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Flexural Failure Behavior of Laminated Composites
Reinforced with Braided Fabrics
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The failure behavior and ultimate strength of laminated textile composites subjected to bending is analyzed.
Each ply in the laminate is a braided fabric reinforced lamina, with a different braiding angle if necessary. The
overall load shared by the lamina in the laminate is determined by means of the classical lamination theory. After
discretizing the lamina into small elements, the internal stresses generated in the constituent � ber and matrix
materials of the lamina are calculated based on a general micromechanics model, the bridging model. A stress
failure criterion is applied to check the lamina failure status, by comparing the internal stresses with their critical
values. Unlike an in-plane load situation where the ultimate failure of the laminate corresponds to its last-ply
failure, the ultimate bending strength of the laminate generally occurs before its last-ply failure. Thus, the only use
of a stress-failure criterion is no longer suf� cient. A critical de� ection condition must be employedalso. Application
to several laminated beams made of 8 layers of diamondbraided HTA (T300) carbon fabrics and R57 epoxy matrix
subjected to four-point bending has been made. The predicted ultimate strengths of the laminates agree well with
our experimental measurements.

I. Introduction

A GROWING interest in application of textile, speci� cally
braided fabric, reinforced composites in several industries

has been observed in recent years.1¡3 (Also see website of ICEX
Socket System, URL: http://www.ossur.com/products [cited 22
April 2002].) Whereas a number of investigations have been car-
ried out to characterize and model the elastic properties of these
composites4¡9 based on their constituent properties and geometric
parameters, limited investigators have analyzed the failure behav-
iors and ultimate strengthsof braid composites subjectedto in-plane
loads.10¡12 So far, very few attempts have been made toward under-
standing the progressive failure behavior and the ultimate strength
of laminated braided fabric-reinforced composites under � exural
loads. Because most such composite materials in applications are
more often subjected to lateral loads, knowledge of the bending
properties of braided laminates is necessary for design as well as
for ef� cient use.

In thepresentpaper,a micromechanics-basedmethodis appliedto
estimate the ultimate bending strength of laminates reinforcedwith
multilayer braided fabric preforms. The method is a combination
of the classical lamination theory and the bridging micromechan-
ics model.13 The lamination theory is applied to determine the load
shared by each braided fabric-reinforcedlamina based on the infor-
mation of the lamina instantaneouscompliance matrix at the previ-
ous load level.Then, the lamina analysis is carried out, by subdivid-
ing the lamina intoa seriesofunidirectional(UD)compositesin their
local coordinates.The responsesof the UD compositesare obtained
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in terms of the bridging model, which are later assembled to give
the lamina response including the internalstresses in the constituent
� ber and matrix materials and the lamina instantaneouscompliance
matrix at the current load level. The maximum normal stress crite-
rion is applied to detect the failure statusof the constituentmaterials.
If any fails, the lamina is considered to have failed, and a progres-
sive failure strength results. However, the laminate ultimate bend-
ing strength cannot be determined only based on the stress failure
criterion. This is different from the situation where the laminate
is only subjected to an in-plane load. The reason is that, under a
lateral load, the ultimate bending failure of the laminate generally
occursbeforeits last-plyfailure.Hence,an additionalcriticalde� ec-
tion condition also must be employed. This critical de� ection is the
measured de� ection when the laminated beam attains its ultimate
bending load.

Several laminated beams made from eight layers of diamond
braidedcarbon� ber fabricsand an epoxymatrix,arrangedin [µ1=µ2=
µ3=µ4=µ5=µ6=µ7=µ8], subjected to four-pointbendingwere analyzed,
where µ1 is the top layer (facing the load)and µ8 thebottom layer.All
of the longitudinaldirections(Fig. 1) of the laminas in the laminate
were in accordance with the beam axial direction, with µ being the
braiding angle of a speci� c lamina. The following laminate layups
have been employed: [5/5/5/5/5/5/5/5], [15/15/15/15/15/15/15/15],
[5/5/15/15/15/15/5/5], [15/15/5/5/5/5/15/15], [5/5/15/15/5/5/15/15],
and [15/15/5/5/15/15/5/5]. Experiments have been carried out to
measure the load-de�ection curves of the beams, from which the
bending stiffnesses, ultimate bending loads, and the critical de� ec-
tions are obtained. These results are compared with the theoretical
ones. Favorable agreement has been found.

II. Theory
The analysis is carriedout layer by layer and comprises two parts:

the laminate analysis, which is accomplished using the classical
lamination theory, and the lamina analysis, which is based on the
bridging model.

A. Laminate Analysis
A schematic diagram for a laminated braid beam, together with

the de� nition of a global coordinate system, is shown in Fig. 1.
According to the classical lamination theory,14 the in-plane stress
and strain increments of a lamina in the laminate are correlated
through

1415
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Fig. 1 Laminated beam subjected to four-point bending, with each
layer being a diamond braided fabric-reinforced composite lamina.
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N is the total number of the lamina plies in the laminate. Here
dNX X , dNY Y , and dNXY and dMX X , dMY Y , and dMXY are force and
moment increments per unit length applied on the cross section of
the laminate. When it is supposed that the beam is subjected to a
simple bendingwith only dMX X being of nonzero, the middle-plane
de� ection increment dw0 can be integrated from the equation
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with the appropriate boundary conditions. The total de� ection is
simply updated from w0 D w0 C dw0 .

Under the bending condition, each lamina in the laminate is sub-
jected to essentiallya different load share.Hence, some lamina must

fail � rstbeforetheothers.Supposethat thek0th laminaplyhas failed.
The remaining stiffness of the laminate must be reduced. When a
total reduction strategy is used,13 the overall stiffness elements for
the next step calculation are rede� ned as
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In this way, a progressive failure process can be estimated.
It must be realized that the predicted failure process (as well as

load-de� ection curve) may no longer be correct after the failure
of an intermediate ply, which corresponds to the ultimate failure.
The reason is that in reality the ultimate bending load (which is
de� ned as the maximum load the laminate can sustain) is generally
attainedby the laminatebefore its last-ply failure.After the ultimate
bending load, the load-de� ection curve of the beam is downward,
a phenomenon named the material softening. However, when the
incremental solution strategydescribedearlier is used, the predicted
load-de� ection curve is always upward till the last-ply failure. This
means that,when the laminateis involvedwith a lateral load, theonly
use of a stress failure criterion is no longer suf� cient for determining
its ultimate strength. An additional critical condition, which can
only be the critical de� ection or curvature condition, must also be
employed.

B. Bridging Model
The bridging micromechanics model13 has been developed with

respect to a UD composite in its local coordinatesystem(x1; x2; x3 ).
Note that the x1 axis is always along the longitudinal (� ber axial)
direction.

1. Lamina Instantaneous Compliance Matrix
Here,
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where [Bi j ] D .V f [I ] C Vm [Ai j ]/¡1. Note that f and m are the � ber
and matrix. V f is the � ber volume fraction, with Vm D 1 ¡ V f , and
[I ] is a unit matrix. [S f

i j ] and [Sm
i j ] are the instantaneouscompliance

matrices of the � ber and matrix materials, respectively. [Ai j ] is a
bridging matrix.

2. Bridging Matrix Elements
The bridging matrix is given by13
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where the independent bridging elements (on the diagonal) are de-
� ned as13
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where E , G, and º are Young’s modulus, shear modulus, and Pois-
son’s ratio. Here ¾m

Y and Em
T are yield strength and hardening mod-

ulus (tangent to the stress–strain curve in the plastic region) of the
matrix and ¿ m

0 is an octahedralshear stressof the matrix.The depen-
dent bridgingelements, that is the up triangularelements in Eq. (6a),
are determinedby substitutingEq. (6a) into Eq. (5) and by requiring
the resulting compliance matrix to be symmetric, namely,

Si j D S ji ; i; j D 1; 2; : : : ; 6 (7)

3. Internal Stresses in the Constitutents
The internal stress increments in the � ber and matrix are derived

as13
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where fd¾ g D fd¾11; d¾22; d¾33; d¾23; d¾13; d¾12gT are the overall
stress increments applied on the UD composite. The initial inter-
nal stresses in Eq. (9) assume zero values if no residual thermal
stress is involved. Otherwise, a procedure provided in Ref. 15 can
be employed to calculate the initial thermal residual stresses.

4. Constituent Instantaneous Compliance Matrices
The � ber material is assumed to be transversely isotropic and

linearly elastic until rupture, whose instantaneous compliance ma-
trix can be de� ned using Hooke’s law. The matrix is considered
as elastic–plastic, the instantaneouscompliance matrix of which is
de� ned using the Prandtl–Reuss theory. Detailed formulas can be
found in Ref. 16, for example.

C. Failure Criteria
Both the internal stresses and the overall stresses on the lam-

ina at the current load level are explicitly known from Eqs. (9).
Thus, a failure criterion either for a UD composite or for a con-
stituent material can be applied. However, the failure criteria for
UD composites are much more inconvenient to apply. These cri-
teria, such as the Tsai–Wu and Hashin–Rotem criteria, require the
critical strength parameters measured from the composite. Because
differentcompositesonly with different� ber volume fractiongener-
ally have different critical strength parameters, the fabrication and
then the measurement for the critical strength parameters of the
composite is very costly and time consuming. The situation can be
even worse if the lamina layer is not a UD but a braid preform-
reinforced composite. Although the critical strength parameters of

the lamina have been measured, they may be less applicable to the
composite lateral strength detection, because those parameters are
obtained from in-plane load conditions.On the other hand, the crit-
ical strength parameters of the constituents are much easier to be
determinedunderdifferent load conditions,and no repeatedtests are
required. Moreover, by the use of the constituent critical strength
parameters to control the lamina failure, the laminate properties can
be estimated (designed) before fabrication. Thus, let us choose to
applya failurecriterion to the constituent� ber and matrix materials.
Namely, the lamina failure is assumed if any constituent attains its
ultimate stress state.

The maximum normal stress criterion is among the best appli-
cable to the constituent materials. With this criterion, the lamina
is considered to have failed if any of the following conditions is
satis� ed:
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m are the � rst and the third principal
stress of the � ber and matrix materials and where ¾

f
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f
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u;c are their tensile and compressive strengths obtained at
the similar load condition as applied to the composite. They should
be measured from bending tests. However, for the � ber material, its
longitudinal tensile and compressive strengths can be used instead.

III. Analysis of a Braid Lamina
The three fundamental formulas of the bridging model, Eqs. (5),

(8a), and (8b), are applicable only to the UD composite in its local
coordinatesystem.To analyze the composite lamina reinforcedwith
a more complicated� brous structure such as a braided fabric, a sub-
division of the lamina into UD composites and then an assemblage
of these compositesinto the original lamina must be performed.For
the present diamond braid lamina, the subdivision is schematically
shown in Fig. 2. By de� nition, the braided fabric lamina is made by
reinforcing a single layer of the braided fabric in the matrix.

A schematic diagram of a diamond braid is shown in Fig. 2a that
is fabricatedfrom two yarns, called � ll and warp yarns, respectively,
interlacing one after another. During the fabrication, interyarn gaps
may exist. From Fig. 2a, one can see that the diamond fabric struc-
ture can be constructedby repeatingsome unit cell shown in Fig. 2b.
Thus, the analysis of the braid lamina can be achieved through the
analysisof the unit cell. However, the unit cell can be furtherdivided
into four subcells that are identical or symmetrical. Therefore, we
only need to consider one subcell, which is called a representative
volume element (RVE) for the braid lamina. When the procedure
presented in Ref. 11 is followed, the RVE is subdividedin the fabric
plane into subelements, as shown in Fig. 2c. Each subelement can
have at most four material layers: the top matrix, the braider yarn
1, the braider yarn 2, and the bottom matrix layers. Yarns 1 and 2
can be regarded as UD composites in their respective local coordi-
nate systems (Figs. 2e and 2f), with a � ber volume fraction given
by11

V Y
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where V is the volume of the RVE, V f is the volume fraction of the
RVE (the lamina), NV .L/

Y1
and NV .L/

Y2
are the volumesof the braideryarns

1 and 2 in the L th subelement. Furthermore, the pure matrix layers
can be also regarded as a UD composite with a zero � ber volume
fraction (Fig. 2g). The bridging model summarized in Sec. II.B can
be applied to these UD composites.

For the subdivisionand then the de� nition of the yarn local coor-
dinate systems to be achieved, the � ll and warp yarn orientation in
the global coordinate system must be identi� ed. Details are given in
Ref. 11. When the responsesof the UD composites in their local co-
ordinate systems have been determined, an assemblage is required
to obtain the propertiesof the RVE, that is, the lamina.This has been
given in detail in Ref. 11. Only relevant formulas are cited here.

Note that the assemblage consists of two parts: The � rst part is
performed along the thickness direction with respect to a subele-
ment and the second part in the lamina plane with respect to all
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Fig. 2 Schematic diagram to show analysis procedure for a braided fabric lamina.

of the subelements. Thus, for the L th subelement and by using
an isostrain condition (which is equivalent to the classical lam-
ination theory if bending curvatures are neglected), we have the
following11:
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In the preceding equations, G designates that the relevant quan-
tity is expressed in the global coordinate system. L is the cur-
rent L th subelement.Thus, fd¾ gG;.L/ D .fd¾X X ; d¾Y Y ; d¾Z Z ; d¾Y Z ;
d¾X Z ; d¾XY g.L//T ´ .fd¾X X ; d¾Y Y ; 0; 0; 0; d¾XY g.L//T . It must be
realized that the plane stress increments, obtained from Eq. (1a),
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The yarn global compliance and stiffness matrices are calculated
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Refer to Ref. 11 for the coordinate transformation matrices
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Finally, the full three-dimensional compliance matrix [Eq. (16)]
must be adapted for the next incremental step laminate analysis.
This is done as follows:

£
C G

i j

¤
D

2

664

CG
11 CG

12 C G
13

CG
22 C G

23

symmetric C G
33

3

775 D

2

664

SG
11 SG

12 SG
16

SG
22 SG

26

symmetric SG
66

3

775

¡1

IV. Results and Discussion
Experiments have been performed to fabricate an epoxy matrix-

based composite laminate with eight layers of diamond braided
fabric reinforcement. The � at fabrics of 5- and 15-deg braiding
angles were prepared using HTA carbon � bers (diameter of 7 ¹m,
6000 � laments; TOHO Rayon Co., Ltd., Japan), which are compa-
rable in properties to T300 carbon � bers. The matrix was a mix-
ture of resin R57 and hardener H3057 (Chemicrete Co., Singa-
pore) in a weight ratio of 100 (resin):60 (hardener). Six lamina-
tion arrangementswere used: [5 deg]8, [15 deg]8 , [5/5/15/15/15/15/
5/5], [15/15/5/5/5/5/15/15], [15/15/5/5/15/15/5/5], and [5/5/15/
15/5/5/15/15]. The resin-impregnated fabrics were laid in the fe-
male partof a mold, followedby a pressureconnectionwith the male
part, and were cured at room temperature. The composite beam re-
sulted after the removal of the mold, having a width of 15 mm. The
fabric geometric parameters as fabricated, including the yarn width
and thickness and interyarn gaps, were accurately measured before
resin impregnation. These parameters are necessary to specify the
yarn orientation in the fabric.11 The laminate overall � ber volume
fraction was measured using a combustion method and is, together
with the laminate thickness, given in Table 1. For simplicity, each
lamina in the laminate was assumed to have the same thickness.
However, for those laminates that have both 5- and 15-deg braiding
angle fabrics as reinforcement, the � ber volume fraction in each
layer was determined by a multiplication of a thickness ratio with
the � ber volume fraction of the corresponding laminate reinforced
with their respectivefabricsalone.For instance,the [5/5/5/5/5/5/5/5]
beam had a � ber volume fraction of 0.555, and the thickness of
each layer in this laminate was 0.569 mm. On the other hand, the
thickness of each lamina layer in the [5/5/15/15/15/15/5/5] lami-
nate was 0.599 mm. Hence, the � ber volume fraction of the 5-deg
braiding angle lamina in the [5/5/15/15/15/15/5/5] laminate was set
to 0:527 D 0:569 £ 0:555/0:599. The lamina � ber volume fractions
thus obtained are listed in Table 1.

The laminated beams were subjected to a four-point bending test
up to failure using an Instron machine (mode 4502) at a cross-head
speed of 3 mm/min. The beam span, as indicated in Fig. 1, was
determined following American Society for Testing and Materials
D 6272. For each laminate arrangement, at least three specimens
were tested. From measured load-de� ection curves at one loading
point, the bending stiffnesses, ultimate bending loads, and the crit-
ical de� ections were obtained, where the critical de� ection is the
de� ection of the loading point when the ultimate bending load is

Table 1 Measured properties of laminated braid T300/R57 beams

Lamina parameters Bending Ultimate Critical
stiffness, N/mm load, N displacement,e mm

Layup HB ;a mm V f
b µ;cdeg V f

d (standard deviation) (standard deviation) (standard deviation)

[5]8 4.55 0.555 5 0.555 681.0 (3.4) 3005.3 (13.1) 4.423 (0.42)
[15]8 4.63 0.560 15 0.560 626.6 (1.2) 2463.7 (7.9) 4.114 (0.24)
[5/5/15/15/15/15/5/5] 4.79 0.534 5 0.527 759.1 (7.1) 3237.9 (9.8) 4.294 (0.38)

15 0.541
[15/15/5/5/5/5/15/15] 4.62 0.554 5 0.547 595.4 (9.6) 2322.0 (21.3) 4.100 (0.51)

15 0.561
[15/15/5/5/15/15/5/5] 4.68 0.547 5 0.54 659.3 (6.2) 2896.7 (10.3) 4.508 (0.35)

15 0.554
[5/5/15/15/5/5/15/15] 4.73 0.542 5 0.534 667.4 (2.5) 2972.8 (14.2) 4.640 (0.33)

15 0.549

aBeam thickness. bOverall � ber volume fraction of the beam. cBraiding angle. dFiber volume fraction of the lamina.
eDe� ection corresponding to ultimate load.

attained. The averaged results togetherwith standard deviations are
summarized in Table 1. It is seen that the deviations are acceptably
small.

Before the theoretical modeling, the constituent properties must
be speci� ed. The � ber (T300) elastic parameters were taken from
Ref. 17 and are summarized in Table 2. The � ber tensile and com-
pressive strengths, ¾ f

u D 2467:8 MPa and ¾
f

u;c D 1470:4 MPa, were
retrieved using the formulas given in Ref. 18 on the longitudinal
tensile and compressive strengths of a UD composite made from
the T300 � bers and an epoxy resin.17 These results are also listed in
Table 2. The R57 matrix elastic–plastic propertieswere experimen-
tally determinedusingmonolithicspecimenssubjectedto four-point
bending. Strain gauges were employed to measure both the tensile
(the top surface) and the compressive(the bottomsurface) responses
of the matrix specimens. The matrix parameters thus obtained are
summarized in Table 3. It is noted that matrix Poisson’s ratio and
compressive strength were measured from uniaxial compression
tests.

When the independent constituent properties and the fabric geo-
metric parameters were used, prediction of the load-de� ection re-
sponses of the six braided fabric composite beams under four-point
bending was made. The beam stiffness was calculated before the
� rst-ply failure. Then, the load level and the corresponding de� ec-
tion of a loading point at each-ply failure were estimated, which are
called, respectively, the ply-failure load and the ply-failure de� ec-
tion for the convenience of expression. Results are summarized in
Table 4. When a calculated ply-failure de� ection is closest to the
measured critical de� ection, the corresponding ply-failure load is
de� ned as the ultimate bending load. It is seen from Table 4 that
the ultimate bending load of a different laminatedbeam may be ob-
tainedat a differentply-failureload.The [15/15/15/15/15/15/15/15]
and [15/15/5/5/5/5/15/15] laminates sustained their ultimate bend-
ing loads at the � rst-ply failure, whereas the [15/15/5/5/15/15/5/5]
laminate attained its ultimate bending load at the second-ply fail-
ure. The remaining laminates obtained their ultimate bending loads
when the third-ply failureoccurred.The presentpredictions,both in
bending stiffness and in ultimate bending load, agree well with the
experiments, indicating that the bridging model combined with the
classical lamination theory is ef� cient for the failure analysis and
strength prediction of laminated beams under � exural loads.

Table 2 Properties of T300 carbon � bers

Property Value

E f
11, GPa 230

E f
22, GPa 15

º
f

12 0.2

G f
12, GPa 15

º
f

23 0.07

¾
f

u , MPa 2467.8

¾
f

u;c , MPa 1470.4
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Table 3 Bending properties of R57 epoxy matrix (ºm = 0:414)

Tensile behavior Compressive behavior

Propertya 1 2 3 4 5 6 1 2 3

.¾ m
Y /i , MPa 21.2 36.6 50.6 59.2 69.0 78.9b 40.2 63.7 83.5b

.Em
T /i , GPa 2.93 2.62 2.32 1.75 1.32 0.56 3.09 2.76 1.32

aEm D .Em
T /i , when .¾ m

Y /i ¡ 1 · ¾ m
e · .¾ m

Y /i , with .¾ m
Y /0 D 0.

bUltimate strength value.

Table 4 Predicted properties of laminated braid beams under four-point bending

First-ply failure Second-ply failure Third-ply failure Bending Ultimate
Load, Displacement, Load, Displacement, Load, Displacement, stiffness, N/mm load, N

Layup N mm N mm N mm (relative error, %) (relative error, %)

[5/5/5/5/5/5/5/5] 2314.6 3.236 2761.5 3.859 3185.4 4.448 715.0 (5.0) 3185.4 (6.0)
[15/15/15/15/15/15/15/15] 2303.2 4.349 2738.5 5.168 3162.5 5.962 529.5 (15.5) 2303.2 (6.5)
[5/5/15/15/15/15/5/5] 2360.4 3.099 2784.3 3.653 3334.3 4.371 761.5 (0.4) 3334.3 (3.0)
[15/15/5/5/5/5/15/15] 2406.3 4.326 2899.0 5.209 3002.1 5.393 556.2 (6.6) 2406.3 (3.6)
[15/15/5/5/15/15/5/5] 2624.0 4.042 3151.0 4.847 3242.7 4.987 648.9 (1.6) 3151.0 (8.8)
[5/5/15/15/5/5/15/15] 2165.7 3.257 2578.2 3.877 3254.2 4.889 664.9 (0.4) 3254.2 (9.5)
Averaged error, % 4.9 6.2

V. Conclusions
A theoretical method combining the classical lamination theory

and the bridgingmicromechanicsmodel has beenpresentedto simu-
late the progressivefailure strengthsof a laminated compositemade
using braided fabric reinforcement until the ultimate failure takes
place (the ultimate bending strength occurs). The method has been
veri� ed using the experimentaldata of six braided fabric-reinforced
composite laminates subjected to four-point bending. It has been
shown that the ultimate bending strength of a laminated composite
generally does not correspond to its last-ply failure stress level.
An additional critical de� ection condition is also required to de-
termine the laminate ultimate strength when a lateral load is in-
volved. The present method is not applicable to the prediction of
a laminate response after the ultimate bending strength has been
attained.
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