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ABSTRACT: A new model for damage behavior of polymer matrix composite
laminates is presented. The model is developed for an individual lamina, and then
assembled to describe the nonlinear behavior of the laminate. The model predicts the
inelastic effects as reduction of stiffness and increments of damage and unrecoverable
deformation. The model is defined using Continuous Damage Mechanics coupled
with Classical Thermodynamic Theory. Unrecoverable deformations and Damage
are coupled by the concept of effective stress. New expressions of damage and
unrecoverable deformation domains are presented so that the number of model
parameters is small. Furthermore, model parameters are obtained from existing test
data for unidirectional laminae, supplemented by cyclic shear stress-strain data.
Comparison with lamina and laminate test data are presented to demonstrate the
ability of the model to predict the observed behavior.

INTRODUCTION

HE ADVANCING USE of polymer matrix composites (PMC) in applications with long
life cycles requires better analysis techniques to predict material degradation and

failure. Experimental results show marked nonlinear effects when a single lamina is loaded
by shear [1,2]. Instead, lower nonlinearity appears when the loading is along the fiber
direction or transverse to it. The most common modes of failure of PMCs are fiber
breakage, fiber-matrix debonding, matrix cracks, and fiber kinking. Fabrication of PMCs
inevitably creates body defects in the form of matrix cracks, voids, crazes, delaminations,
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fiber-matrix debond, and so on. The evolution of such defects influence stress—strain

response of the laminae and the maximum load that a laminate can support. The present **

paper deals with Continuous Damage Mechanics of homogenized media where the effect

of the constituents has been averaged. Therefore, the model cannot idéntify individual- -

failure modes. The effect of the likely failure modes is felt in the damage measures d;, on
an average sense only. ' : -

The proposed model is constructed coupling the damage and unrecoverable deforma-

tions theories using a thermodynamic formulation. A mesoscale approach is used, thus the

constitutive equations refer to a single lamina of orthotropic material. The global behavior
is determined éssembling the contributions of each lamina using the classical laminate
theory, modified for a continuously damaging material with plastic-like unrecoverable
deformations. Damage and unrecoverable deformations surfaces are developed to
accomplish good correlation with experimental observations while using a few adjustable
parameters that have clear physical interpretation and are easy to determine from existing
experimental data. The evolution laws are defined in standard and nonstandard
formulation for unrecoverable deformations and damage respectively. The principle of
maximum entropy is used in order to define the evolution of internal variables.

While several models are available to account damage and unrecoverable deformations
effects for a lamina [3,4,6], the proposed model is defined in terms of fewer adjustable
parameters. Furthermore, the parameters in the proposed model are evaluated from
existing experimental data rather than from specialized, nonstandard tests. Although the
model still contains five adjustable parameters, all of them can be determined from
available experimental data. Experimental results for unidirectional laminae and laminates
demonstrate the qualities of the proposed model.

DAMAGE DEFINITION

The damage definition due to Kachanov-Rabotnov is used [7.8]. The local density of
defects is assumed uniformly distributed in a representative volume element. Lamina
experimental results evidence different damage modes and evolution for longitudinal,
transverse, and shear loading [1,2]. In addition, shear loading leads to longitudinal and
mostly transverse damage [9-11]. Therefore, the orientation of defects is described by a
second order tensor with principal directions coinciding with the material coordinate axes
of the lamina.

The damage variables are (a) a second order symmetric damage tensor D, defined to
account for the anisotropic evolution of defects along matrix and fiber directions and (b)a
scalar damage hardening parameter & that controls the size of the damage surface. The
evolution law is assumed to be isotropic for simplicity and due to the lack of experimental
observations indicating anisotropic evolution of the damage surface.

The unrecoverable deformation variables are (c) a second order symmetric tensor £° to
account for the accumulated, unrecoverable deformations and (d) a scalar unrecoverable
deformation hardening parameter p that controls the size of the unrecoverable deforma-
tion surface. The evolution law is assumed to be isotropic for simplicity and due to the lack
of experimental observations indicating otherwise.

A diagonal second order tensor is chosen to describe the damage effects D=
[d11, das, d33], because it yields simplicity to the constitutive equations. A refined formula-
tion could be obtained using a fourth order damage tensor [3,12,13] but it would result in
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greater complexity. The use of damage and integrity tensors describes a mapping between
the effective C and damaged C conﬁguratlons by a unique transform:;
square root theorem [14,15], a unique transformation connects the damage and mtegnty
tensor Q =+/I —D. The eigenvalues of the damage tensor d; represent the net area
reduction along the principal axis, which coincide with the principal,{djiféétidns of the
integrity tensor Q. Experimental results on a single composite lamina show that during the
deformation, microcracks, voids, and defects have preferential directions along-which
damage and unrecoverable deformation growth occurs. Since they typically coincide with
material axes, it is assumed that the principal axes of the damage tensor D are aligned
with the material axes and do not necessarily match the principal directions of stress. The
effectlve stress is defined [16] as

MDD =@ @2 ‘)a_[(Jl— ~®WI-D)'o 1)
where Misa fourth order tensor called the damage effect tensor. By the symmetry of the o

and o tensors, the damage effect tensor M is doubly symmetric. An explicit expression is
then found in contracted notation [17] as

. Q2 0

0 0 0 0 7
@ 0 0 0 0
Q2o 0 0

Q3Q,
M = QS5 > 0 0 )
sym 91293 0
L Q,Q
5

In terms of Equation (2), Equation (1) reduces to the following explicit relationships

- o1 o1 -
(-d) JO=dy(1-d)
o= o2
0
vm =)

- 0 0 0. )

(e (1—d) /(T —d)I—dp) 0
g=| sym g(1 — da) 0

Lo 0 0

where prime indicates the elastic, recoverable part of the strain.

CONSTITUTIVE MODEL

General coupled elastoplastic and damage theory [18-20] allows us to write the total .
strain tensor ¢ as sum of unrecoverable and elastic strains. The inelastic process is modeled

— C.Bythe " -
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introducing a set of internal variables that describes the unrecoverable and damage -
behavior of the material. The Helmholtz free energy is a function of internal variables,. .
elastic strain, and temperature. The Helmholtz free energy is postulated to be sum of two
terms, the strain energy (e, ”, D) and the dissipation energy 7(p, 8) [5;6] .

w=I/j(evsp’psDaa)=‘p(€v8paD)+7r(P’8) } - (4)

where &, D are the unrecoverable strain and damage second order tensors and p, 8 are the
hardening parameters. The strain energy can be assumed to be ’

' ¢(e,e?, D) = %(s — e?)E(D)(e — £°) 5)

where the E(D) is a fourth order tensor that expresses the damaged stiffness of the
~ material. The damaged stiffness tensor is defined according to the principle of equivalent
* elastic energy [21,22], which states that the elastic energy of the damaged material is the
same in form as that of an effective material except that the stress tensor is replaced by the
effective stress

¢(@,0) = -;-G(E)'la = %’E(E)"Tf = %O'M'I(E)—IM—IO‘ (6)

The damage stiffness tensor is written in terms of the effective stiffness tensor
E= MEM, which is a fourth order tensor, quadratic in the damage variable D. In terms of
Equation (2), we get the stiffness tensor explicitly as

FEn(l—d)? Ep(l—-d)(1-d) 0 0 0 0 ]
Exn(l — db)? 0 00 0
0 00 0
E(D) = 0 0 0 )
sym 0 0
B 1Ee(1 —di)(1 — ) |

and the compliance tensor as C=E~ 1. The dissipation energy (p, 8) can be separated into

two terms, which express the evolution of the damage and unrecoverable deformation
surfaces .

n(p,8) = R(p) + y(3) ®)
Here, we postulate that

R(p) = ~5cf7? e

and

Y(8) = ¢ exp[%] Q0
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where c{’ , €1, ¢ are material parameters. Since the function 7(p,$) is assumed to be. . ..

convex, its second derivative must be positive Therefore, the material constants. must
satisfy the following conditions ¢; > 0; ¢, <0; ¢ > 0 [23]. The conjugate thermodynamlc
forces associated to the cinematic variables (¢, &%, p, D, §) are :

o= _u = E(D)(e — &%)
os
V=2 e~ o) MED)Me — &)
. 11
R=_y=_c€p (11

Using Equatidn M, explicit expressions for-it»‘he thermodynamic forces are found as
L A Fd T B = L (C R T T
= 5%‘(15'1181 + Engiey + E6681; = -S-Z_%(C”U‘ + C120107 + Ce50%)
| A Fad B e L od e s (12)
Y, = §§_(E228‘ + E\26) 8, + Eesely = ag(czzo‘z + C120103 + Ces0%)
g=ec—¢

and Y3 =0 for a state of plane stress. Considering the principle of maximum entropy [24]
and using the Lagrange minimization method the evolution equations can be defined as

- . 0gf og?
P = \P=—- = P
F=Mami P=XoR
af af (13)
D=4 = A4
A aY 6= ay

where A?, A4 are the damage and unrecoverable deformations multipliers, g7, f" are the
dissipation potentials. In addition, the unloading conditions follow directly from the
Kuhn-Tucker optimality conditions [24] as

-

>0 A>0

g=<0; g9<0 (14)
g =0, gid=0

DAMAGE DOMAIN
Next, the damage surface and the dissipation potential are written in the thermo- .
dynamic variables domain Y;, which in thermodynamic sense are the conjugate variables

of the damage tensor D [23]. The damage surface limits the state for which the material

‘
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expenences no damage. A nonstandard formulation is then used to define the damage
function g? and potential surface /7 as

=g -v®-n=vY=-J- Y +~/ YT — (Y)Y + v0)

(13)
fA=fN) v -n=vY-T. (y(8)+yo) :
where J and H are fourth and second order tensors respectively, y, is the damage energy
threshold. The tensors J and H are material dependent. It is worth noting that the linear
term in Equation (15) allows us to take into account different behavior of the composite
lamina in tension and compression. The coefficients in the tensors J and H are univocally
determined in terms of material propertles as explained in section Internal Material
Constants. The damage domain surface g%in Equatlon (15) has the shape of the Tsai-Wu
surface when the first of Equatlon (15) is written in stress space [23]

. g(ﬁ) = fiG1 + /32 + f115% + [2253 + 2/125157 + fes52 — (¥(8) + o)

1 1. ! 1 1
. heEERCERY TR R MeER (16)
. 1 1 0.5

fzz— zF: f“—F_g’ f12=—F—]2t

The Tsai-Wu criterion is recovered when the last term on the right hand side is set to
one. The magnitude of the last term affects the size of the damage surface but its shape
remains similar to that of a Tsai-Wu surface. Since the Tsai~-Wu criterion predicts ply
failure, the damage surface coincides with ply failure when the last term is equal to one.
Then y(8) =0, the last terms reduces to y,. Thus, the initial size of the surface Equation (16)
is smaller and it represents the loci of stress at which damage starts. For the sake of
simplicity, it is assumed that the shape of the damage domain remains the same while its
size grows until it reaches the Tsai~Wu criterion at ply failure.

The evolution of the damage is governed by a hardening function that involves two
variables ¢y, ¢, which are material dependent. The proposed damage hardening function is
given by Equation (10). The consistency condition (¢4 = g¢ = 0), and the normality rule
Equation (13), used in the CDM framework [25,26] allows us to derive the followmg
equation in terms of the damage and unrecoverable deformation multipliers A%, A7, using

[

Y+—y)/ 0; E=M_10'; é=M—lE

© Y
o[ Mg’f]ﬁ—L

o [agdayafd+agdayafd]+§g_dgM_, pagp+agdaY

3Y 3D 3D ' By 08 oy | ' 9Y oer 8Y de’
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UNRECOVERABLE DEFORMATIONS DOMAIN

Unrecoverable deformations of composite materials are more evident for shear -
loading than longitudinal and transverse loading [2]. The unrecoverable strain evolution
is realized by the classical plasticity formulation [20]. The loading surface -and the
dissipation potential are identical in the effective stress space, thus following a standard
formulation. A Tsai-Wu surface is chosen because of its ability to represent different

behavior among the different load paths in stress space. Therefore, the loading surface’
used herein is -

g =g(@) — R(p) - Ry (18)
where the unrecoverable deformation domain is defined in effective stress space as

’ g(’&‘) = fiG1 + /202 + f115° +f223'§ + 2f126152 + f5652

11 L1,
- N= F, F. fo= Fy By’ Su= FyFy, (19
1 1 0.5
ﬁz—m’ f‘66—F62, ﬁ2=—F12,

and R, is the unrecoverable deformations threshold. The parameters F; are material
dependent and represent the strength values in tension, compression and shear for a single
composite lamina. These values are tabulated in the literature [17,27], or they can be easily
obtained following standardized test methods [28]. Unrecoverable deformation hardening
is modeled by a simple function Equation (9), thus requiring the minimum number of
internal parameters to describe it. As before, by the consistency condition (g =g =0),
the normality evolution rules, and the effective stress concept, it is possible to obtain the
following relations

R(p)—K,p; c=M"o; =M%

%‘?E#Z%R:o
6= %’H%EP +%D =M g—gé + M1 %éﬂ +%[M—la]b
g = %M-' g—Ze + M %M“‘XP%+%[M‘IU]X"% =

[0, a0 3¢ ogPoRag’|  ..[08° 0 ¥ aP _ ao.
r|% z 5 45 9% - 1 I i by
> [aaM w” % tarapor| TN ™ lap|tE M 5HE=0
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in which the damage and unrecoverable deformation multipliers A7, A are the unknown .
quantities. Solving the linear system defined by Equations (17) and (20), it is possible to .
determine the values of A7, A4 which define the damage and unrecoverable deformations
evolution laws.

-

LAMINATE MODEL
The model presented so far predicts the behavior of a single lamina. Classical laminate
theory is used next to introduce the damage and unrecoverable effects in the constitutive
equations for a laminate [17]. Damage and unrecoverable effects are introduced so that
stress redistribution among various layers in a laminate is properly accounted for. The
stress—strain relations in the material coordinates for the top or the bottom surface of a
single lamina are '

| T 1% [0 oh 0 (F[a-e ]
* o | =10, 0% 0 e2—¢ | ;
| o3 0 0 d Y6 — Yo
b
Ca % [0l oh 0 PA[a-ef 7"
o| =10% 04 0 &2 —¢&f @n
| 03 0 0 Q‘& VG'—)’é,

where the subscripts d, p, refer to damage and unrecoverable effects, respectively, and
superscripts ¢, b refer to top and bottom, respectively. In the framework of the classical
plate theory (CPT) the kinematic variables are the midplane strain and curvatures. The
elastic-damaged terms of the reduced stiffness matrix are defined by a linear function of
the material property of top and bottom surface of the kth lamina as

0UZL) - 0UZY)

= S zb) @)

0i(2) = 0lzh +

where an overbar (7) indicates quantities in the global coordinate system of the laminate.
Such quantities are obtained by standard coordinate transformation [17] of Equation (21).
The tension o; over the lamina is a linear function of the top and bottom values of the
stress, given by

ai(Z}) — 0i(Z})

() = g.(7b
o@) = 2D += =

(z—2Z}) . (23)

To assemble the total stiffness of the material we use the definition of force and
moment resultants (Equations (6.11) in [17]). Therefore, the laminate constitutive
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equations become

Nx 1 [4n Az A Bu Bn By - ]
N, A Ap Ax By Bn By &) — &b
Nyy _ Az Ax Az Bz By By ygy - V5 A - 24)
M, By By Bis Dy Di Dis || kx—KE
M, B Bn By D Dn Dn |k —i
LMxy‘_ | Bi3 Bz Byz Diz Dy D] | kwy —if,

where the coefficients are computed in terms of the damaged values of the reduced
stiffness coefficients in global coordinates Q;{ ; using the standard equations (Equation (6.16)
in [17]). Noting that the damage and unrecoverable effects are piecewise linear functions
through the thickness of the laminate we obtain the following explicit equations for the
coefficients of the laminate stiffness matrices

. ‘N (7t _3 b
Ay = % (Qij(zk)'; Q,-,(Z,J) (L — Zby?

By = g (@102 + Ozt + (2D + 204z

- - 25
3. ZLZ0N(ZZL + OUZHZ) @)

Dy = 5 (@D 30Y(Z)) + Ozl + (ZD\(05(20 + 3042

—4ZLZLOUZZY) + QUZD(Z)’))

INTERNAL MATERIAL CONSTANTS

The constitutive model developed in the previous sections involves a series of param-
eters that are material dependent and remain constant during the analysis, as follows: J
and H are tensors that control shape of the damage and the potential surfaces, Ry and y
are the damage and unrecoverable deformations thresholds ¢;, ¢, C’l’ are the damage
and unrecoverable hardening constants. Since both J and H are diagonal tensors, only
eleven coefficients need to be found (only nine for plane stress). While several formulations
exist for the J tensor [29], they involve a large number of parameters that, although
increase the accuracy, significantly increase the complexity of parameter identification .
and consequent testing. With the addition of the H tensor, the damage surface can be
written in stress space as the Tsai-Wu surface. In this way the coefficients in the J and H
tensors can be uniquely obtained in terms of the strength values F; of the unidirectional *
lamina, which for the most part are available in the literature.
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Writing the g7 function for longitudinal uniaxial tension and compression, 'E‘q"uati_q_n s

becomes
T, [ T
JJI,I—S%F%,+ IHll-S;—61Flz=(V*+V0)=1 , :
1 1 : ’

. (26,
Co Ci .-
\/JUQ—‘;F%C ﬂ/lhﬁ%& =0+ =1
1 1

Equation’ (26) represents a linear system in which F,, and F,. are the longitudinal
compressive and tension stress of a single composite lamina, the values J 11 and H are the
unknown quantities, while the quantities Q,. and €,, are the critical tension and
compression values of the integrity ténsors. Comparing the Tsai-Wu criterion to the linear

system Equation (26) at failure, we set (¥* + yo) equal to 1. Hence, there are two equations
that allow us to solve for the two parameters J,; and H.

In the transverse direction the damage function Equation (15) reduces to

—C,—-— —C,—
Vin g B+ \H 2P = (" + ) = 1 27)
921‘ S-221 ‘

In this way it is possible to express Jo, in function of H, by the following equation

: 2
— — -2
Cxn Cyn
Jn=11-_[|H)|=2~F —F. 2
2 ( ‘/I 21951 2:) (Qg: 2:) (28)

Considering in-plane shear loading and Equation (15), we get the following equation

Tn Jn 2Ce ., ‘/|H1 Hy| 2Ce
T N [ Fs=(/'+p)=1 (29)
2 X A [ A oy XeY) |

Here Fg value is the shear strength for a single composite lamina, while Q;; and Q,;
are critical values of the integrity tensor at failure for a state of in-plane shear stress. Since
the shear response of a fiber-reinforced lamina in material directions is independent of the
sign of the shear stress, the coefficient of the linear term in Fs of Equation (29) must be
zero, leading to a relationship between H, and H>, namely

"H  H Q3 )
_+_;0:H2=———SH1=—7H1 (30)
Q%s Q%s Q%s * :

where r; = (Qy/ le)2 is an.intermediate constant. Then H, can be written as a function of
the r,, and Equation (29) becomes
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Jurs Jn 2666 2 — o . '
\/a to g fe=+n= =02 =G,/G
X 1. ks ( 0) I; 12/ 12 — (31)

where G}, is the unloading damaged shear modulus prior to imminent failure (e.g., last
unloading curve in Figure 1). Since J); is known from Equation (26) and k2 is a. known
constant (see section Critical Damage Parameters), using Equations (28) and (31), it is
pOSSlble to determine J,, and H,. Thus, all the coefficients in the tensors J and H are
found in terms of known parameters F; and Q;.

CRITICAL DAMAGE PARAMETERS

The critical integrity parameters ; introduced in the previous section represent the
values of the integrity components when the 'material is near failure. They can be evaluated
by formulas based on experimental results and analytical procedures.

In a pure in-plane shear test, and using Equation (3), the unloading shear stress—strain

path just prior to failure (Figure 1) can be described in terms of either the damaged or the
undamaged (i.e., vu:gm) shear stiffness as

= 2GR, = 2G, QL Q5 el &y =66 — & (32)

which defines the known coefficient k; used in Equation (31) in terms of experimental data.
In this way, the product of Q2 and Q3 represents the ratio between the damaged shear
modulus (unloading) at imminent failure and the virgin state value, both of which can be
determined by experimental in-plane shear data for a unidirectional composite lamina.

On the longitudinal direction, the probability of failure of a fiber in a composite lamina

can be expressed by the Weibull statistic distribution [30]. The probability for unbroken
fibers is

100

Figure 1. Cyclic shear behavior of unidirectional T300/915 Carbon/Epxoy.
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P,=1-F()=1 —exp[—z‘s—<i)m] o ®

0 \00

where 0< P, <1, o is the stress in the unbroken fibers, & is the shear lag length, Lg is the
length of the test fiber used to obtain the Weibull parameters o and m, which represent
the dispersion of fiber strength. The bundle stress is op = Py0. At fracture, the bundle
stress o, has a maximum. Solving for the fiber stress o, the critical value of fiber stress is

5, —~1/m -
0. = 0y (ZE) (34)

The bundle strength can be fou.ndf by substituting Equation (34) back into o, = P,0.
The critical damage D, at fracture is the. ratio of broken to original fiber area, which is
found from Equations (33) and (34) as

Du=t-en( ) 65

The Weibull dispersion parameter is available from the literature for most types of
fibers [34,35,37]. -

For longitudinal compression, the damage critical value can be evaluated according to
the microbuckling and misalignment of the fiber. Fiber misalignment, which is strongly
dependent on processing conditions and can be considered as an inherent defect, increases
the possibility for the fiber to buckle. For each misalignment angle 6, the composite area-
fraction with buckled fiber w(f) corresponding to fibers with misalignment angle greater
than 6, can be taken as measure of damage. Since the fiber misalignment distribution is
Gaussian, the critical compressive damage D, is

9*
Di.=w6*)=1- erf(Aﬁ) (36)

where erf(—) is the error function, A the standard deviation of the actual Gaussian
distribution of fiber misalignment, and 6* is the critical misalignment angle at failure
[31,32]. The value of A can be measured experimentally [33] or computed in terms of
experimental values for Fy, Fs and G, using Equations (4.74)~(4.75) in [17].

In the transverse direction, it is possible to think of the matrix as a periodic link
structure enclosed between fibers. Assuming a constant probability distribution for the
failure of the matrix link it is possible to derive the maximum admissible strength for the
bundle matrix [5]. The ratio between the broken links and the initial ones can be
considered a measure of damage. Therefore, the critical damage value is

; | 1

Dy = 5 . (37)

MODEL IDENTIFICATION AND VALIDATION

Unidirectional lamina experimental data for two materials, Aramid/Epoxy and Carbon/
Epoxy are used to obtain all the parameters required in the model [2]. Laminate and
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off-axis experimental data for the same materials is then used to demonstrate. the
predictive capabilities of the proposed model.

In-plane shear experimental data of unidirectional composite in Figure 1 is used to
adjust the model parameters for Carbon/Epoxy T300/915. The material properties are .
given in Table 1. The intermediate parameters, determined completely in terms of the
material properties are given in Table 2. The adjustable model parameters, determined
with the aid of the shear stress—strain plot, are given in Table 3. The model is used to
predict the amount of unrecoverable strain, and the results are compared with
experimental data in Figure 2. The predicted damage evolution is shown in Figure 3.
Failure is predicted\ to occur when the transverse damage d, equals the critical value D, as
shown in Figure 3. In the actual test, the sample failed at about 3% shear strain, in good
agreement with the predicted value of strain at failure. Next, the model is used to predict

Table 1. Mateh:al properties.

Propérty Carbon/Epoxy T300/915 Aramid/Epoxy
E,(GPa) undamaged 142.0 73.4
E,(GPa) undamaged “10.3 55
G12(GPa) undamaged '7.29 3.65
G12(GPa) damaged 3.71 2.21
v12 undamaged 0.27 0.34
F1:(MPa) 1839 1137.1
Fic(MPa) 1096 2125
F2:(MPa) 57 27
Fc(MPa) 57 27
Fe(MPa) 86 47

Table 2. Intermediate parameters univocally determined in
terms of the material properties given in Table 1.

Property Carbon/Epoxy T300/915 Aramid/Epoxy

Ji 0.2523910783 x 10~ 4 0.4647013345 x 1013
Joo 0.1166642654 x 10~ 12 0.1380462161 x 10~'2
Jas 0 0

H, 0.1297694304 x 1077 0.7518017147 x 107 -
Ha —0.75544663738 x 10~° —0.3245140897 x 107©
Ha 0 0

ks - 0515 0.605

rs 0581 0.416

- Table 3. Model parameters.

Property Carbon/Epoxy T300/915 Aramid/Epoxy
Cq 0.17 0.1

Ca ) -89x10° -40x10°
Yo -02 -03

& 12x107° 15x107°

Ro 0.25 0.5
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the monotonic loading behavior of a [45/—45],, laminate, which compares favorably with
cyclic experimental data in Figure 4. Comparison between predicted and measired
unrecoverable strain versus total shear strain is shown in Figure 5. Comparison between
predicted and measured axial stiffness versus total axial strain of a [45/ —45]s, is shown in
Figure 6. . o :
Experimental data for unidirectional Aramid/Epoxy loaded with cyclic in-plane shear is
used to adjust the model parameters, as shown in Figure 7. The model is then used to
predict the amount of unrecoverable strain, and the results are compared with
experimental data in Figure 8. The predicted damage evolution is shown in Figure 9.

2.5!F
— 2¢
E .
. ? L
g 15¢
) g 1%
§ (Y7 3
0 ity ———————
0 05 1 15 2 25 3 35

total shear strain [%)

Figure 2. Accumulated unrecoverable strain of unidirectional T300/915 Carbon/Epoxy under shear loading.

0.6

D2t

o
>
"

damage variable d2
o
w

o
N
Py

=——=damage variable d2
------ Critical damage
~ 0.14
0 b v + v ' + v *
0 ,05 1 15 2 25 3
shear strain [%]

Figure 3. Damage evolution up to failure of unidirectional T300/915 Carbon/Epoxy under shear loading.
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200
4
175 4

=

axial stress [MPa]

=== model results

/ - {1 -experimental data

w4

] 05 1 15 2 25
. axial strain [%]

35
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Figure 5. Comparison with experimental accumulated unrecoverable strain in [45/—45]25 T300/915 Carbon/
Epoxy.

e

The Aramid/Epoxy failed in shear at about 3% shear strain, when the predicted
longitudinal damage d, is 90% of the critical value D;,=0.114. Next, the model is used
to predict the monotonic loading behavior of a 10° off-axis lamina, which compares
favorably with cyclic experimental data in Figure 10. Also, the model is able to accurately
predict the accumulated unrecoverable strain of the 10° off-axis test, as shown in Figure 11.
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Figure 7. Cyclic shear behavior of unidirectional Aramid/Epoxy.

s

SUMMARY

The procedure used to adjust the model parameters is summarized in this section. The
model parameters describe, damage and unrecoverable deformation respectively.

The damage evolution parameters ¢, ¢, control the damage evolution by Equation (10).
The damage threshold y, represents the initial size of the damage surface. No damage can
occur until the thermodynamic forces Y reach the damage surface. These three parameters
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Figure 9. Damage evolution up to failure of unidirectional Aramid/Epoxy under shear loading

are adjusted with the monotonic loading part of the shear stress—strain diagram, such as
the top curve in Figure 1. ,

The unrecoverable deformation parameter ¢/ controls the evolution of unrecoverable
strain. The threshold parameter R, represents the initial size of the unrecoverable
deformation surface (yield surface). These two parameters are adjusted with the experi-
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s

mental unrecoverable deformations resulting from unloading, such as those read from
unloading in Figure 1 and plotted in Figure 2. :

The influence of these parameters on the predictions is discussed next, using
T300/915 material as an example. The performance of the model is measured by the x?
statistical measure of the difference between the predicted values p; and the experimental

values e; during an appropriate test over which the values have significant influence. The
statistical measure is defined as follows
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— 2)2
X2 — Z(pzle‘get) (38)

First, the damage evolution parameters (c;, ¢, Yo) are varied within one order of
magnitude around the optimum values previously determined in the preceding section,
while keeping the unrecoverable deformation parameters fixed. Equation (38) is used to
evaluate the error in predicting the loading portion of the shear stress—strain curve (e.g.,
top curve in Figure 1). It can be seen in Figure 12 that the error of the prediction, as
measured by Equation (38), has a minimum for the optimum values of ¢; and c,. Any
deviation from those values results in a clear loss of accuracy.

From Equations (10) and (15), setting the damage threshold yo < —c) starts damage
immediately (§=0). Larger values can be used to delay the onset of damage when it is
necessary, but for T300/915, damage must start immediately in order to yield curvature to
the stress—strain loading curve from the onset of loading, as shown in Figure 1.

Keeping the damage evolution parameters fixed, the unrecoverable deformation
parameters (cl, Ryg) were varied within one order of magnitude around the optimum
values previously determined in the preceding section. Equation (38) is used to evaluate
the error in predicting the unrecoverable deformations (e.g., Figure 2). It can be seen in
Figure 13 that the error of the prediction, as measured by Equation (38), has a minimum
for the optimum value of ¢/ The unrecoverable deformation threshold R, controls when
unrecoverable deformations start accumulating (see Figure 2).

The internal material constants Jy;, J22, Hy, Ha, 15, and k, are used to write the model
equations in a concise form. These are not adjustable model parameters since their values
are univocally determined in terms of the available material constants F,, F\., F»,, Fa, Fs,
G}, (see section Internal Material Constants) and the critical damage values D,,, Dy, Dy,
(see section Critical Damage Parameters). The latter are fixed values in terms of material
constants m and A as described by Equations (35)—(37). The Weibull dispersion of fiber
strength m and the misalignment angle A are available from the literature [9,34,35,37] and
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well-established procedures exist to measure them for new materials [33,36]. Finally, the
material constants E), E,, Gy, and vy, are readily available. The only information that is
not readily available is the shear stress-strain plot, as in Figure 1. The loading part of the
plot is necessary to adjust the damage evolution parameters (c;, ¢,, y). The unloading part
of the plot is necessary to adjust the unrecoverable deformation evolution parameters
(¢?, Ro). Such a plot can be determined experimentally using a shear test fixture such as
described in ASTM D5379.

CONCLUSIONS

The proposed model predicts the damage and unrecoverable deformations phenomena
of a laminated composite material under proportional loading. A limited number of
internal variables are used in the model to represent the evolution of the damage and
unrecoverable deformations phenomena. Comparisons between experimental data and
model predictions are good in terms of damage and unrecoverable deformations
evolution. Some further development and improvements are envisioned to account for
closure during unloading. Also, further validation would be useful as additional low-cycle
stress—strain data becomes available.
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