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Abstract In this paper, a parametric study of mechanical properties for tri-axially braided composite is presented. The
main parameters involved are: the braid angle “6”, the fiber volume fraction “Vy” and the fiber type. An analytical modeling
is adopted to evaluate the 3D elastic properties and ultimate strengths. This model is based on a multi-scale homogenization
method, the 3SHM (three Stages Homogenization Method) where Tsai-Wu and Christensen Failure criteria and a damaged
stiffness model are used to predict the failure of composites. A validation of the analytical model is done by comparing the
results with available experimental and numerical FE data. At the braid angle 6 = 50°, and for different types of fibers and Vi,
the composite is almost in-plane isotropic, where in-plane Young’s moduli and tensile strengths are equal. At this angle, the
highest values of the in-plane shear modulus and shear strength are obtained.
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1. Introduction

Composites materials, and especially textiles, are taken
more attention due to their mechanical properties. This
paper presents a parametric study of the mechanical
properties for a particular type of textile composites, the 2D
tri-axially braided composite. As known, these types of
fabrics are characterized by their braid angle and composed
from two braided yarns and one axial yarn. Braided yarns
make an angle that varies between zero and ninety degree;
the common angles are 30, 45 and 60 degrees. Thus, a
variety of braided composite architectures are found taking
into account that different fiber volume fraction and fiber
types can also be involved. The variation of these
parameters leads to different mechanical properties of the
material.

The prediction of elastic properties and ultimate strengths
of textile composites has been done using analytical and
numerical Finite Element models. In Literature most of the
studies focus on woven composites, plain weave, satin and
Twill fabrics, however less studies are found for the braided
fabrics. Byun et al. [1] studied a two-step braided composite
by two analytical models: a micro-cell model and a
macro-cell model. The micro-cell model presents an attempt
to combine the iso-strain and iso-stress assumptions in
assembling different laminates composing the REV
(Representative Elementary Volume) using CLT (Classical
Laminates Theory). At first, an iso-stress assumption is
used along the axial direction and then, iso-strain
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assumption is used along the transverse direction. The
macro cell model represents a volume averaging model
using iso-strain assumption. Results for in-plane elastic
properties compared to those experimental reveal that micro
cell model yields better results for axial Young’s modulus
and the in-plane Poisson’s ratio, while both models yield
less accurate results for the axial shear modulus.

A 3D iso-strain model is presented by Shokrieh and
Mazloomi [2] to evaluate the stiffness of tri-axially braided
composite. In this model, the composite is treated as a set of
several layers representing braided and axial yarns. The
stiffness of sinusoidal off-axis braided layers and axial
layers are estimated using the layers fiber volume fraction
equal to that of the REV. Then, the stiffness of the REV is
obtained from averaging the stiffness matrices of the layers
over their thickness fractions. They compared their results
to those obtained from a stiffness “volume averaging”
model and experimental data presented by Quek et al. [3].
Results show improvements in the prediction of the
transverse Young’s modulus “E,” and the in-plane shear
modulus “Gy,”. Numerical finite element modeling is done
for 3D tri-axially braided composites. Almost a good
agreement is found for Young’s moduli while less
agreement is found for axial shear modulus [4]. Fewer
studies are found concerning the prediction of ultimate
strengths [5-8]. Li [9] used the iso-strain model form
modeling 3D braided composites. A good agreement with
experimental results for axial Young’s modulus and tensile
strength with an error not exceeding 10% when applied on
3D five directional braided composites. More recently,
Jiang et al. [10] proposed a geometrical modeling, the helix
model, and used the iso-strain model and Tsai-Wu failure
criterion in order to evaluate the elastic properties and
ultimate strengths of 3D braided composites. Axial Young’s
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modulus and ultimate strength are compared to
experimental data where good agreement is shown.

The main objective of this study is to investigate the
influence on mechanical properties of braid angles, fiber
volume fraction and the fiber type. Such kind of parametric
study is beneficial for any engineer and designer that would
use the optimum braided architecture for his design. It
enables the selection of the appropriate braid angle, fiber
volume fraction and fiber types that could fit the design
requirements and tends to save the maximum weight. In the
case of this study, the large number of investigated braided
composites with their different architectures conducting to
eliminate the experimental tests and numerical Finite
Element modeling as a tool for evaluating mechanical
properties. Moreover, the desired mechanical properties
comports the all three dimensional properties, in-plane and
out of plane properties, which makes the experimental and
numerical evaluations almost impossible. Experimental
tests will be very expensive in terms of money and time,
while available numerical modeling will be time dependent
and can’t afford all needed properties especially concerning
ultimate strengths. Thus, an analytical modeling of the
mechanical properties is adopted. The presented analytical
model is originally developed and yet used for woven
composites [11, 12].

2. Modeling

The analytical model which provides the 3D elastic
properties, ultimate strengths and the stress-strain diagrams
for axial and shear loadings, is presented. The proposed
analytical modeling is composed from a homogenization
method, failure criteria and a damaged stiffness model as
shown in Figure 1. A geometrical modeling relying on a
sinusoidal modeling of the undulated yarns is adopted.
Chamis micromechanical model [13, 14] is used to
determine the elastic properties and ultimate strengths of
subdivisions-UD  composites. Then the analytical
homogenization method developed by [11, 12] tends to
predict the stiffness matrix of the composite and to evaluate
the stress-strain fields throughout the composite. The fourth
component of this model is the failure criteria, which is the
Tsai-Wu failure criterion. The fifth component used is a
damaged stiffness model for subdivisions-UD composites
as shown in Figure 1.

The proposed failure prediction algorithm as shown in
“Figure 1” tries to predict the failure of the composite based
on the following conditions:

1. Final failure is assumed when all components, yarns
and matrix are considered at failure.

2. Undulated yarns are considered at complete failure
only if 90% of subdivisions-UD composites are
damaged.

3. A multi-failure mode is assigned to the failed
subdivisions-UD composites.

4. The applied stress on the REV increases only if no new
failure is observed.
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Figure 1. General Scheme of the evaluation of the ultimate strength under
static loading of textile composites Geometrical modeling

Defining the Representative Elementary Volume (REV)
is the first step in the geometrical modeling for any
analytical model as shown in Figure 2. The geometrical
parameters, such as the length, width and height of the REV,
also the height and width of each yarn cross-sectional area
should be determined.

Braid angle

o

X Axial yarns

yarns

Figure 2. REV for a 2D tri-axially braided composite
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For undulated braided yarns, it can be modeled by a
sinusoidal shape. An undulated yarn in the (XZ) plane is
taken as example as shown in Figure 3. The undulated part of
yarn is modeled by its centerline with a sinusoidal function:

Z(x) = a.cos (2nx/T) (N

With:

Left undulated section: T/2 <x < T;,

Right undulated section: 0 <x <T/2;

Where “a” and “T” are the amplitude and the period,
respectively. They are calculated in terms of geometrical
parameters according to the composite architecture.

Figure 3. Sinusoidal shape of an undulated yarn
The volume of the entire undulated part:
Vund =4- Lund (2)

Where A is the area of transversal section and L4 is the
length of the centreline of the undulated part given by:

)

und =

Where:

2 2
{ﬁj = (a -2—”«8111( 27sz 4
d, T T

The calculation of fiber volume fractions in the composite
Vf. and in each yarn Vf, is very important in determining
the stiffness matrix of the composite. Thus, there are many
analytical methods where Vf), could be determined, depends
on available experimental data of the studied composite.

Knowing that almost all experimental data of composites
give the value of Vf,. However, Vf, can be calculated in

terms of REV and yarns volumes:

Vfc | VRE vV
VYarns

Vf, = ®)
In this method, it’s assumed that all yarns have the same
fiber volume fraction.

2.1. Analytical Homogenization Method (3SHM model)

In this section, the homogenization method required to
determine the elastic properties and composite stiffness
matrix is briefly presented. Moreover, this method is used to
predict the stress and strain fields throughout the REV
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“Representative Elementary Volume”. The homogenization
method was developed earlier in order to predict the elastic
properties of textile composites.

Geometrical modeling is employed for the discretization
of undulated yarns and the calculation of fibers orientations
and sizes of sub-volumes. Concerning the homogenization
method, the 3SHM model presents three stages of
homogenization levels: micro, meso and macro
homogenization stages. At the first stage, the stiffness
matrices of sub-volumes are calculated. Then, at the meso
homogenization stage the stiffness matrices of yarns are
evaluated by assembling sub-volumes using a combined
iso-strain and iso-stress method. Finally, at the macro stage,
the stiffness of the REV is evaluated in terms of the
homogenized yarns and the matrix stiffness matrices under
an iso-strain assumption as shown in Figure 4.

Geometrical modeling

-

Defining the REV Madeling of undulated yarns. Subdivision of undulated yarns
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Micromechanical Parallel assembling
Mixed Dafa\le\fsenes assemblin
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Figure 4. The homogenization scheme of the 3SHM model

At the micro level homogenization, the discretized small
sub-volumes of undulated yarn, in addition to the straight
yarns, are considered as unidirectional lamina with long
fibers. They represent transversely isotropic materials. Their

effective  elastic properties are found wusing a
micromechanical analytical model as described in the
previous section. Then, stiffness matrices of yarns

123 . .
sub-volumes [Cui ] are known in the local coordinate

system (123) in terms of compliance matrix
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lel”-BJ is the compliance matrix of a transversely

isotropic material.



International Journal of Composite Materials 2016, 6(3): 68-78 71

There are many analytical micromechanical models used
to predict the elastic properties of unidirectional lamina with
long fibers. Some micromechanical models are also used to
evaluate the ultimate strength of UD composites. Based on a
comparative study done previously [15], the Chamis
micromechanical model [13, 14] is used to evaluate the
elastic properties and ultimate strength for a UD composite.

The matrix is considered to be an isotropic material where

the stiffness matrix [Cm] can be simply derived from the
compliance matrix [Sm] in terms of Young’s modulus £,

and the Poisson’s ratio v,

1 ~Vy —Vy, 0 0 0
E, E, E,
“Vm L “Vm 0 0 0
EI?I Em Em
Ve Ve 1 0 0 0
E E E
[s,1=| Bn Bn Eno (®)
0 0 —n 0
2-(1+v, )
0 0 0 0 En,
2:(1+v, )
0 0 0 0 0 L
L 2-(1+vm)_

At the meso level homogenization, the stiffness matrices
of the undulated yarns are evaluated. The stiffness of an
undulated yarn is evaluated using both iso-strain and
iso-stress assumptions when assembling sub-volumes
respecting the following scheme:

1- The stiffness and compliance matrices of sub-volumes in
the (XYZ) coordinate system are given by:

CY =T,-C)-T! )

S¥ =T, -8,7-T! (10)

Where 7, and 7, are the 3D transformation matrices.

2- The sub-volumes of left and right undulated parts
(referred by L and R respectively) as shown in Figure 5
are assembled in a mixed iso-strain /iso-stress model

using a weighted parameter P, where the stiffness

cu
matrices of left and right undulated parts are given
respectively by:

-1

n .Yz xXyz
Xyz Zi:lVLul CLui Zl ]VLW SLm 11
Cp~ | = P =5+ (1= (11)
Viu Viu
" VRui-C Vo o SV | -
Xz |_p Z:i=1 Rui* Rul zl =1" Rui " P Ryi 12
CRZ|=Py (12)
VRu VRu

(13)

V,.i: Volume of the ith sub-volume of the left undulated
part

Viui - Volume of the ith sub-volume of the right

undulated part
V., : Volume of the left undulated part
Vg, : Volume of the right undulated part
@ : The mean value of the inclination angle of

sub-volumes “ @  of a subdivided undulated yarn.
Noting that in general and due to the symmetry of left
and right undulated parts, we have:

VLu = VRu

P, has the same value for both parts. The yarn is

composed of homogenized left and right undulated parts
which form a series system when assembled along
undulation direction as shown in Figure 5.

0<B<mf2;: Pou=208/n

— A
— Ssehhl'qﬁﬂ'rr‘{r
— fon

Figure 5. (a) Parallel system, (b) series system, (c) sub-volumes of actual
undulated yarn

The iso-stress model is then used to evaluate the stiffness
of the undulated yarn (left + right):

vz _ Vi '[ngr V- [nyz}
“o 14

u

e =lse=T"

is the volume of the yarn.

(14)

(15)
Where V,

At the macro level homogenization stage, the stiffness of
the REV is evaluated in terms of the previously evaluated
stiffness matrices of the matrix and the n yarns. Therefore,
the composite is treated as n+1 homogenized block assumed
to represent a parallel system and assembled under an
iso-strain condition:

> vE -l 4, -,

VRE Vv

(16)

CREV -

Where V,
and the REV, respectively.

and Vgg, are the volumes of the matrix



72 Mohamad Ismail et al.:

2.2. Evaluation of the Stress-strain Fields
throughout the Composite

In order to apply the failure criterion and the damaged
stiffness model, the stress and strain fields for each
subdivision-UD composite should be calculated. This could
be done using the 3SHM model. An inverse procedure of
that used to determine the elastic properties is applied. Let
us consider a textile composite which consists of n yarns
and a polymeric matrix. The generalized homogenization
method (3SHM), allows the calculation of stress and strain
fields throughout the composite as follows:

The average stress tensor throughout the composite is

given by:
bel=o-[[Jlo)-dv (a7
The Hook’s law gives:
bol-le (18)
Where [C,] is the stiffness matrix of the composite
The iso-strain conditions gives:
O T T A T S TR (D

Where: {g}, {g_yl}, {a}’{g_yn} and {a} are the average

strain in the composite and the n yarns and matrix
The stress throughout the matrix is given by:

o S (e

Where [Cm] is the stiffness matrix of the matrix

(20)

The stress throughout the n yarns is given by:
{O-_yl} = [Cyi ] {‘C"_yl}

Where [C y,-J is the stiffness matrix of the ith yarn

(2]

Then, the stress throughout each subdivision of each yarn
should be calculated as follow:
An iso-stress condition is considered for the left and right
parts of the undulated yarns:
e

Then, to calculate the stress throughout each subdivision,
a mixed iso-stress and iso-strain conditions are considered.
The iso-strain condition means that the strain in the
undulated yarns equal to that for each subdivision:

{g_yl} = [Syi ] {O-_yl}
yiJ is the compliance matrix of the ith yarn
bl ) - ) - b
Where {g_yl}, {8_1}, {5}, ... and {a} are the average

strains in the undulated right/left part of the ith yarn.

bil=lc] )

¢

io-right part yi} =

e paroi) = 22)

(23)
Where [S

24

(25)
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Where {;,f }, {5_1 } and [CJ,I-J are the stress, strain and the

stiffness matrix respectively of the ith yarn under iso-stress

condition
ol i = ) = ooom )

The stress throughout the subdivision in the (xyz) global
coordinate system is given by:

o= pe.for} + (1-pe). o7 |

Finally, the stress in local coordinate system is calculated
using a transformation matrix as follows:

ﬁ;;}nz:: T '§;2F23

2.3. Failure Criteria for Subdivision-UD Composite and
Matrix

(26)

27

(28)

The failure criterion proposed to predict the failure of UD
composites is a tensor polynomial criterion proposed by
Tsai and Wu [12]. This criterion is used for subdivision-UD
composite and straight yarns. This criterion may be
expressed in tensor notation as:

Fo;+ F0,0;+ 00,0, 21

j2i% (29)

where i, j, k=1, ..., 6 for a 3D case. The parameters F;, F;
and Fjy are related to the lamina strengths in the principal
directions. For practical purposes, and due to the large
number of material constants required, the third-order
tensor Fijk is usually neglected. Therefore, the general
polynomial criterion reduces to a general quadratic
expression given by:

Fo;+F;00,;21

(30)

where i, j = 1, ... , 6. Considering that the failure of the
material is insensitive to a change of sign in shear stresses,
all terms containing a shear stress to first power must vanish:
F4 = F5 =F6 = 0. Then, the explicit form of the general
expression is:

Fo,+F,0, + F503+2F,0,0, +2F;0,05 +2F,,0,0;

2 2 2 2 2 2
+ F 07 + Fyy05 + Fy305 + Fyu0) + Fsso5 + Foog 21(31)

Where
1 1 1 1 1 1
= RE e e
Xl Xc Xt c Xt Xc
1 1 1
1= sy 54733 =
Xt'Xc Yt'Yc Zt'Zc
1 1 1

H4:ZF;&5_ET;&6 57
Where

Xt, Xc, Yt, Yc, Zt and Zc are the ultimate axial strengths
for UD composites calculated by Chamis model [13, 14],
where t is for tensile and ¢ for compression in X, y and z
directions. Also, Q, R and S are the ultimate shear strengths
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for UD composites, where Q and R are for out of plane shear
and S is for in-plane shear.

Concerning the failure of the pure matrix, the
Christensen’s failure criterion is adopted as follows:

1 N 1 1
Xtm Xcm Xthcm 2

'[(01 —0'2)2 +(0'2 —0'3)2 +(0'3 —0'1)2]+3'(0'122

+0oh +0'223)JS1

j-(mam)

(32)

Where o, isthe maximum tensile stress at a point which

is the maximum value of the three roots of the following
cubic equation:

o; (0, + 0, +03)-0f +(0y0, + 0,04 + 0,05 —
2 2 2 2 2
012 =093 _013)'01 _(0'10203 — 01033 —0,013 —

03075 +201,03013) =0 (33)
2.4. Damaged Stiffness Model for UD Composites and
Matrix

The damaged stiffness model tends to replace the stiffness
of UD composites or the matrix at failure by a reduced
stiffness matrix. The complete failure of a subdivision-UD
composite could happen under different failure modes. As
discussed, in recent works, the method used is based on
determining the major loading that causes the failure, and
then assigning a corresponding failure mode in order to
replace the stiffness of UD composites by a specific
damaged stiffness matrix related to that failure mode.

However, assigning one failure mode for each damaged
subdivision-UD composite could lead to huge errors due to
the modeling of textile composites with complex undulated
yarns. In order to overcome this problem the influence of all
stresses acting on a UD composite is taken into account.
Different failure modes should be considered. The failure
modes, as given by [18], consist of: Tensile and compressive
axial failure modes along x, y and z direction, and shear
failure modes for both positive and negative applied shear
stress. The failure modes are shown in Figure 6:

(221}, [22¢)

(11t} & [11c])
[12t) & [12¢c)

~\'§/

[23t) & (23<) ‘/ \ [151) & [13c)

Figure 5. Failure modes

(331} ,{33¢)

Axial tensile stress failure mode (11t) and axial
compressive stress failure mode (11c¢); Transversal tensile

stress failure mode (22t) and transversal compressive stress
failure mode (22c); Transversal out of plane tensile stress
failure mode (33t) and transversal out of plane compressive
stress failure mode (33c); Positive in-plane shear stress
failure mode (12t) and negative in-plane shear stress failure
mode (12c¢); Positive in-plane shear stress failure mode (13t)
and negative in-plane shear stress failure mode (13c);
Positive in-plane shear stress failure mode (23t) and negative
in-plane shear stress failure mode (23c¢).

The damaged stiffness is considered as combination of
different damage stiffness matrices corresponding to
different failure modes. The damaged stiffness is written as
follows:

Cyp damage = R11t.C11t + R11lc.Cllec + R22t.C22t +
R22¢.C22¢ + R33t.C33t + R33c.C33c + R23t.C23t +
R23c.C23¢ + RI13t.C13t + R13c.C13¢ + RI12t.CI2t +
R12c¢.Cl2c.

The coefficients “R” are the ratios of the applied stress
over the corresponding ultimate strength. Matrices “C” are
the damaged stiffness matrices corresponding to a specific
failure mode. For a damaged subdivision, the elastic
properties are recalculated in terms of those given by the
Chamis model [13, 14], according to the failure mode. Then,
the corresponding damaged stiffness matrices are composed
using the above reduced elastic properties.

The matrix is considered polymeric for an isotropic
material. A damaged stiffness matrix is used when the matrix
is at failure. The damaged stiffness matrix is recalculated in
terms of reduced elastic properties as follows [18]:

E, =001E, andG, =02G,,

2.5. Damaged Stiffness Model

Hereafter the following ratios and the reduced elastic
properties

o . N
Ry, = Yx (ratio of stresses along x direction)
t
o, . N
Ry, = % (ratio of stresses along x direction)
c
o, ) N
Ry, = A (ratio of stresses along y direction)
t

o . I
Ry, = YZ (ratio of stresses along z direction)
t
o, . o
Ry, = A (ratio of stresses along z direction)

o

T
R,,, =—2 (ratio of in-plane (xy) shear stresses for

xyu

T
positive applied shear); R,,. =— (ratio of in-plane (xy)
xyu

shear stresses for negative applied shear)
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T . .
R\;, =—= (ratio of in-plane (xz) shear stresses for

Xzu

positive applied shear); R;. = Loz (ratio of in-plane (xz)

shear stresses for negative applied shear)

T
R,;, =—= (ratio of in-plane (yz) shear stresses for

yzu

T
positive applied shear); R,;. =—2 (ratio of in-plane (yz)
yzu
shear stresses for negative applied shear)
Axial tensile stress failure mode (11t): E;; =0.01F,,,

G, =0.01G,,, G5 =0.01G,; and v, =0.01v,.

Axial compressive stress failure mode (1lc¢):
Transversal tensile stress failure mode (22t):
E,, =0.01F,, , G, =0.01G, , G,;=001Gy; and

V3 =0.01v,5.

Transversal compressive stress failure mode (22c¢):

Transversal out of plane tensile stress failure mode (33t):
E4; =0.01E5, , G;3=0.01G; , G, =0.01G,; and
V13 = 0.01\/13 .

Transversal out of plane compressive stress failure mode

Positive in-plane shear stress failure mode (12t): same as
failure mode (22t).

Negative in-plane shear stress failure mode (12c): same
as failure mode (22c¢).

Positive in-plane shear stress failure mode (13t): same as
failure mode (33t).

Negative in-plane shear stress failure mode (13c): same
as failure mode (33c¢).

Positive in-plane shear stress failure mode (23t):
Ey, =0.01E,, , G;,=001G, , G3=001G; ,
Gy =0.01G,; and vy; =0.01v,5.

Negative in-plane shear stress failure mode (23c¢):
Ey, =0.01E,, , G;,=001G, , G3=001G; ,

G,; =0.01G,; and vy =0.01v,;.

3. Results and Discussion

First of all, the model is validated through a modeling of
tri-axially braided composite [19] found in literature. A good
agreement is found between the elastic properties and
ultimate strengths where the error is less than 10% as shown
in Tables 1 and 2. The elastic moduli are in GPa and the
strengths are in MPa.
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Table 1. Elastic properties for different braided composites predicted by
the proposed model compared to available experimental data [19]
Type | Method | E, E y E, ny G,, G 2
Analy | 714 | 126 | 98 15.9 5.7 3.9
Br-30 Exp 68.9 14.9
Diff % 4 7
Analy | 475 | 225 | 94 | 233 42 3.8
Br-45a Exp 44.1 | 214 25.0
Diff % 8 5 -7
Analy | 472 | 21.6 | 94 | 213 42 3.8
Br-45b Exp 46.4
Diff % 2

Table 2. Ultimate strengths for different braided composites predicted by
the proposed model compared to available experimental data [19]

Type | Method | O, (o2 y | O, T W T. | T vz
Analy 635 90 90 90 60 60
Br-30 Exp 710
Diff % 11
Analy 510 170 90 180 60 60
Br-45a Exp 451 178
Diff % 13 -4
Analy 515 160 90 165 60 60
Br-45b Exp 458
Diff % 12

After validation of the model, a parametric study is now
presented. Table 3 shows the mechanical properties that will
be used in this study.

Table 3. Mechanical properties of various kinds of fibers and epoxy

Material property -ciriin S2-glass | Epoxy
fiber

Axial modulus E | 231 87 32
Transverse modulus Efz 15 87 3.2
In-plane shear modulus Gflz 15 36 1.2
Transverse shear modulus Gf23 7 36 1.2
Major Poisson’s ratio Vv, 0.2 0.2 0.35
Major Poisson’s ratio V3 0.2 0.2 0.35
Axial tensile strength X T 3500 2850 85

Axial compressive strength X f1C 3000 2450 120
Shear strength S m _ _ 50
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Figure 7 shows that the axial Young’s modulus E,

decreases with the increment of the braid angle. The
transversal Young’s modulus E, increases with the

increment of the braid angle. This is due to the increment of
the rigidity in the y-direction and its decrement in the
x-direction. In addition, the transversal and axial Young’s
moduli intersect at the braid angle 8=56° for all fraction
volumes, which means that the composite will behave as an
isotropic material, knowing that the AS4 carbon fiber is an
anisotropic material.

Figure 8 shows that, the S2 glass “an isotropic material”
have the same behavior as AS4. The transversal and axial
Young’s moduli intersect at the braid angle 6=56° for all
fraction volumes. Therefore, we can conclude that the
behavior of a 2D tri-axially braided composite is
independent of the type of material for the in-plane Young’s
moduli, and depends only on the geometry. For any type of
fibers, the behavior of in-plane Young’s moduli for the
composite will be the same.

w04 JE— ——vf0s —— 055
— w057 —7Y V0
120 120
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Figure 6. Effect of the braid angle on in-plane Young’s modulus ( £ » and

E v ) for different fraction volume Vf for the AS4 carbon fiber
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Figure 7. Effect of the braid angle on in-plane Young’s modulus ( £ and

E y ) for different fraction volume Vf for the S2-glass fiber

Figure 9 shows that, the in-plane shear modulus G, ,

increases with the increment of the braid angle and reaches
its peak at 6=47°, in all fraction volumes. This is due to the
braided yarns that reinforce the in-plane shear modulus by
preventing sliding between yarns. In addition, it is observed

that between the angles 40° and 50°, the highest range of

G,, 1s obtained. For the S2 glass as shown below in Figure

10, the in-plane shear modulus G,, , increases with the

increment of the braid angle and reaches its peak at 6=47°, in
all fraction volumes.
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Figure 8. Effect of the braid angle on in-plane shear modulus ny for

different fraction volume Vf' for the AS4 carbon fiber
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Figure 9. The effect of braid angle on in-plane shear modulus ny for
different fraction volume Vf for the S2-galss

The in-plane Poisson’s ratiov, ,

Poisson’s ratios at 8 <45°, as shown in Figure 11. Where, the
reinforcement of the braided yarns in the axial direction is
larger than in the y-direction at 8 < 45°. This means, that the
dilatation in the lateral direction in this range is higher than
the axial direction, which is relatively small. Moreover, the
other Poisson’s ratios v,,and v, are nonlinearly varying

is higher than the other

with the increment of the braid angle.
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Figure 10. Effect of the braid angle on Poisson’s ratio (v ) for fraction
volume Vf =0.35 for the AS4 carbon fiber
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Figure 12 shows that there is no significant change in the
Poisson’s ratio as the fraction volume Vf increases from

0.3 to 0.6 in AS4 carbon fiber. This means that the Poisson’s
ratio depends on the braid angle only. To improve this
conclusion, Figure 12 also shows the in-plane Poisson’s ratio
for S2-glass which is an isotropic material and has the same
behavior for the same range of angles. There is no significant
change in the Poisson’s ratio as the fraction volume V',

increases from 0.4 to 0.5, but there is a difference in the
maximum values of the Poisson’s ratio between AS4 carbon
fiber and S2-glass which must effectively depends on the
material properties.
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Figure 11. Effect of the braid angle on the in-plane Poisson’s ratio ( Viy )

for different fraction volume Vf for both AS4 carbon fiber and S2-glass

Figure 13 shows the axial strength S, which decreases

X
with the increment of the braid angle, while the transversal
strength S, increases with the increment of the braid angle.

This is due to the increment of the rigidity in the y-direction
as a result of the increment of the braid angle. In addition, the
transversal and axial strengths intersect between the braid
angle 8=62° and 8=67° as the fraction volumes change from
0.3510 0.6.
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Figure 12. Effect of the braid angle on in-plane tensile strength (S and

S v ) for different fraction volume Vf for the AS4 carbon fiber

Figure 14 shows the axial strength S, , which decreases
with the increment of the braid angle, while the transversal

strength S, increases with the increment of the braid angle.

Parametric Study of Tri-axially Braided Composites

In addition, the strengths of S2 glass do not intersect between
the transversal and axial strengths, due to the isotropic
behavior of the fibers. Therefore, as a conclusion, the effect
is dual, depending on the fibers’ material and the geometry.
However, in the modulus of elasticity, it was the effect of
geometry only.
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Figure 13. Effect of the braid angle on in-plane tensile strength (S and

S v ) for different fraction volume V/- for the S2-glass

Figure 15 shows the in-plane shear strength S,, for AS4

carbon fiber, which increases with the increment of braid
angle, and reaches its peak between 8=45° and 8= 52° in all
fraction volumes. This is due to the braided yarns that
reinforce the in-plane shear strength by preventing sliding
between yarns.
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Figure 14. Effect of the braid angle on in-plane shear strength .S Xy for

different fraction volume Vf for the As4 carbon fiber
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In Figure 16, the shear strength’s behaviors for S2 glass
are the same as of the AS4 carbon fiber behavior. The
behavior of in-plane shear strength S, is independent of the

material of the fibers and the effect is related to the geometry
where the maximum still between the angles 8= 45° and 6=
52°in all cases.

4. Conclusions

The proposed model consists of four main parts: a
micromechanical modeling for elastic properties and
ultimate strengths for unidirectional composites (UD
composites), a homogenization method at meso and macro
levels to determine the composite stiffness and stress-strain
fields throughout the composite, two 3D failure criteria for
the matrix and UD composites and a damaged stiffness
model. At first, a modeling of some tri-axially braided
composites is performed where the predicted elastic
properties and ultimate strengths are compared to available
experimental data and numerical Finite element predictions.
After validating the reliability of the analytical model, a
parametric study is done.

The obtained results are analyzed in order to investigate
the influence of each parameter (Fiber type, V', and braid

angle) on the mechanical properties of braided composites.
Some significant remarks are found; at specific angle for
different type of fibers and different values of V, the

in-plane Young’s moduli are similar. In addition, at a closer
angle the highest values of in-plane shear modulus and shear
strengths are found. The analysis shows clearly how the
influence of the braid angle could be significant. It also
shows that for some high value of ¥, the improvement in

mechanical properties especially ultimate strengths is not so
important.

As a conclusion, this work proposed a parametric study
based on analytical modeling which leads to a better choice
of braided fabric architecture to achieve the optimum design
of a composite structure. Also, it shows that the same study
could be done for any kind of fiber reinforcement and
polymeric matrix providing a data sheet for engineers and
designers.
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