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Aircraft composite structures must have high stiffness and strength with low weight, which can guaran-
tee the increase of the pay-load for airplanes without losing airworthiness. However, the mechanical
behavior of composite laminates is very complex due the inherent anisotropy and heterogeneity. Many
researchers have developed different failure progressive analyses and damage models in order to predict
the complex failure mechanisms. This work presents a damage model and progressive failure analysis
that requires simple experimental tests and that achieves good accuracy. Firstly, the paper explains dam-
age initiation and propagation criteria and a procedure to identify the material parameters. In the second
stage, the model was implemented as a UMAT (User Material Subroutine), which is linked to finite ele-
ment software, ABAQUS™, in order to predict the composite structures behavior. Afterwards, some case
studies, mainly off-axis coupons under tensile or compression loads, with different types of stacking
sequence were analyzed using the proposed material model. Finally, the computational results were
compared to the experimental results, verifying the capability of the damage model in order to predict
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the composite structure behavior.
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1. Introduction

In the last years, the use of composite materials as a primary
structural element has increased. Some new aircraft designs, such
as Airbus A380 and Boeing 787 use composite materials even for
primary structural elements (e.g. wing spars and fuselage skins),
achieving lighter structures without loss of airworthiness. How-
ever, the application of composites in structures is still limited
by the difficulty in predicting their service life [1].

Although the increasing number of failure criteria and progres-
sive failure models as proposed by Puck and Schiirmann [2], Trav-
essa [1], and others [3], the failure process and subsequent damage
evolution is still a challenge to be overcome, mainly for large and
complex aeronautical structures. Also, the difficulty in predicting
the structural failure modes requires a better planned test program
[3]. Another concern is about composite materials properties. Ten-
sile strength and inter-laminar fracture toughness were improved
[4]. However, compression failure is still a design limiting factor for
aligned continuous long fibers composites, in which the compres-
sive strength is often lower than 60% of tensile strength [5]. The
compression behavior of composite laminates is very complex,
due to many concurrent phenomena. Fiber micro-buckling, split-
ting and shear band [6] are some effects, which should be consid-
ered, as well as matrix damage and deformation. The matrix phase

* Corresponding author. Tel.: +55 16 3373 8612; fax: +55 16 3373 9590.
E-mail address: voltita@sc.usp.br (V. Tita).

0263-8223/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.compstruct.2011.08.031

has an essential role in composites for transmitting the stresses to
fibers, protecting the fibers and providing an alternative path to
the load when a fiber breakage [7]. Thus, classical damage mechan-
ics is being used by several authors to model the failure behavior of
composite materials, mainly the polymer matrix phase. Pavan et al.
[8], using damage mechanics approach, formulate a model
accounting for the visco-elastic effects in the damage failure of
composite. Flatscher and Pettermann [9] performs an analysis of
an open hole specimen subjected to uniaxial tensile effort combin-
ing damage and plasticity.

Therefore, it is possible to observe many contributions at liter-
ature for predicting the mechanical behavior of composite struc-
tures [1-3,8-17], but, normally, there are many difficulties to
overcome due to the complex response of composite materials.
These difficulties are based onto perform some experimental tests,
manufacturing process of tests coupons and/or computational sim-
ulations with low cost. Thus, a new material model, combining dif-
ferent theoretical models with new considerations, is developed to
predict the failure of composite structures. Also, this material mod-
el has to perform the progressive damage analysis of the composite
structures until their complete collapse under any load condition,
using conventional experimental tests in simple tests coupons
and simulations with low computational costs, while still main-
taining good accuracy. In order to verify if these requirements
are reached, the new material model is implemented as a UMAT
(User Material Subroutine), which is linked to finite element
software, ABAQUS™. Afterwards, some case studies, mainly
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off-axis coupons under tensile or compression loads with different
types of stacking sequence are analyzed, using the proposed mate-
rial model. Finally, the computational results are compared to the
experimental results, verifying the capability of the damage model
to predict the composite structure behavior.

2. Failure mechanisms and theoretical models

Due to composite materials heterogeneity, composite structures
exhibit multiple types of damage before total laminate rupture.
Thus, failure of composite materials and structures is very complex
and not well defined. The failure process involves a different num-
ber of failure mechanisms, such as fiber fracture, fiber pull out,
matrix cracking, fiber debonding, fiber kinking, interface cracks
and fiber splitting. When the fibers are the primary load carrying
component, the most critical failure mechanism is the transverse
fiber fracture, which leads to a rupture of a continuous fiber into
two or more distinct segments [10]. Summarizing, composite lam-
inates made from the stacking of unidirectional plies, with a poly-
mer matrix reinforced by fibers, show two types of failure modes:

1. Intra-ply failure modes: damage at fibers, polymer matrix and/or
interface between fibers and matrix (Fig. 1a).
2. Inter-ply failure modes: delaminations between plies (Fig. 1b).

Considering intra-ply failure, mechanism 4 in Fig. 1a is known
as fiber rupture [27]. However, the fiber failure mode depends on
the type of loading, for example, compression loads can induce
micro-buckling, but tensile loads can induce rupture of fibers.
The intra-ply damage at the matrix depends on the ductility of
the polymer, as well as the in-service temperature. Thus, the
polymeric matrix can present a brittle or an inelastic behavior

(a)

(b)

Fig. 1. (a) Intra-ply failure of composite [27]; (b) inter-ply failure of composite
(delamination).

(mechanism 5). Mechanism 1, called “Pull-Out”, occurs when the
interface between fiber and matrix is weak. The fiber is pulled
out of the matrix after the debonding mechanism (mechanism 3)
occurred. If the interface between fiber and matrix is strong, the
fiber is not pulled out of the matrix, and the mechanism 2 called
“Fiber Bridging” is activated. The inter-ply failure, called delamina-
tion (Fig. 1b), occurs after intra-ply damage, i.e., the evolution of
intra-ply damage leads to the delaminations, because the damaged
regions propagate when the load increases. Also the cracks at two
adjacent plies (with different orientation angle) join for creating a
discrete failure between these layers. At that moment, the inter-
laminar shear increases strongly and the delamination process
initiates. This failure mechanism is very common to occur under
flexural and transverse shear stresses due to quasi-static or dy-
namic loading. Theoretical models for intra-ply damage have been
improved and other mathematical models for delamination have
been developed [11].

Under compression loads, laminate failure mostly occurs due to
elastic instability of the fibers [2]. However, the compression fail-
ure mechanism is more complex and depending of the material
properties. Also, different compressive failure modes are possible
e.g. micro-buckling, kinking and fiber failure [12].

The most popular numerical technique used for structural anal-
ysis is the Finite Element Method, which allows modeling complex
structures providing displacements, strains and stresses compo-
nents. Based on the stress components, it is possible to carry out
the progressive failure analysis using a theoretical model and
strength values. However, it may not be a simple task, mostly
when a progressive failure analysis is performed. Some models de-
mand a high computational effort and the analysis time may be
considerable. Also, material with softening behavior and stiffness
degradation normally presents severe numerical convergence
problems, mostly when using implicit finite element programs
[13]. However computational simulations can reduce the charac-
terization costs of composite materials and support the optimiza-
tion of these materials [14]. Xiao [15] showed that some damage
parameters model can be estimated by correlations between com-
putational simulations with standard material test results.

Therefore, some effects of damage due to creation of free surfaces
and discontinuity can be detected by the reduction of stiffness, yield
stress, hardness, ultrasonic wave velocity, density, etc. [16]. Some of
these physical effects allow measuring the damage in an inverse
way. The damage mechanics approach has been used by several
authors to simulate the damage process (initiation and propaga-
tion), as well as the progressive failure analysis, which requires the
identification of the first ply failure. For this task, there are many
types of failure theories available in the current literature. Due to
simplicity of use, the early theories, for example, Tsai-Wu, maxi-
mum stress, maximum strain and Hashin are still applied in analysis
of laminate [17] in order to identify the initial failure.

2.1. Longitudinal failure

When a unidirectional (UD) composite lamina is loaded in fiber
direction (Fig. 2a), the largest portion of the load is transferred by
the fibers due to their high stiffness compared to the matrix. Also,
the transmission of tensile loads in the fibers is not influenced by
the state of damage in the matrix [18]. However, the behavior of
unidirectional lamina varies with several factors such as fiber vol-
ume fraction, matrix material, fiber material, manufacturing pro-
cess and compressive or tensile load. After fiber failure, the
internal loads are redistributed and it may cause a structural col-
lapse [3]. In UD composites, intralaminar failure mechanisms trig-
ger structural collapse almost immediately, but multidirectional
composites can support an increase of intralaminar failure before
collapse [3].
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(b)

Fig. 2. (a) Lamina coordinate system; (b) failure plane orientation [22].

Assuming that the fiber limit strain value & is lower than the
matrix limit strain value &, which is plausible for most compos-
ites, when this unidirectional composite lamina is loaded in fiber
direction, fibers will fail before the matrix. The majority of load
supported by the fibers will be transferred to the matrix. However,
under tensile loads, the fibers tend to straighten, which may con-
tribute to matrix damage [10].

Under compressive load in fiber direction, the composite failure
is considered to be a micro-buckling problem. This phenomenon is
influenced by several factors such as fiber size and shape, fiber
waviness, fiber-matrix bonding, fiber and matrix stiffness and
strength [10]. The compressive load carrying capacity is severely
affected by the effective stiffness and strength of matrix. The ma-
trix works as an elastic base for the fibers under compression [18].

Whereas fiber tensile strength X can be regarded as the true fi-
ber tensile strength, fiber compressive strength Xc is usually not
the true fiber compressive strength, because compressive failure
mostly occurs through elastic instability [2]. Also, compressive
strength of composite materials is highly dependent on the fiber
alignment, which low values of misalignment can lead to a drastic
reduction on the compression stiffness and strength [4,19].

2.2. Transverse failure

The transverse behavior of unidirectional composite materials
is highly anisotropic with low strength in the direction 2
(Fig. 2a). Even when loaded in fiber direction, the composite could
fail in transverse direction with several factors, showing a signifi-
cant influence on the strength [20]. In the transverse direction,
the normal and shear stresses are transmitted by both matrix

and fibers. However, the damage occurs in the matrix and in the fi-
ber-matrix interface. Usually, the bond strength between fiber and
matrix is lower than the strength of each single constituent [18].

The failure in the transverse direction encompasses both matrix
cracking and fiber-matrix debonding [3]. Puck and Schiirmann [2]
assumed that UD carbon fiber-epoxy and glass fiber-epoxy com-
posites behave in a very brittle way at failure, without previous
apparent inelastic deformation. This brittle behavior can be better
modeled using Mohr failure criteria [21]. The failure criterion pro-
posed by Puck and Schiirmann [2] is based on physical consider-
ations, containing information about fracture angle. Beside, low
computational capacity is required, when limited to a plane stress
state.

Under transverse tensile loading, ¢,, >0 and in-plane shear
stress 71, the existing defects that are presented in a ply (small de-
bonds, voids, resin rich regions) trigger a transverse crack, which
extends through the ply thickness [3]. These defects produce a
non-linear behavior. Thus, the relation between shear stress 7;,
and shear strain &1, is non-linear before the failure. This behavior
is also due to visco-plasticity of the matrix [22]. These transverse
cracks do not produce any effect in the fibers.

Under transverse compressive load, g,; < 0, matrix cracks crush
in the sense of “fragmentation” of brittle matrix materials [18]. If
the normal stress acting in the failure plane is compressive,
0, <0, the failure is due to plane shear stresses, 7,,; and ;. For this
case, g, prevents the shear fracture [22]. Fig. 2b shows the nota-
tions and coordinate system for unidirectional composite and the
plane of fracture. Also, in the presence of transverse compressive
stress, g, <0, crack closure allows that forces to be transmitted
through the cracks. Schuecker and Pettermann [23] regard this ef-
fect as stiffness recovery for shear modulus.

Another important feature of composite failure in transverse
direction is how the shear stress affects the failure plane angle.
Under a high value of in-plane shear stress, when compared with
transverse stress (71 > 03»), the fracture plane is perpendicular to
the mid-plane. Increasing o5,, the fracture plane angle changes [3].

3. Material model

Some of the literature models require complex experimental
test devices, procedures or coupons, which despite the model accu-
racy. This imposes additional difficulties in failure analysis due to
the identification process of model parameters. Also, sometimes
high computational resources are required. In order to overcome
those difficulties, the proposed material model should meet the
following objectives:

e Be simple to be implemented.

e Possess low computational cost.

e Require only simple tests for model parameter identification.
e Require only simple test coupons to be manufactured.

e Good accuracy.

The present work regards the composite lamina under plane
stress state and the damage is regarded to be uniform across the
layer thickness [10]. Table 1 shows the symbols used in this work.

3.1. Fiber behavior model

Under tensile load in fiber direction, the unidirectional compos-
ite lamina behavior is linear elastic with brittle fracture [24,25].
The model assumes that the fiber behavior is not influenced by
the damage state in the matrix. Thus, for tensile load in fiber direc-
tion, the maximum stress criterion is used to identify the fiber fail-
ure as follows:
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Table 1
List of symbols.

Stress in fiber direction, stress in transverse direction and
shear stress

011,022, T12

022, Linear to non-linear limit value in a5, vs. &, curve

22y Linear to non-linear limit value in o, vs. &5, curve for off-axis
lamina

011 Effective stress in fiber direction

[ Effective stress in transverse direction

012 Effective shear stress

0 Ply orientation angle

S12, Linear to non-linear limit value in 743 vs. y;2 curve

€11, €22, Y12 Strain in fiber direction, transverse direction and shear strain

Xr Fiber strength value under tensile

Xe, Fiber linear behavior limit value under compression

fler) Strain dependence function under compression in fiber
direction for secant modulus

fleaz) Strain dependence function under compression in transverse
direction for secant modulus

f Elastic domain function

E114,E2,,G12, Initial value of elastic modulus in fiber direction, transverse

direction and shear modulus

dy Damage variable related with o,
d; Damage variable related with g,
dg Damage variable related with 74,
Ep Strain energy density

Ep, Strain energy density limit

011
X <1 (1)
After failure under tensile loads, the Young’s modulus in fiber
direction Eq; is degraded to zero. To account this effect in the com-
pliance matrix (see Eq. (9)), the damage variable d, is equal to “1”.
Regarding the behavior under compression loads in fiber direc-
tion, a unidirectional composite can be assumed to possess a linear
elastic behavior until a specified value, after that, a non-linear elas-
tic behavior should be adopted. Thus, the linear elastic to non-lin-
ear elastic limit, X¢,, is identified similarly to tensile failure as
shown in Eq. (2):

|o11]
Xe,

<1 (2)

After |011| = X¢,, any increase in the compression loads in fiber
direction results in a non-linear elastic stress-strain behavior. This
non-linear elastic behavior is simulated using a secant modulus as
shown by the following equation:

X
Er = .5 (1 =f(en) +flen)En, 3)
In Eq. (3), the Eq; is function of ¢;1. As adopted for tension, the
damage state in the matrix is not affected by the compression
behavior of the fibers.

3.2. Matrix behavior model

The damage process in the matrix is mainly caused by 5, and
712. The model assumes that stress in fiber direction does not affect
the damage state in the matrix.

A non-linear behavior could be observed in some experimental
tests in composite materials, mostly when the fibers and load are
not aligned. This non-linear behavior is due to inelastic deforma-
tions and damage in matrix [2]. In order to model the damage pro-
cess in the matrix, the damage parameters d, related to 05, and dg
related to 7, are considered, which range from “0”, for undamaged
material, to “1”, for complete damaged material. These damage
variables are related to the stress, using the hypothesis of effective
stress, which is applied on the damaged area [10]. The effective
stresses are given by the following equation:

. 1
01 1-4; 0 0 o1

- 1

()] = 0 4 0 (o)) (4)
012 0 0 ﬁ T12

Another important concept is adopted; the thermodynamic
forces that relate the damage variables with strain energy density
Ep (Eq. (5)) for the polymeric matrix [24]. Eq. (5) shows only the
thermodynamic forces applied on the matrix.

__0Ep __OEp
Y, = o, Yo = ods (5)

The damaged strain energy density for the matrix is written in
terms of effective stresses is shown by Eq. (6) [10].

1 (03,), (03,)_

Ep=-= +
P72 |Ep,(1—dy) " En,

(th)
Giz,(1 — ds) (6)

Under tensile stress in the matrix, the micro-cracks and micro-
voids open. When the load increases, the stress state can accelerate
the propagation of the micro-cracks and micro-voids. This propa-
gation is accounted by the damage variables d, and dg evolution.
Under compression, the micro-cracks and micro-voids tend to
close [10], thus the damage parameter d, is regarded not to change.
However, the damage parameter dg can change. The shear stress
damage parameter does not depend on the sign of the shear stress.

The initiation of damage in composite structures can be
identified by stiffness reduction. This behavior can be evaluated
by performing a cyclic tensile or compression test. During load-
unload-load cycle, it is possible to observe this stiffness reduction
compared to the initial stiffness (Fig. 3). The present model as-
sumes that the damage process, as well as the non-linear behavior
initiates, when the stress-strain curve is no longer linear.

The off-axis coupon damage measurement shows that the
intensity of d, is different compared to d, that is obtained by
[90],.. Also, for each off-axis orientation, the damage state depends
on g3 and 71,. It is possible to find at literature, a procedure to cal-
culate the coupling parameter [24,25]. This model assumes that d»
and dg are function of the orientation angle and thermodynamic
forces Y, and Yg respectively, which indirectly accounts for .,
and 7, coupling. Besides, the damage measurements show that
the damage evolution for d, and dg can be regarded as linear. Thus
d, is equal to A(0)Y> + B(0) and dg is equal to C(0)Ys + D(0). The func-
tions A(0) and C(0) are linear functions, B(0) and D(6) are the
threshold values when f > 0 (see Eq. (7)).

Despite of the fact that 71, does not affect the damage state evo-
lution, a compressive value of g, affects the evolution of d,. Under

10

T, [MPa]
B

G 6 S
0 y T T T T T

(1-d6)

T

- T -
0.000 0.005 0.010 0.015 0.020 0.025
%

Fig. 3. Typical damage behavior of shear modulus and damage measurement.
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compressive g;;, the cracks and voids tend to close; so d, does not
change. As observed by experimental tests, coupons [90], under
compression behave almost like composite in fiber direction com-
pression (with non-linear elastic response). To model the trans-
verse direction under compression, the secant modulus is used
again.

Accounting for some experimental tests results of 90° and off-
axis coupons, the linear elastic limit for 7, and g5, is taken and
plotted in g5, vs. 71> plane for each coupon. Based on the interpo-
lation of experimental data, a failure surface can be obtained as de-
scribed by Eq. (7). It is important to verify that the proposed
surface only depends on parameters that are obtained by shear
(S12y) and compression or tensile (03,,) standard test.

2512
f= 0%, + 1%, — (Su +— ) (7)
2 T Ty (‘022‘/0220)3

Fig. 4 shows the linear elastic limit surface and the average val-
ues of 0,, and 74, for each orientation. The onset of non-linear
behavior occurs, when the state of stress leads to f > 0. Under
compressive stress gy, as mentioned before, a secant modulus is
used to model the non-linear behavior in transverse direction as
shown by the following equation:

By = (220 (1— fe2) +f (o) o (8)
where the factor g, is assumed the value of g5, when f > 0, be-
cause, for this model, the non-linear behavior can initiate with dif-
ferent values of g, than obtained by compression tests on 90°
coupons (see Fig. 4).

Also, the brittle fracture for matrix is regarded to happen when
Ep reaches the limit value (Ep.) obtained by experimental tests.
Thus, when Ep > Ep, then d, is equal to “1” and ds is equal to
“1”. Finally, the new material model is summarized in Table 2.

Using classical damage mechanics and proposing some adjust-
ments for the Poisson’s ratios in order to take account the damage
effect, compliance tensor is given by [18]:

809 Failure Surface
. 1, [MPa + Experimental data
- 60 +
*
.
402
*
3
*”
20 -

60

Fig. 4. Linear elastic domain f and experimental points.

Table 2
Material model summary.

Failure criteria Mode of failure Degradation law

<1 Fiber tensile E11=0

% <1 Fiber compression Ep = "%o‘ (1= f(e11)) +f(e11)Ea1,
f=0 Matrix tensile dy = A(0)Y, + B(0)

f=0 Matrix compression Eyp = %(1 —f(€22)) + f(€22)En,
f=0 Shear ds = C(0)Ys + D(6)

1 (]—dl)En (]—dl)(l—dz)V21E22 0
D= | (1-d)(1~dz)vizEny (1-dy)E2 0
0 0 K(1—ds)Ga

9

where K= (1 — (1 —dy)(1 — d3)v12v21). In order to avoid the mate-
rial self-healing, the damage parameters d;, d» and dg are the max-
imum calculated value along the load history analyses.

4. Experimental tests

In order to identify the material model parameters, the stan-
dard tests for tensile, shear and compression, and some addi-
tional off-axis and angle-ply experimental tests are required
(Table 3).

Some special considerations must be taken in performing off-
axis tests, for example, it is very difficult to apply only a uniaxial
stress state in an off-axis test coupon due to test machine
clamps. Due to this effect, the stress component 1y, is also pres-
ent. A detailed discussion about off-axis experimental tests is
presented by literatures [10,26]. Herakovich [10] shows that
the test coupon aspect ratio and lamina orientation have a sig-
nificant influence for obtaining t,. Also, Pierron and Vautrin
[26] show the effects caused by the end tabs, when off-axis cou-
pons are tested.

After material characterization and model parameters identifi-
cation, other tests were performed to evaluate the advantages
and limitations of the proposed material model. These tests consist
of off-axis [15]10 and [30];o under compression loads. It is impor-
tant to mention that those coupons were not used for material
characterization under compression, because the coupon aspect ra-
tios are too low. Despite that, these are good test coupons to verify
the model, once these lead to a complex load case.

It is important to mention that the coupons had resin epoxy as
matrix and carbon fiber as reinforcement, manufactured on a fila-
ment winding machine. The dimensions of the coupons follow the
ASTM standards for each test performed even for off-axis coupons
[15]10 and [30];o as well as for angle-ply [+67.5°] coupons
(Table 3).

Fig. 5a shows the device for the compression test and the image
correlation system. Fig. 5b shows the [0];o coupon for compression
test. The experimental tests were performed using strain gages and
image correlation system. The experimental tests were performed
at USP (University of Sdo Paulo - Brazil) and KU Leuven (Katholieke
Universiteit Leuven - Belgium).

At USP, an Emic test machine, strain gages and image correla-
tion system were used. At KU Leuven, an Instron universal test
machine was used for compression tests. Strain-gages were used
in one test coupon face and digital image correlation in another
face. A LIMESS system with VIC2D software was used for the dig-
ital image correlation analysis. On the other hand, at USP, the
image correlation equipment consists on a Canon camera and

Table 3
Experimental tests.

Test Standard Specimen Properties and
dimensions (mm) model parameters

Tensile 0° ASTM D3039 250 x 15 x 1 E11, V12, X1
Tensile 90° ASTM D3039 175 x25x 2 Epo, dy, Yr

Tensile +67.5° ASTM D3039 175 x 25 x 2 d; and dg

Tensile 5° ASTM D3039 175 x25x2 d, and dg
In-plane shear +45° ASTM D3518 250 x 25 x 2.7 G12,512,ds, 512,
Compression 0° ASTM D3410 150 x 10 x 2 Xco  Xc, 011
Compression 90° ASTM D3410 150 x 10 x 2 Yc, 022, Ep,
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(b)

Fig. 5. (a) Compression test setup and data acquisition system (LUMISS and strain
gages); (b) [0];0 coupon for compression test.

software programmed in Matlab™ was used. At both places, the
force vs. displacement data were provided by the test machines.
A test speed of 0.5 mm/min was applied for all experimental
tests, both for loading and unloading cycles. In order to avoid
low cycle fatigue, the number of cycles is limited to a maximum
of five [25].

Performing cyclic experimental tests, the damage variables
were measured as shown in Fig. 3. The damage variables vs. ther-
modynamic force are shown by Fig. 6a, for d, and by Fig. 6b, for
ds. The damage measurement procedure is the same described at
literatures [24,25].

Regarding the evolution of the parameter d, shown by Fig. 63, it
is verified that the ply orientation has an important role in damage
evolution. In fact, it is due to an increase in the damage process
produced by shear stress. For dg, as expected, if the orientation is
close to 90° then the shear damage is lower, but if the ply orienta-
tion changes towards 0°, dg is the principal damage parameter of
the polymeric matrix (Fig. 6a and b).

Finally the proposed material model assumes that d, evolves
in a linear way. Thus d, evolution equations are fitted as a
function of the orientation angle 0. The same procedure is
applied for ds.

ReEs " 675
e 5° o b4
0.10 4 A 90°
0.08
0.06 ™ .
~ | |
o
0.04 % o "
° @ A A
0.02 - o at Ay
L ]
» [
0.00 Ee e ®B= A A
-0.02

0.l15 ‘ u.lzu ' 0.l25 ' 0.;30 ' 0.;35 ' 0.:10
(Y,)"* [(MPa)"’]

(a)

— T T 1
0.00 0.05 0.10

0.40 1 67.5° A
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0.25 - .
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0.15
0.10 a
0.05 - |

0004 = wea

'U~05 N T T T T T ¥ T . 1
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(b)

Fig. 6. (a) d» evolution for some coupons; (b) dg evolution for some coupons.

5. Results and discussions

The material model was evaluated using a User Material sub-
routine (UMAT) programmed in FORTRAN language and the sub-
routine was linked to ABAQUS™ finite element program. The
finite element model dimensions follow the tensile and compres-
sion standards recommendations as used for the experimental test
coupons. The computational simulations results were compared to
[15]10 and [30];o test coupons for compression and to [5];o for
tensile.

Considering off-axis [5]1o under tensile load, Fig. 7 shows gy, vs.
exx for the experimental test and the computational results. The
load is supported not only by the fibers but also by the matrix.
As the load increases, the ply stresses in local orientation also in-
crease until failure. The failure process in off-axis [5];o is a mixed
mode of fiber and matrix failure as shown in Fig. 8. The failure pro-
cess initiates with some fibers under high stress. Then the fibers
break and the load are redistributed to matrix and nearby fibers.
Due to high loads supported by fibers, when failure occurs, the ma-
trix is not capable to support the loads and fails in a brittle way
(ED > E[)C )

As mentioned before, the compression behavior of composite
materials is quite different than for tensile. In order to verify the
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Fig. 7. Tension for off-axis [5]1o: experimental tests vs. computational results.
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Fig. 8. Failure of off-axis [5];o under tension loads.
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advantages and limitations of damage model for predicting the
failure under compression loads, numerical results were compared
to off-axis [15] and [30];o compression experimental tests. Also,
as mentioned previously, the compression test for off-axis coupons
lead to normal stress (ox) and shear stress (7).

For off-axis [15];0 under compression load, Fig. 9 shows g, vs.
exx for the experimental test and the computational results. In this
case, similar to tensile for off-axis [5]10, the fibers support most of
the load. However, the fiber failure process is more complex than
for tensile due to fiber kinking and micro-buckling, which leads
to lower failure loads and the failure process is different as shown
by Fig. 10.

The off-axis [30];o compression results for experimental tests
and numerical simulation are shown in Fig. 11. In this case, fibers
still support more load than the matrix, but the difference between
the load supported by fibers and load supported by matrix is smal-
ler than for the [5]19 and [15];0. It is very important to comment
that the geometry of the coupons also affects the failure process,

Fig. 10. Failure of off-axis [15];o under compression loads.
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Fig. 11. Compression for off-axis [30];o. experimental tests vs. computational
results.
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Fig. 12. Failure of off-axis [30];o under compression loads.

in the case for [30];0, there are no fibers crossing all the gage length
between the test machine grips. As the polymer matrix load carry-
ing capacity is lower than for fibers, the failure load is lower than
for [15],0. Thus the coupon failure is governed by the polymeric
matrix (Fig. 12).

It is important to mention that the compression test for off-axis
[30]10 did not fail only due to compressive loads, but buckling was
detected for all tested coupons, mostly in the end of the test (for
high loads). On the other hand, for off-axis [15];9 coupon, buckling
was not detected until close to the failure. Thus, buckling phenom-
enon can explain the differences observed after failure of [30];9
off-axis coupons.

6. Conclusions

The new material model can predict the behavior of composite
structures for off-axis unidirectional filament wound coupons un-
der tensile or more complex loads cases, e.g. compressive and
shear loads.

The simulations were performed with a reasonable computa-
tional cost and no convergence problems occur during numerical
analyses.

Regarding model parameters, the experimental tests required
for identification have a reasonable complexity as the necessary
equipment and devices are the same used for usual material char-
acterization as tensile and compression tests. Also, the test cou-
pons are easy to be manufactured and non-conventional
geometry or special manufacture processes are not required.
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