0.0241, ��̅�= 0.00696, �̅��= 0.0241) 
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Fig. 19. Deformed shapes and stress plots of test simulations on x – direction phase shift models (
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Fig. 19. Deformed shapes and stress plots of test simulations on x – direction phase shift models 
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Fig. 19. Deformed shapes and stress plots of test simulations on x – direction phase shift models 

(��̅�= 0.0241, ��̅�= 0.00696, �̅��= 0.0241) 
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Fig. 20. Effect of phase shift in y-direction on effective material properties
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Fig. 21. Deformed shapes and stress plots of test simulations on y – direction phase shift models 

(��̅�= 0.0241, ��̅�= 0.00696, �̅��= 0.0241) 
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same reason as for the increase in E22. 

Figure 20 shows the variation of effective properties with 

phase shift in y-direction. E11 starts at a value slightly higher 

than average at 0% shift towards a peak at 25% and then a 

quick drop to a minimum at 50%. Firstly, the reason for 

maximum E11 at 25% is attributed to a relatively distributed 

volume of axial tows across y-direction of the unit cell and 

an average allowance of out-of-plane deformation for bias 

tows. The distribution of axial tows across the face of the 

unit cell has an advantage to increase the stiffness since 

the otherwise ‘bias tow only’ regions will now have axial 

tow confinement. The second reason is the same argument 

discussed before at the end of the parametric study on 

the number of plies that the bias tows braided in an angle 

larger than 45⁰ loaded in x-direction need out-of-plane 

deformation for better stiffness. Therefore, having an average 

combination of these two, the model with 25% shift attained 

the maximum E11. The sudden drop after this peak is due to 

the loss of these two advantages simultaneously. The bias 

tows moving into symmetric position highly restricts the out-

of-plane movements resulting in shift of load support in bias 

tows from major material axis to transverse direction. At the 

same time, the axial tows return back to the arrangement at 

0% shift, which is their least distributed state. Therefore, the 

minimum E11 occurs at 50% shift in y-direction.

In a similar general trend, E22 starts from a minimum value 

at 0% shift and increases to a maximum value at 25%. The 

maximum value at 25% is due to increased confinement of 

bias tows caused by the distributed axial tows. This can also 

be observed from the stress plot in Fig. 21. In a direct relation 

to this, ν12 has the opposite variation pattern due to the fact 

that the displacement in y-direction is directly related to the 

stiffness. Finally, G12 has a linear variation to the phase shift 

due to the obvious increase in symmetry of bias tows, which 

is also shown in Fig. 21.

5. Conclusion

A procedure to build geometric and finite element model 

of triaxially braided textile composite was presented. The 

modeling was controlled by basic geometric parameters, 

material properties and boundary conditions as required. 

Individual tows were created and assembled to form a ply 

from which a repeating unit cell was extracted. With the 

adopted geometric modelling technique, a reasonable tow 

volume fraction was attained. Orthotropic materials for the 

tows were assigned accordingly following the tow path and 

geometry for every element. For the FE model, periodic 

boundary condition was applied to simulate the repeating 

nature of unit cells.

Two configuration with two different braiding angles, 

one from a reference and the other from experiment, were 

adopted in this study. Using these two configurations, the 

method was validated with a very good agreement with both 

the reference and the experimental results.

After the validation of the method, a parametric study 

on the number of plies and ply stacking phase shift was 

conducted. The effect of number of plies was seen to be 

important in all material properties, especially shear 

modulus. Besides the number of plies, the symmetry 

condition of the stacking. It was found that for the considered 

triaxial braided composite configuration, the number of plies 

and the stacking phase shifts showed a relatively small effect 

on the extension moduli and Poisson’s ratio, while they had a 

significant effect on the shear modulus. Symmetric stacking 

had higher E11 and G12 than the antisymmetric one. With 

phase shifts between plies, the maximum values of the shear 

modulus occurred at 50% shifts in both x-and y-directions 

at which the shear interaction of adjacent fiber tows was the 

largest.

Acknowledgement

This work was supported by Defense Acquisition Program 

of Korea through Dual Use Technology Development Project 

2015.

References

[1] Gibson, R. F., Principles of Composite Material 

Mechanics, McGraw-Hill, Inc, 1994.

[2] Huang, Z. M., “The Mechanical Properties of 

Composites Reinforced with Woven and Braided Fabrics”, 

Composite Science and Technology, Vol. 60, 2000, pp. 479-

498.

[3] Xu, L., Kim, S. J., Ong, C. H. and Ha, S. K., “Prediction 

of Material Properties of Biaxial and Triaxial Braided Textile 

Composites”, Journal of Composite Materials, Vol. 46, No. 18, 

2012, pp. 2255-2270.

[4] Ayranci, C. and Carey, J., “2D Braided Composites: 

a Review for Stiffness Critical Applications”, Composite 

Structures, Vol. 85, No. 1, 2008, pp. 43-58.

[5] Aboudi, J., Arnold, S. M. and Bednarcyk, B. A., 

Micromechanics of Composite Materials: a Generalized 

Multiscale Analysis Approach, Butterworth-Heinemann, 

2012.

[6] Liu, K. C., Chattopadhyay, A., Bednarcyk, B. and 



235

Tsinuel N. Geleta    Prediction of Effective Material Properties for Triaxially Braided Textile Composite

http://ijass.org

Arnold, S. M., “Efficient Multiscale Modeling Framework for 

Triaxially Braided Composites using Generalized Method 

of Cells”, Journal of Aerospace Engineering, Vol. 5, No. 24(2), 

2011, pp. 162-169.

[7] Xiao, X., Kia, H. G. and Gong, X. J., “Strength Prediction 

of a Triaxially Braided Composite”, Composites: Part A, Vol. 

42, 2011, pp. 1000-1006.

[8] Miravete, A., Bielsa, J. M., Chiminelli, A., Cuartero, 

J., Serrano, S., Tolosana, N. and De Villoria, R. G., “3D 

Mesomechanical Analysis of Three-Axial Braided Composite 

Materials”, Composites Science and Technology, Vol. 66, 2006, 

pp. 2954-2964.

[9] Quek, S. C., Waas, A. M., Shahwan, K. W. and Agaram, 

V., “Analysis of 2D Triaxial Flat Braided Textile Composites”, 

International Journal of Mechanical Sciences, Vol. 45, 2003, 

pp. 1077-1096.

[10] Byun, J. H., “The Analytical Characterization of 

2-D Braided Textile Composites”, Composites Science and 

Technology, Vol. 60, No. 5, 2000, pp. 705-716.

[11] Tang, X., Whitcomb, J. D., Kelkar, A. D. and Tate, J. 

“Progressive Failure Analysis of 2 x 2 Braided Composites 

Exhibiting Multiscale Heterogeneity”, Composites Science 

and Technology, Vol. 66, 2006, pp. 2580-2590.

[12] Goyal, D. and Whitcomb, J. D., “Effect of Fiber 

Properties on Plastic Behavior of 2 x 2 Biaxial Braided 

Composites”, Composites Science and Technology, Vol. 68, 

2008, pp. 969-977.

[13] Goyal, D., Tang, X., Whitcomb, J. D. and Kelkar, A. 

D., “Effect of Various Parameters on Effective Engineering 

Properties of 2 x 2 Braided Composites”, Mechanics of 

Advanced Material Structures, Vol. 12, 2005, pp. 113-128.

[14] Yan, Y. and Van Hoa, S., “Energy Model for Prediction of 

Mechanical Behavior of 2-D Triaxially Braided Composites, 

Part I: Model Development”, Journal of Composite Materials, 

Vol. 36, No. 8, 2002, pp. 963-981. 

[15] Yan, Y. and Van Hoa, S., “Energy Approach for 

Prediction of Mechanical Behavior of 2-D Triaxially Braided 

Composites Part II: Parameter Analysis”, Journal of Composite 

Materials, Vol. 36, No. 10, 2002, pp. 1233-1253.

[16] AlphaStar, GENOA Technical Manual. Ver. 5. 

AlphaStar 2013.

[17] Kier, Z. T., Salvi, A., Theis, G., Waas, A. M. and Shahwan, 

K., “Estimating Mechanical Properties of 2D Triaxially 

Braided Textile Composites based on Microstructure 

Properties”, Composites Part B: Engineering, Vol. 68, 2015, pp. 

288-299.

[18] ASTM, ASTM D3039 Standard Test Method for Tensile 

Properties of Polymer Matrix Composite Materials, American 

Society of Testing and Materials: West Conshohocken, PA., 

2000.


