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Introduction

Design optimization, as a topic of research relative to engineer-
ing applications and product development has been popular within
the context of optimal shape determination but not as popular
within the context of material characterization. In an attempt to
fill this gap, the main objective of the present paper is to describe
design optimization efforts in the less popular application area of
the data-driven constitutive characterization of anisotropic mate-
rial systems. In this context, the term “design optimization” refers
to the material constitutive model as being the “under design” en-
tity, in contrast to the traditionally considered ‘“shape model”
where the target design entity is that of the “shape model.” For-
mally, however, this is again an application optimization for solv-
ing the inverse problem of identifying material model parameters
when experimental data describing the systemic behavior are
known.

Composite materials are clearly the most widely used anisotropic
materials for various application areas [1,2]. Their constitutive
characterization has been an important topic of interest for struc-
tural design, material certification, and qualification practitioners.
Such characterization has been traditionally achieved through
mostly uniaxial tests aiming in the determination of elastic material
properties primarily. Typically, extraction of these properties,
involve uniaxial tests conducted with specimens mounted on uniax-
ial testing machines, where the major orthotropic axis of any given
specimen is inclined relative to the loading direction. In addition,
specimens are designed such that a homogeneous state of strain is

Contributed by the CAD/Solid Modeling Committee of ASME for publication in
the JOURNAL OF COMPUTING AND INFORMATION SCIENCE IN ENGINEERING. Manuscript
received October 29, 2010; final manuscript received April 12, 2011; published
online June 22, 2011. Assoc. Editor: J. Shah.

Journal of Computing and Information Science in Engineering

developed over preferably a large and well-defined area of the spec-
imen, such that the measurement of specimen loads and displace-
ments [3,4] can be reduced to material field quantities such as
stresses and strains. Consequently, the use of uniaxial testing
machines imposes requirements of using multiple specimens, grip-
ing fixtures, and multiple experiments. The requirement of a homo-
geneous state of strain frequently imposes restrictions on the size
and shape of specimens to be tested. It follows that these require-
ments result in increased cost and time, and consequently to ineffi-
cient characterization processes.

To address these issues and to extend characterization to nonlinear
regimes of the constitutive behavior, multi-degree of freedom auto-
mated mechatronic testing machines, were introduced at the Naval
Research Laboratory (NRL) [5-7] in order to enable the capability of
loading specimens multiaxially in conjunction with the employment
of energy-based inverse characterization methodologies. This intro-
duction was the first of its kind and has continued through the present
[8—10]. The most recent prototype of these machines, which is cur-
rently under functional verification [11], is shown in Fig. 1.

The energy-based approach associated with mechatronic test-
ing, although it enables multiaxial loading and inhomogeneous
states of strain, still requires multiple specimens. It is significant
to state, however, that these specimens are tested in an automated
manner with high throughput that has reached values of 30 speci-
mens per hour.

The recent development of flexible full-field displacement and
strain measurements methods has afforded the opportunity of al-
ternative characterization methodologies [12—15]. Full-field opti-
cal techniques, such as Moire and Speckle Interferometry, digital
image correlation, and meshless random grid method (MRGM),
which measure displacement and strain fields during mechanical
tests, have been used mostly for elastic characterization of various
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Fig. 1 NRL66.3: Most recent 6-DoF mechatronically automated
system for the multiaxial testing of materials

materials [15-18]. The resulting measurements are used for iden-
tification of constitutive model constants, via the solution of an
appropriately formed inverse problem, with the help of various
computational techniques.

Arguably, the most popular methodology is the mixed numeri-
cal/experimental method that identifies the material’s elastic con-
stants by minimizing an objective function formed by the differ-
ence between the full-experimental measurements and the
corresponding analytical model predictions via an optimization
method [5-10,15,17-20]. However, the repetitive finite element
analysis (FEA) required for each iteration of the optimization pro-
cess makes the computation considerably costly [21]. Alterna-
tively, the so-called virtual field method was developed [21-23] to
identify material parameters by finding virtual fields and inversely
solving for parameters by substitution of full-field/surface meas-
urements. That is to say, the virtual field method effectively char-
acterizes materials without finite element analysis, provided that
appropriate virtual fields are derivable.

Our focus in the present work is to describe our recent efforts
concerning design optimization methodologies for constitutive
material characterization. Our approaches are based mostly on
energy conservation arguments, and they can be classified accord-
ing to computational cost in relation to whether FEA are used iter-
atively inside the optimization loop or not. It is important to clar-
ify that digitally acquired images are processed by in-house
developed software that implements the MRGM [24,27,28] and is
used to measure the full-field displacement and compute the asso-
ciated strain fields as well as the boundary displacements required
for material characterization. Reaction forces and redundant
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boundary displacement data are acquired from displacement and
force sensors integrated with NRL’s multiaxial loader—called
NRL66.3—([11]. In an effort to address the computational cost of
the FEA-in-the-loop approaches, the authors have initiated a dissi-
pated and total strain energy density determination approach [29—
32] that has recently been extended to a framework that is derived
from the total potential energy and the energy conservation, which
can be applied directly with full field strain measurement for char-
acterization [33,34].

Two techniques, built upon this framework, have been pro-
posed to identify elastic constants and to develop nonparametric
constitutive models of anisotropic materials.

The first identification technique estimates the elastic constants
for every set of measurements by equating the variation of the
external work, derived from the boundary displacement/force
measurements, with that of the induced strain energy, derived
from the full-field strain measurements, and stochastically correct-
ing the estimation using a Kalman filter approach [34]. This tech-
nique has been proven to identify the elastic constants of aniso-
tropic materials even under the presence of considerable noise in
the measurements [34].

The second technique develops nonparametric representations of
constitutive models using artificial neural networks [35]. When we
first explored this approach in the early nineties [36], we deter-
mined that the computational performance of the approach, as it
was implemented on the Aspirin/MIGRAINES neural net simulator
framework [37], was not practical for the amounts of data generated
by NRL’s multidimensional testing machines. Subsequently, we
have applied it on many other material characterization applications
[38—42] for less amounts of data where it was practical. In these
efforts, the error between the energy quantities is used to develop
the neural network constitutive model, unlike the conventional
techniques where stress data are required for the modeling [43—46].
This technique allows the nonlinear constitutive relations to be
modeled comprehensively without the limitations imposed by the
parametric expressions of the conventional material models. Since
both artificial neural network (ANN) implementations and full field
measurement techniques have matured, we have decided to apply
ANN technologies for material characterization of the damage
behavior of composite materials [47]. It should be noted that some
efforts for characterizing nonlayered anisotropic biological materi-
als like trabecular bone have been implemented using FEA in the
context of numerical experiments and without the use of experi-
mental measurements [48].

In order to maintain reasonable scope, this paper considers
only methodologies that require FEA-in-the-loop because of the
simplicity of their implementation and exhaustive capability to
determine the material parameters. The consideration of other
methodologies is more appropriate for future comparative
studies.

In the section that follows, we will present the general case of
material characterization from a systemic perspective in order to
establish a common reference. Next, we present the case of deter-
mining the properties of the one-dimensional nonlinear system.
This is done mainly for instructive purposes, which bare rele-
vance to subtleties of subsequent formulations presented. Next,
we present a small strain formulation (SSF) of the general strain
energy density approach followed by a finite strain formulation
(FSF), which is for the case of linear and nonlinear constitutive
behavior of composite materials with or without damage. The pa-
per continues with a numerical application of design optimization
implementations based on these two formulations, which are in
turn based on both synthetic and actual data. Finally, conclusions
are presented.

General System Representation for Material
Characterization

For the general case of a material system, there are two repre-
sentations (see Fig. 2.) The actual physical system and the
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analytical model representation of the system whose general
functional form is

y =f(p;x) ey

where y € Y& C R” andx € X% C R% represent ¢, output and
¢, input state variables, respectively. The vector p € P’ C R”
represents p unknown parameters characterizing the system (i.e.,
design variables within a design optimization context). The vector
function f(p;x) € Y» C R? represents the behavior of the
system.

Determination of this vector function is equivalent to a determi-
nation of all ¢, components y, of the vector y. This is equivalent
to the identification of ¢, systems y, = f,(p;X). Assuming that
one exercises the corresponding physical system / times, incre-
mentally, one is then able to construct the experimental pairs
(s X)g = OF;,xF), where k= 1,...,1 and the superscript “E”
indicates the experimental character of a given quantity. The ex-
perimental data are acquired by the utilization of an experimental
frame that exercises physically the actual material system (i.e., a
specimen loaded by a testing machine). It can also exercise the an-
alytical material model computationally by presenting an opti-
mizer with both the experimentally acquired systemic behavior as
well as the computationally predicted model behavior. The model
or the final material parameters emerge when the comparison by
the optimizer between actual physical behavior and that predicted
by analytical model are close to each other, within an acceptable
margin.

At this stage, without loss of generality, it is advantageous to
construct a multiplicative decomposition of f,(p; x). This can be
achieved in general using a formalism that is in terms of a Taylor-
series expansion [49] according to

fu(p;x) = Zpu (M2 X )

The index vector m = [my,my, ...,m,,) is an m-tuple of nonnega-
tive integers, which identifies the term in the series or equiva-
lently, the order of each variable in each of the monomial terms of
the series. This implies that the order of each monomial term is
m = |m| = m; +my + - - - + my,. Thus, the number of terms in the
series is given by the binomial coefficient

Pup = (m";q,r) (3)

Physical
System

Optimizer

System yes

Model

na
I_ Model-Structure |_|
Adjustor

Experimental

Frame

Fig. 2 Systemic outline of design optimization for constitutive
material characterization
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which defines the dimensionality of the column parameter vector
p. The components of this vector or the coefficients of the series
in Eq. (2) can now be considered as design variables of an optimi-
zation problem that requires minimization of the quantity
[|A.p, — by||, which expresses the error between the experimen-
tally observed output behavior b, and that which is estimated
analytically as expressed by the product A,p,. Here, bf
= (Vuls -, Yuks ---» Yu), and A is an [ X p,, array whose elements
are evaluations of the combinations x| x;”... X" of terms from
the series given in Eq. (2). When this minimization is defined with
respect to the L, norm, one is able to construct [50] an objective
function for minimization that is of the form

A, — ¥E[;, = (Aup, — ¥5) (Aup, — ¥)
]

2
(Aukpu - Yfk) (4)
k=1

This formulation suggests that linear least squares methods can
be used to determine the vector of the system parameters p,, that
represent the coefficients of the generally nonlinear system
model with respect of the input vector x. This fact has generated
confusion within the literature and therefore requires some em-
phasis for purposes of clarity. Consequently, f(p;x) can be deter-
mined through a determination of its components f, (p,; x). This
is equivalent, however, to a determination of p x g, parameters
and is therefore equivalent to solving ¢, optimization problems,
where each problem is associated with p system parameters.

In order to reduce the complexity of the general problem and to
ensure that each f,(p,;x) is evaluated using a formalism that is
consistent with respect to all components, we focus on a class of
problems that is characterized by a particular mathematical repre-
sentation, which has its foundation in multiconvex potential
theory and continuum mechanics [51]. This particular representa-
tion of systemic behavior is in fact popular within continuum
mechanics and has its origins in the development of hyperelastic-
ity. Accordingly, it is postulated that there exists a potential func-
tion ¥ (p; x) such that

O (p;
Yu :ﬁl(p;x) = % S)

This formulation effectively equips the systemic representation
with a mathematical structure for determining all components y,
of the vector y from a single scalar potential function ¥ (p; x). An
often forgotten assumption enabling this formulation is that the
input and output variables can actually form a correspondence
through interrelationship as conjugate pairs {y,,x,},u =1,...,q,
where ¢ = g, = g, (and therefore, this approach is not applicable
for systems with mismatching cardinality of the input and output
sets). In this case, the design optimization problem is reduced to
that of a determination of the function W (p;x). A standard tech-
nique for determining this function involves its construction as an
additive linear combination of basis functions a(x), weighted by
the unknown coefficients p according to

F(p;x) =p-ax) (6)

where pP= D’hp%'-'?p[l} and B: [ﬁl(x)7ﬁ2(x)7"'7ﬁn(x)]T'
Another approach for construction of the function W(p; x) is based

on thermodynamics. This approach, which assumes that ¥(p;x)
represents an internal energy density function for many continuum
systems, permits a Taylor-series expansion about the origin x = 0
with respect to the state variables represented by the components
forming the basis set of the input state subspace X?. Accordingly,
a second order expansion with respect to the variables x,, results in
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a first order constitutive theory following Eq. (5). Clearly, when
terms of higher than second order are employed, the resulting sys-
temic behavior will be nonlinear. Another important and fre-
quently forgotten fact is that Eq. (6) is actually Eq. (2) expressed
in vector notation, with the subtle difference; however, that the
basis functions a(x) are arbitrary and therefore can be selected
such that their structure is more convenient for a particular system
analysis. Accordingly, the structure of the basis functions a(x) can
be selected such that Eq. (6) is expressed by fewer terms relative
to Eq. (2).

Substitution of Egs. (5) and (6) into Eq. (1) yields the systemic
behavior model

y=p- Vif(x) @)

Within the context of continuum systems and their corresponding
constitutive responses, Egs. (1), (5)—(7) represent the behavior of
the medium for all representative volume elements (RVEs) within
the geometry that encloses it and is independent of shape. How-
ever, for the sake of identifying the components of the parameter
vector p, experimental measurements are to be made at discrete
locations i € [1,...,1] on the specimen, or in general, the system.
At the same time, excitation and response are measured in terms
of input-output pairs for various magnitudes of excitation indexed
by k € [1,...,m] for a total of m different magnitudes. Accord-
ingly, one can construct a vector expressing the behavior of the
system as calculated analytically according to

Yi(pixX) = [(01(P3X), oo (P X)) 1 ooy 01 (P5X), o, 7 (93 %)),

®)

and correspondingly, the behavior of the system as measured
experimentally according to

YE = [0 oY) s wees O e ) 1 ©)

The quantity

m

Ve = Y|P =3 (Yy(pix) — Yoi)°

J=1

(10)

expresses the square of the L, norm of the residual difference of
Y, and Y in terms of the least square difference of their respec-
tive magnitudes for each excitation increment.

The equality expressed by Eq. (10), however, must be satisfied
for all excitation levels m and must be extended to include all dis-
crete measurement positions /. This condition combined with the
substitution of Egs. (4)—(6) into Eq. (10) yields the generalized
form

! m
o= Z Z (r(p3 %) — yeﬂ)zz Z Z Py - VixP(xii) — yejr)z
(11)

Since this expression provides the definition of the residual error
it can be used to define the objective function Jy that when mini-
mized yields the unknown parameter vector p. As expected, the
individual objectives folded in Eq. (11) that are related to the each
individual output are satisfied as they are affected by the simulta-
neous presence of the rest of them.

If one assumes that linear constitutive behavior can approxi-
mate the behavior of a given system, it then follows from Eq. (4)
that a(x) must be a second order function of the components of x.
In that case, it is trivial to show that determination of Eq. (8) is re-
ducible to a problem involving the determination of the scalar
function W (p; x) according to

021009-4 / Vol. 11, JUNE 2011

m+l [ n=2 2
Jo=(Bp—y) (Bp—y)=) (wa y‘“) (12)
=1

s=1

where the overbar quantities correspond to the experimental val-
ues of the generalized work function corresponding to the inner
product of the input and output vectors of the original system.

The problem expressed by Eq. (12) can be solved by methods
based on the solution of normal equations (normal-equations
method), QR factorization, or singular value decomposition
(SVD) [50]. Selecting one of these methods to determine the
unknown model parameters can be a process that depends on
ranking these methods with regard to their performance in terms
of attributes or metrics that are important to the user. It has been
documented, for example, that the normal equation method is
computationally fast and requires less resources, but is less accu-
rate. In contrast, it is well known that SVD requires substantial
computational resources, but is more reliable and accurate than
other methods.

In all material characterization cases that follow, the material
parameters will be determined in a manner that follows this sec-
tion as a general template, in the sense of solving optimization
problems that minimize objective functions constructed as
described in this section.

The Case of One-Dimensional Material System

To introduce design optimization for material characterization
in a fashion of increasing complexity, we consider first a one-
dimensional system that possesses both linear recoverable and
nonlinear irrecoverable responses. The template approach that we
will employ first for this simple case and then for more realistic
cases is that of defining a strain energy density (SED) function
that governs the material behavior and indirectly contains the
actual constitutive behavior.

R 1

1 1
Ui = Ul(6.0)+ Ulo(5.fss) = |357] +[D(Bio) 357
1D

(13)

1D

where UR (S, ¢)and Ul (S, B;;¢) are the recoverable (elastic)
SED and the irrecoverable (inelastic or dissipated) SED,
respectively. The quantities S, f3;, and D(S, f§;;¢) are the stiff-
ness constant (modulus of elasticity), the constants participating
in the dissipated energy coefficient function, and the dissipated
energy density coefficient function, itself, respectively. Equa-
tion (13) implies that the irrecoverable or dissipated strain
energy density (DSED) has been constructed to be a multiplica-
tive decomposition with weighting D(f};;¢) for the recoverable
SED according to:

U{D(Ca Bise) :D(ﬁi;e)UlleD(Sa £) (14)

The functional form of D(f3;; ¢) should be one that ensures energy
dissipation in a manner that yields a softening of nonlinear stress-
strain constitutive response. There are many forms that have this
property, based on transcendental functions, which have been
used in the past [47]. Here, we employ a functional form that can
be expanded in a Taylor-series. This functional form provides for
a polynomial representation that is a necessary condition for alge-
braic reducibility and is therefore convenient for algebraic trans-
formations. This form of the DSED, which is initially negligible
and then monotonically increasing, can be represented by the fol-
lowing physically consistent choice of D(f;; ¢)

D(Biie) = D(m,egye) = 1 — e~ (1/me)(e/o)" (15)

Transactions of the ASME



0.0002 0.0004 0.0006 0.0008
€ [m/m]

0
0.0000

Fig. 3 Difference of 1- and 2-term approximations of normal-
ized irrecoverable or dissipated energy density as a function of
strain relative to the exact model

where ff; = m and f8, = ¢ are the two material parameters con-
trolling the dissipative nature of the material behavior. The expo-
nent m controls the level of nonlinearity involved in the model,
and & expresses the level of failure strain. The series expansion of
D(m, &; ¢) defined by Eq. (15) yields

D(m, e ¢) = - (1)
i) = (16)

c 1 k e mk
> ) (2)

Given Egs. (16) and (13), it follows that Eq. (14) may be

expressed by
1 k mk
) @) e o
mej \&

A plot of the function defined by Eq. (17), normalized by the Elas-
tic constant S, is presented in Fig. 3 for m = 4 and & = 0.0008.
Referring to Fig. 3, it can be seen that for more than two terms the
series expression gives essentially identical results to those of the
exact evaluation of DSED. It is interesting to note that the single
term expression is also in good agreement with the exact form.
Therefore, we can truncate all but the first term in Eq. (17) to

Uip(S, Bise) =

obtain
1 spee = —Ls( L) (2 2
Uip(S, Bize) = 25 me ) \& € (18)
— 4.x107}
© 3.x107"}
o
= 7
QZ.X'lO r
g 7
Ho1.x107"}
0 b . . . .
0.0000 0.0002 0.0004 0.0006 0.0008
(a) e [m/m]

It follows then that Eq. (13) can be expressed

1 1 1 e\”
Ui = Uly(5.9) + Ulp(s. o) = 357 =35 () (£) 2

19

According to Eq. (7), the corresponding constitutive law will be
given by

8[U11e1)(57 &) + U{D(& Bis )l
Oe
a1p(S:8) + a1p(S, B e)
m+1
“s-5(50) ()
2me e
The resulting constitutive law contains the linear elastic part, as
expected, that is modified by a nonlinear inelastic term. An indica-
tive variation of total SED and its components (recoverable and
irrecoverable SEDs), as described by Eq. (19), are shown in Fig.
4(a). Figure 4(b) shows the corresponding stress distribution
defined by the constitutive law expressed by Eq. (20).

In the present formulation, the material parameters to be identi-
fied, or estimated based on experimental data, are the stiffness pa-
rameter, S, and the two dissipated energy parameters m and &f.

The results of applying design optimization for determining
these material parameters for 20 data points created synthetically
by using the material model defined Eq. (19) or (20) are shown in
Table 1 for three global optimization methods implemented by the
“NMinimize” function call in MATHEMATICA 7.0 [51]. The minimi-
zation was performed on the objective function defined by Eq.
(10), where Y = {Uy44}" and Y{ = {U‘fd‘k}T, and therefore the
problem is a nonlinear optimization one. The methods utilized
were the Nelder Mead (also called downhill simplex method or
amoeba method nonlinear optimization technique, which is a
well-defined numerical method for twice differentiable and unim-
odal problems), the differential evolution (which optimizes a
problem by iteratively trying to improve a candidate solution with
regard to a given measure of quality) and the Simulated Annealing
methods.

The criterion used by MATHEMATICA to exit from the optimiza-
tion loop is to make the numerical error in the result of size x be
less than 1078(1 + |x|) or reach 550 iterations except for the case
of simulated annealing that required a maximum iteration limit of
5000.

These results indicate that Nelder-Mead and differential evolu-
tion methods are able to determine the properties exactly, while
simulated annealing takes much longer and achieves less accurate
parameter determinations.

01D

(20)

00008 [ — total
© )
] & 0.0006 || = elastic
[
D_. = dissipated
10 0.0004 1
R
: 0.0002 t
0.0000 t " x . . ]
0.0000 0.0002 0.0004 0.0006 0.0008
(b) e [m/m]

Fig. 4 Distribution of elastic, dissipated (or irrecoverable) and total SEDs for one-dimensional case (a) and corresponding

stress distributions as a function of strain (b)
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Table 1 Design optimization results for a nonlinear 1D material

system

Method Objective function C(GPa) m &
Target values 0.00 130.00 4 0.0008
Nelder Mead —0.0000116825 130.00 4 0.0008
Differential evolution ~ —4.29153 * 107° 130.00 4 0.0008
Simulated annealing 134,234 13121 3.1 0.000856

Composite Material System

For the general case of a composite material system, we con-
sider that a modified anisotropic hyperelastic strain energy density
function can be constructed to encapsulate both the elastic and the
inelastic responses of the material. However, certain classes of
composite materials reach failure after small strains and some
under large strains. For this reason, we give two examples, one
involving a small (infinitesimal) strain formulation (SSF) and
another involving a finite (large) strain formulation (FSF).

Small Strain Formulation. For the SSF, we introduce a SED
function that, in its most general form, can be represented as a
scaled Taylor expansion of the Helmholtz free energy of a de-
formable body, which is in terms of small strain invariants of the
form

1 1
Ussp(ly, 12, 13) = so + si1ly + zslz[f + 3'513] +4' sial’
1
+...+S2112 +552212 3'523[2 4'524[2
1 ] 1 I 1 I
+ - +2313 +3'5133+4'514 + .
1
Jr55112111[2 + 3,512211 I + 3|s1122111§ + -

1 2
+ 2S11211113 + 3,513311113 + 3|Sm31113 + -
1
4, szl +4, sialily +4, suaslil; + -
21
where the invariants are defined by
1 1 1 1
I = tr(s) =g, L= Etl‘(sz) = 58,‘]*8,‘]‘, I3 = 5tr(83) = g&,‘ijkski
(22)

The invariants are chosen to guarantee the a priori knowledge that
the SED as a scalar quantity must be invariant under frame refer-
ence translations and rotations. This follows in that the SED
should be objective (i.e., independent of the observer’s frame of
reference).

An additive decomposition of this expression in terms of a
recoverable and an irrecoverable SED can be expressed by

Usse = Ugse(S; &) + Udsp(D; &) (23)

021009-6 / Vol. 11, JUNE 2011

Clearly, all the second order monomials of strain components will
be forming the recoverable part U§SF(S; ¢;j) and the higher order
monomials will be responsible for the irrecoverable part
ULsr(D; &;). The resulting constitutive law is be given by

i = 8USSF/88,:,'
= O(Use(S; &) + Ussr(D; &) /Dy

_ OUssp Ol | OUssp O, OUssr I3
- 611 88,']' 812 88,'1' 813 68,‘}'

(24)

A general expression which provides a strain-dependent version
of Eq. (23), is given by

1
Usse = Ussp(Ss &) + Ussr (D3 &) = 3 siuatigeus + dia (2 eien
(25)
where s, are the components of the elastic stiffness tensor
(Hooke’s tensor) and d,;,-k,(sl-j) are strain-dependent damage func-
tions, which fully define irrecoverable or dissipated strain energy

density given by enforcing the dissipative nature of energy den-
sity. The quantity d;j(e;;) is given by
dija (&) = sy (1 — = la))/epn)) (26)

This is done in a manner analogous to that employed for the 1D
system described above. As in the 1D case, we perform an equiva-
lent series expansion and subsequently drop all terms except the
first, in that it captures almost all of the dissipative behavior.

Accordingly,
Mmoo mp;
&P
diju(&ij) = Siju ( ) —
ijkl \Eij ij
Z epij m!%'jm/’”

L g Gy 1)° &P n
=g | — i _ ...
e epi) @i’ \epi) 2qi™
1 6l'jp K
-5 ——
i epij qy‘p v

Thus, the irrecoverable part of the energy in Eq. (23) becomes

@7

UéSF(D§ &j) = U§SF (Sijuts Pij» i €if)
1

—Sijkl W & Pigy (28)
Next, substituting Eq. (26) into Eq. (23) yields
Ussk = Use(S; ) + Ussp(D; &)
= %Sijklsrjskl — Sijkl m &' ey (29)

Applying Eq. (22) on Eq. (27), and employing matrix [3] notation
for the case of a general orthotropic material, yields the constitu-
tive relation

. bz (30)
sw(1—dy) | L7y
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where

1. — # - 4D

Y epiiqi’ i GD
All terms that are not shown in expression (30) are zero due to the
orthotropic symmetry requirements. Therefore, the material pa-
rameters are the nine elastic constants s;; and the 6 x 2 = 12 dam-
age constants p;;,q; for a total of 21 parameters. Clearly, when
the quantities d;; do not depend on the strains and they are con-
stant, Eq. (28) reduces to most of the continuous damage theories
given by various investigators in the past [46,52—55]. For a trans-
versely isotropic material, the number of material parameters
drops to 5+ 10 =15 for a 3D state of strain and to 4 48 =12 for
a plane stress state.

Finite Strain Formulation. The FSF can be written in a dou-
ble additive decomposition manner. The first being the decompo-
sition of the recoverable and irrecoverable SED, and the second
being the decomposition between the volumetric (or dilatational)
W, and the distortional (or isochoric) W, parts of the total SED.
For a material with two principal directions, this decomposition
can be expressed by [56]

Ussk = Ulsp(a:3J, C) + Ulsp(ai, B3 7, C)
=[W,(J) + W4(C,A® A, B B)]

— [dW,(J) +dsW4(C,A ® A, B @ B)] (32)

where o;, f5; are the elastic and inelastic material parameters of the
system, respectively. A rearrangement of these decompositions,
such as the volumetric versus distortional decomposition, which
appears on the highest expression level, leads to an expression
introduced in Ref. [56], i.e.,

Ugsk = (1 —d)W,(J) + (1 —dy)Ws(C,A2 A, BRB)  (33)
with the damage parameters d; € [0, 1], k € [v,d] defined as
dp =d2 |1 - e(— (a0 /ma)) (34)

where a; (1) = maxcjogW{(s) is the maximum energy component
reached so far, and @}, and 1, are the two pairs of parameters con-
trolling the energy dissipation characteristics of the two compo-
nents of SED. In this formulation, J = detF is the deformation
gradient, C = F.F is the right Cauchy Green (Green deforma-
tion) tensor, A and B are the constitutive material directions in the
undeformed configuration, and A ® A and B ® B are microstruc-
ture structural tensors expressing fiber directions. Each of the two
components of SED are defined as

1 2
wW,(J)==UJ—1
() =50-1)
_ 3 _ : 3 _ .
Wa(C,AAB@B)=> ai(ly —3) +> bi(l, —3)
= =1
. = RN = I
+ Zc‘k(l4 — 1) + Zd/(15 — 1)
=1 =2
6 B 6
+> enls=1)"+ Y fullh—1)"
m=2 n=2
6 B -
+> g5 — (A-B)) (39)
0=2
where the strain invariants are defined as follows:
_ N P _2
L=uvC, I, :E(” C—1C)
Is=A-CB, Is=A-CB
Ic=B-CB, I,=B-C'B, Iy=(A-B)A-CB (36

The corresponding constitutive behavior is given by the second
Piola-Kirchhoff stress tensor according to [52]

OUrsk
S=2 37
ac (37
or the usual Cauchy stress tensor according to
2 OUrsk 1
=-F. -F 38
OFSF 7 aC (38)

Note that both of the last two relations follow the general form
described in Eq. (5). Under the FSF formulation, the material char-
acterization problem involves determining the 36 coefficients (at
most) of all monomials when the sums in the expression of distor-
tional SED are expanded in Eq. (15), in addition to the compressi-
bility constant d and the four parameters used in Eq. (14). It fol-
lows that potentially there can be a total of 41 material constants.

Numerical Results

For the purpose of demonstrating numerically the aforemen-
tioned concepts, the material selected for generating the necessary
simulated experimental data is a typical laminate constructed
from an epoxy resin/fiber laminae system of type AS4/3506-1.
The elastic moduli of this material are listed in Table 2 according
to several sources [3,54,57-62].

Clearly, what is considered to be a set of material constants
varies widely as it really depends on the fiber volume fraction, the

Table 2 Engineering properties of AS4/3506-1 laminae

Ref E;; (GPa) E,, (GPa) E;, (GPa) Viz Vo3 Vi3 G, (GPa) Go3 (GPa) G5 (GPa)
[3] 147.0 10.3 10.3 0.27 0.28 0.27 7.0 4.04 7.0
[54] 142.0 9.8 9.8 0.30 0.34 0.30 6.0 3.77 6.0
[57] 135.0 9.0 9.0 0.28 0.28 6.9 6.9
[58] 138.0 9.7 9.7 0.30 0.49 0.30 5.24 3.24 5.24
[59] 139.3 11.1 11.1 0.30 0.40 0.30 6.0 3.964 6.0
[60] 150.0 8.0 8.0 0.30 0.30 5.0 5.0
[61] 147.0 10.3 10.3 0.27 0.27 6.89 6.89
[62] 142.0 10.3 10.3 0.27 0.27 7.2 7.2
Min 135.0 8.0 8.0 0.27 0.28 0.27 5.0 3.24 5.0
Avg. 142.5 9.8 9.8 0.29 0.30 0.29 6.279 3.753 6.279
Max. 150.0 11.1 11.1 0.30 0.49 0.30 72 4.039 72
Deviation (%) 11.1 38.8 38.8 11.1 78.2 11.1 44.0 24.7 44.0
Avg. cons. 142.5 9.81 9.81 0.29 0.30 0.29 6.279 3.769 6.279
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Fig.5 Discretization and boundary conditions of typical specimen used for material characteri-
zation (a) and detail of FEA model near one of the notches (b)

fiber coating, and the manufacturing process of the fiber, resin,
and composite. As can be seen from the bottom of the entries of
the table where we added some statistical observations, % devia-
tion observed varies from 11.1% to 78.2%. It is therefore impor-
tant to identify the set of elastic material properties before and af-
ter a batch of new material is manufactured or before a material
system is used for design, material qualification, or material certi-
fication. To demonstrate the usage of the SSF in conjunction with
design optimization, we present here an example of using real
data form a multiaxially loaded specimen from a test conducted
by utilizing NRL66.3. The model characteristics of the specimen
used are presented in Fig. 5, where on the left, the discretization
model and potential boundary conditions are depicted, and on the
right, a detail at the area of the left notch shows a stacking of
[+ 60, —60],¢ with each lamina made out of AS4/3506-1.

Two objective functions were constructed. Both utilized the
fact that through the rReEmDIS-3D software, developed by our group,
one can obtain full field measurements of the displacement and
strain fields over any deformable body [24-28]. The mesh-free
representation of the displacement and strain fields throughout the
entire field of view allows the calculation of the experimentally
measured values at any point on the specimen surface, including
the nodal points of the FEM analysis utilized for the forward com-
putation of the direct problem embedded in the optimization loop.
Our software has the capability of accepting the nodal coordinate
specification generated by the FEA as a definition for exporting
the required quantities at these points. Thus, our experimental
measurements for the formation of the objective functions were
chosen to be the strains at the nodal points of the discretization
shown Fig. 5. The first objective function chosen was based
entirely on strains and is given by

Jb = Zl:; (ZZ: s ([F%W]k - [Flf/em}k)>

k =1 j=i

(39)

and the second objective function is given in terms of surface
strain energy density according to

JU ~ % (Uexp Ufem)zdS
0Q
2 2 2 2
ol <Z )IPIP CHAHET >> ®
50 i=1 j=i m=1n=m

(40)

where [¢; "], and [¢]™], are the experimentally determined and the
FEM produced components of strain are at node k. The quantities

021009-8 / Vol. 11, JUNE 2011

USP and U™™ are the values of the surface strain energy density
formulated by using the experimental strains and the FEM pro-
duced strains, respectively.

It is worthwhile to mention here that, because it is not experi-
mentally possible to obtain through-thickness strain data, with any
full field strain measurement method, we formulated the objective
functions only in terms of the surface strains as is evident by the
fact that the indices in Eqgs. (38) and (39) do not take the value 3
to account for the through-thickness components of strain.

The formal optimization problem for all objective functions in
the present work, can be stated as follows:

minJ (Sgum) (41a)

subject to gk (Sijmm) < 0,k =1,2,...,K (41b)
hi(Sijum) = 0,1=1,2,...,L (41c)

“{}'nm < Sijum < ‘vgnm’ i,j,n,m=123 (41d)

where the design variables s, should be considered as the mate-
rial parameters to be determined and where Egs. (41b) and (41¢)
express potentially active inequality and equality constraints,
respectively, and Eq. (41d) expresses the design space bounding
constrains.

For our case throughout the present paper, there are no physi-
cally or mathematically justified constrains. However, since we
know the class of materials we are involved with, we can select
bounding domains that are justified on the basis of their positive
definiteness (for all SSF parameters) and reasonable selections for
low and upper bounds selected strictly to reduce the numerical
search time of the used optimizers.

An implementation of this optimization for both objective func-
tions was applied by using the DIRECT global optimizer [63],
which is available for matLAB [64], and a custom developed
Monte-Carlo optimizer as described in Ref. [65], also imple-
mented in MATLAB. The DIRECT global optimizer was signifi-
cantly slower than the Monte Carlo and therefore here we are
reporting the results of the Monte Carlo optimizer. Since the
results from implementing both objective functions were virtually
identical here we are reporting only those corresponding to Eq.
(38). The convergence criterion for exiting the optimization loop
was JY < 2e — 6 and the optimization was completed after 1562
evaluations in about 11 h. The calculation of the objective func-
tion integral was done on 2493 nodes and the forward part of the
calculation was implemented on ANsYs Mechanical [66].

The loading conditions applied for the moveable edge of the
specimen were u, =0 [m], u, =0.0005 [m], u. = 0.001 [m],
re =0 [rad], ry = 0 [rad], . = 0 [rad]. The bounds of the design
variables (engineering constants) were Ejj, Ex € [1€9,5¢11] Pa,
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(a

Fig. 6 Distributions of the vertical component of strain (z,,) as
determined experimentally via MRGM (a) and the correspond-
ing matched distribution of the numerical model as it was pro-
duced by FEA (b) for the purpose of determining the five elastic
constants of AS4/3506-1 composite lamina material

v12,v23 € [0.1,0.9], and Gy, € [5¢8,5¢10] Pa. A preliminary sen-
sitivity analysis on the potential bounds suggested that neither the
optimization performance nor accuracy are greatly affected by
this choice, as long as their values are sensible.

In Fig. 6, we can see the experimentally acquired distribution
of ¢, (left) and the corresponding distribution produced from
FEM analysis for the five identified unique elastic constants,
which are shown in Table 3, in comparison to those of Ref. [3].

For the case of the FSF, a two stage optimization was per-
formed. In the first stage, we determined the values of the coeffi-
cients of the strain invariant monomials in Eq. (35) such that the
FSF matches the SSF by constructing and minimizing an objective
function of the form

JURE(d,ay,by,c1,dy) ~ % (Ufse —
50

42)

This was done is order to establish the proper parameters of the
FSF model that match the SSF model.

In the second stage, the material parameters encoding the dam-
age behavior of the FSF were determined through the minimiza-
tion of the objective function

JUF(dvalabl7cladladso7na)
2
~ fj; (Utse — Ugsg) dS

0Q

2 2 2 2
~ jE < ZZZ (Ugsg — U%SF)) ds 43)
oo \N=L "

Jj=i m=1n=

bi,¢1,dy,d>°,i,) is the SED of the FSF for the
b 7d

where Ulge(d.ay,
bi,c1,d; computed from the previous step of

1
parameters d, a

I
)

Table 3 Engineering properties of AS4/3506-1 laminae

Ref Eq, (GPa) E>, (GPa) Via V23 G1, (GPa)
Daniels [3] 147.0 10.3 0.27 0.28 7.0
Present 125.0 10.8 0.27 0.32 7.96

Table 4 FSF parameters of AS4/3506-1 laminae with damage

Model d a by 1 ey dy Na

-458.7 0.9 1.8
-4493 092 1979

1611
1613

713
721

29212
29105

Target 0.00007012
Identified  0.00006987
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Fig. 7 Decay of the objective function versus iteration number

matching the FSF with the SSF. The parameters d2° and ij, were
chosen arbitrarily to be some values that can capture nonlinearity
due to damage. This complete set of parameters represents the
known target model of the material as shown in the second row of
Table 4. The unknown constitutive model was chosen to be repre-
sented by another FSF SED, namely Uf;SF(d, ai,by,ci,di,dy,n,).
The bottom row of Table 4 shows the parameters determined by
minimizing the objective function in Eq. (43) via a Monte-Carlo
global optimizer.

The convergence criterion for exiting the optimization loop was
JUF < 2e4 and the optimization was completed after 2748 evalua-
tions in about 29 h. The calculation of the objective function inte-
gral was done also on 2493 nodes.

The bounds of the design variables (engineering constants)
were d € [le—6,le—7], ai,by € [le2,1ed], ¢ € [le2,1e4],
e) € [—1led,led], d €[0.3,1.0], and n, € [1.0,2.0].

It should be noted that since energy-conforming limits have not
been established for the parameters of the FSF model, a penalty
factor was introduced in the optimizer for the cases the energetic
formulation in the FEA was nonconforming.

For this case, the evolution of the objective function versus iter-
ation steps is shown in Fig. 7.

An indication of how well the FSF can capture the SSF, for the
case of the recoverable (linear elastic) regime, is shown in Fig. 8,
where the distribution of ¢, is shown for both models for a case
of combined torsion and tension of the specimen. In addition, a
comparison of load versus strain evolution, for a point in front of
the first of two notches, is shown in Fig. 9.

Conclusions and Discussion

In an effort to provide an overview of mechatronically and
computationally automated research, we have demonstrated the
application of design optimization methodologies for the determi-
nation of the constitutive response of composite materials with or
without damage. Strain energy density and a custom developed
mesh-free full field strain measurement based approaches have
been utilized to incorporate massive full field strain measurements
from specimens loaded by a multiaxial custom-made loading
machine. We have formulated objective functions expressing the
difference between the experimentally observed behavior of com-
posite materials under various loading conditions, and the simu-
lated behavior via FEA, which are formulated in terms of strain
energy density functions of a particular structure under identical
loading conditions.

Two formalisms involving small strains and finite strains have
been utilized in a manner that involves both additive decomposi-
tion of recoverable and irrecoverable strain energy densities. This
was done in order to address both the elastic and inelastic
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(b)

Fig. 8 Comparison between the small strain formulation FEA results of the vertical component of strain (zyy) (a) and the corre-
sponding finite formulation results (b) for the case of a specimen loaded both in tension and torsion

10000

80001

Target model
Identified model

0 0005 001  0p15 002 0025 003
Yy

Fig. 9 Comparison of the load versus the vertical component
of strain (¢,y) at a point in front of the notch, between the target
and the identified model by using the FSF

response of composite materials due to damage. The finite strain
formulation further involves an a priori volumetric and distor-
tional energy decomposition.

Demonstrations have been given in terms of numerical exam-
ples utilizing both synthetic and actual data in determining both
the elastic and inelastic material parameters.

We are currently working in extending these energy formula-
tions to approaches that achieve two main goals. First, focus on
approaches that do not require FEA in the loop, and second, on
approaches that incorporate the stochastic nature of the material
response and the acquired data in a manner that quantifies uncer-
tainty. This quantification should utilize prior knowledge via
Bayesian based stochastic formalisms, which enable incremental
and recursive algorithms based on Kalman filtering and in general,
information theory.
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