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ABSTRACT
This paper is describing the preliminary results of an ef-

fort to validate a methodology developed for composite mate-
rial constitutive characterization. This methodology involves us-
ing massive amounts of data produced from multiaxially tested
coupons via a 6-DoF robotic system called NRL66.3 developed
at the Naval Research Laboratory. The testing is followed by
the employment of energy based design optimization principles
to solve the inverse problem that determines the unknown pa-
rameters of the constitutive model under consideration. In order
to validate identified constitutive models, finite element simula-
tions using these models were exercised for three distinct spec-
imen geometries. The first geometry was that of the character-
ization coupon under multiaxial loading. The second was that

of open hole specimens in tension. The final one was that of
stiffened panel substructures under tension. Actual experimental
data from testing all these specimens were collected by the use of
load cells, full field displacement and strain methods and strain
gauges. Finally, the theoretical predictions were compared with
the experimental ones in terms of strain field distributions and
load-strain responses. The comparisons demonstrated excellent
predictability of the determined constitutive responses with the
predictions always within the error band of the methods used to
collect the experimental data.
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INTRODUCTION
The present work has been motivated by the need to confirm
that data-driven constitutive characterization methodologies are
indeed capable of predicting the behavior of composite materi-
als used to make structures in shapes similar or different than
those used for the characterization experiments. Essential to this
confirmation is the activity of validating the constitutive models
identified by our proposed characterization methodologies.

This paper is a natural follow-up of our previous work [1,2]
on methodologies for the identification of material constants as-
sociated with constitutive models encapsulated in energy den-
sity formalisms, by solving inverse problems utilizing massive
amounts of experimental data collected from multiaxially loaded
coupons. This work complements the first industrial rate com-
pletion of 1152 composite coupon tests for characterization pur-
poses as reported in a companion paper [3] also submitted to this
conference.

Our collaborative effort focuses on designing, planning and
executing tests of composite material specimens and collecting
kinematic and resulting strain field data to be used for the pur-
pose of comparing them with theoretical predictions produced by
using the identified constitutive behaviors within finite element
analysis (FEA) that simulate the behavior of these specimens.

In this paper, we describe the validation methodology that
we followed and its application for three distinct types of spec-
imens. The first type of specimens involves coupon specimens
used for the characterization process tested with the NRL66.3
multiaxial system. However, the associated experimental data
collected were not used for the constitutive characterization pro-
cess. The second type of specimens are open hole specimens
tested in tension. The final type of specimens are stiffened panel
specimens also tested in tension. For each one of these spec-
imens, full 3D FEA analyses were implemented by using the
characterized constitutive models. The FEA results are com-
pared with the experimental data collected. All comparisons are
discussed and finally conclusions are presented.

CHARACTERIZATION AND VALIDATION
The methodology followed for characterization has been de-
scribed in detail elsewhere [1, 2] and the first industrialized
method of experiments has been completed and described in a
companion paper in this conference [3]. Due to space limitations
we are not going to describe an overview of these methodologies
here again and we advise the reader to consult the above refer-
enced publications.

However, we have to underline that we used two energy den-
sity based constitutive models. One is based on the small strain
formulation (SSF) and another is based on the finite strain formu-
lation (FSF). For the case of the SSF approach, the corresponding
anisotropic elastic constants fully describing the elastic behavior
of the AS4/3501-6 composite are presented in table 1 in units ap-

TABLE 1: IDENTIFIED AS4/3501-6 CARBON/EPOXY PROP-
ERTIES FOR SSF

Property expressions Value Units

Exx E1 125000 N/mm2

Eyy E2 10800 N/mm2

Ezz E2 10800 N/mm2

νxy ν12 0.270

νyz ν23 0.32

νxz ν12 0.270

Gxy G12 7960 N/mm2

Gyz
Eyy

2(1+νyz)
4039 N/mm2

Gxz G12 7960 N/mm2

TABLE 2: IDENTIFIED AS4/3501-6 CARBON/EPOXY PROP-
ERTIES FOR FSF

Property Value

d 0.00007012

a1 1611

b1 713

c2 29212

e2 -458.7

d∞
a 0.1

ηa 1.2

propriate for using with the ANSYS FEA package. Similarly,
the constants identified for the FSF are and used in the FEA anal-
ysis are shown in table 2

To demonstrate the validity of the constitutive models deter-
mined by our approach, we incorporated the identified SSF and
FSF constitutive and 3D geometrical specimen models into AN-
SYS for analysis.

The validation consisted of comparing the experimental
strain to those derived from the corresponding FEA analyses. For
those validations tests where strain gauges were used to moni-
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FIGURE 1: PREDICTED (TOP ROW) VS. EXPERIMENTAL (BOTTOM ROW) STRAIN COMPONENT FIELDS DISTRIBUTIONS
FOR A CHARACTERIZATION COUPON UNDER COMBINED TENSION, BENDING AND TORSION LOADING

tor evolution of strain, we compare load vs. strain curves. For
those tests where RemDiS-2D or RemDiS-3D has been used to
monitor displacement and strain evolutions, we compare load vs.
strain curves fields.

The Finite Element Analysis (FEA) was implemented in the
ANSYS [4]. The main aim of the verification comparison in this
work was to develop as a detailed model as possible and hence a
full 3D model was constructed and analysis was performed. The
full 3D model is capable of modeling through thickness charac-
teristics and higher order behavior of the energy, stress and strain
fields, that is not available with any of the laminate theories, even
the higher order ones.

VALIDATION WITH CHARACTERIZATION SPECIMENS
The first validation simulation were performed for the typical
double notched characterization specimen described elsewhere
[3], but for loading paths that were not used for determining the
constitutive model itself.

For the sake of brevity we will not describe here the details
of the geometry and layup configuration nor the details of the
full 3D FEA model used for the predictions of the behavior of
the characterization specimens

As a representative validation prediction we are presenting
the results for two loading paths. It is important to emphasize that
the experimental data obtained from the associated tests were not
used in determining the constitutive constants (material parame-
ters) that are fixing the associated constitutive model.

Figure 1 shows the three strain field distributions at the same
loading step of a load path that involves tension, out of plane
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FIGURE 2: PREDICTED (TOP ROW) VS. EXPERIMENTAL (BOTTOM ROW) STRAIN COMPONENT FIELDS DISTRIBUTIONS
FOR A CHARACTERIZATION COUPON UNDER COMBINED IN-PLANE ROTATION AND TORSION LOADING

bending and torsion about the longitudinal axis.
Figure 2 shows the three strain field distributions at the same

loading step of a load path that involves tension, in plane rotation
and torsion about the longitudinal axis.

All predicted strain field distributions for both of these cases,
show that the predicted values are within 4% error of the exper-
imental ones. This is well within the error of the RemDiS-3D
experimental method.

VALIDATION WITH OPEN HOLE SPECIMENS
The second set of validation simulations was performed for open
hole specimens under tension. The specimens used for the val-
idation tests were manufactured from the same base material
used to construct the characterization specimens but in differ-
ent layup. This material was AS4/3501-6 carbon/epoxy uni-

directional prepreg, with nominal ply thickness of 0.13 mm. The
generic specimen is depicted schematically in Fig. 3(a). The ge-
ometric particulars in table 3. A marked specimen used for the
experiments is shown in Fig. 3(b). On the unmarked side of the
specimens, strain-gauges were attached as shown in Fig. 3(a),
designated as SG:Far for the one located far away from the hole
and SG:Hole for the one located next to the hole.

The tests were conducted by CRC-ACS at the Defense Sci-
ence and Technology Organization (DSTO), Melbourne, Aus-
tralia. with the aid of a 250 kN Instron hydraulic test machine.
The specimen was loaded in tension quasi-statically until ulti-
mate failure.

The camera used for the full field measurements for the
use of MRGM [5–10] and the ReMDiS-2D package [11], was
a Canon eos 400D D-SLR.

The open hole specimen model consisted of 24 layers of
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(a) Specimen geometry (b) Image of marked specimen

FIGURE 3: SPECIMEN GEOMETRY

(a) Plan view (b) Hole detail and colored element coordinate sys-
tem

FIGURE 4: FINITE ELEMENT GEOMETRY

(a) 0.5 inch hole

(b) 1 inch hole

FIGURE 5: OPEN HOLE SPECIMEN LOAD VS. STRAIN
FOR THE SSF

TABLE 3: SPECIMEN GEOMETRY SPECIFICATION

Parameter Value Units

Width w 50 mm

Free Length l 170 mm

Hole Diameter d 12.5 mm

Ply Thickness tl 0.13 mm

Layup Type [−45o,0o,45o]4S
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FIGURE 6: OPEN HOLE SPECIMEN LOAD VS. STRAIN
FOR THE FSF

(a) FEA ux (b) ReMDis 2D ux

FIGURE 7: FEA - FULL FIELD MEASUREMENT COMPAR-
ISON IN mm

ANSYS SOLID185 element. Indicative views of the meshed ge-
ometry are presented in Fig. 4.

For each layer, a transversely isotropic material model was
used with the orientation of each 3D layer was modeled using
a different ANSYS local coordinate system. The application of
the boundary condition was done with the aid of a master node
located at the center of the specimen. Although no major dif-
ference were observed between linear and non-linear solvers, the
analysis presented herein was executed with a non-linear solver
and consisted of approximately 300,000 Degrees of Freedom.

First we compare load vs. strain results, Fig. 5, for two
different size holes and two tests each. The prediction are based

on the SSF.
The differences between prediction and experiment are less

than 3% for the high values of the load and and strain ranges.
For higher levels of strain and load some nonlinearity ap-

peared as shown in Fig. 6. The FSF prediction used for this case
demonstrate that the prediction is within 1.5% of error at the very
high levels of the range.

Next, we present the results from the MRGM measurements
along with the corresponding FEA contour plots. The displace-
ment components are shown in Figs. 7 and 8 while the strain
components in Figs. 9. In all the figures and all components, the
contours are very similar both quantitatively and qualitatively be-
tween the ReMDiS-2D results from the experiments and the FEA
results. A small difference can be detected for the most cases
near the edge of the hole. This can be attributed to the fact that
the density of the marks on the specimen is not high enough to
represent the more detailed field.

(a) FEA uy (b) ReMDis 2D uy

FIGURE 8: FEA - FULL FIELD MEASUREMENT COMPAR-
ISON IN mm

VALIDATION WITH STIFFENED PANEL SPECIMENS
The third and last validation simulations were performed for
specimen manufactured as segments of a stiffened panel under
tension. The specimens used for the validation tests were manu-
factured from the same base material used to construct the char-
acterization specimens but in different layup.

The original stiffened panel and its layup are shown in Fig.
10. Two types of stiffened panel specimens, SP-A and SP-B Figs.
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FIGURE 9: OPEN HOLE SPECIMEN STRAIN FIELD COMPONENTS FOR THE FSF

FIGURE 10: STIFFENED PANEL AND LAYUP DEFINITION

7
This material is declared a work of the U.S. Government and is not subject to copyright protection in the United States.

Approved for public release; distribution is unlimited.



FIGURE 11: STIFFENED PANEL SPECIMEN TYPE A

FIGURE 12: STIFFENED PANEL SPECIMEN TYPE B

FIGURE 13: GEOMETRICAL MODELS OF SP SPECIMENS
SP-A AND SP-B

11 and 12 respectively, were cut from the panel element of Fig.
10.

The side of the skin away from the stiffener was marked with
white dots in order to use RemDiS-3D during testing for tracking
the evolution of the displacement and strain full fields.

On the unmarked side of the specimens, strain-gauges were

(a) Specimen 1

(b) Specimen 2

FIGURE 14: LOAD VS. STRAIN FOR STIFFENED PANEL
SPECIMENS OF TYPE A IN TENSION

attached, located as shown in Fig. 12.
Figure 13 shows overviews of the geometrical models of

SP-A and SP-B made for the FEA. Again the model used the
SOLID185 type element in ANSYS.

The specimens were tested in tension at CRC-ACS in Aus-
tralia. The load vs. strain results are shown in Figs. 14 and
15. The designation “SP-1,2,...” refers to the number identifying
which specimen was tested.

We have noticed that the simulation results are very sensi-
tive to the misalignment eccentricity between the grips. For this
reason we have generated the bounds of this misalignment for
+/− 1mm as the thin green and red lines in these figures. All
simulation and and experimental results fall well within these
misalignment bounds with the exception of the prediction for the
skin asymmetric line as shown in Fig. 15(a).

Again the maximum difference between prediction and sim-
ulation range between 1.5% and < 3%.
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(a) Specimens 3 and 5

(b) Specimens 4 and 6

FIGURE 15: LOAD VS. STRAIN FOR STIFFENED PANEL
SPECIMENS OF TYPE B IN TENSION

Finally, Fig. 16 shows a typical comparison between the
strain fields measured at the back side of SP-3 (which is of type
SP-B) with ReMDiS-3D package [12] next to the FEA prediction
for the case of the SSF. The differences again are well within the
error of the experimental method. The hot spots near the edges of
the grips are artifacts of the absolute boundary conditions applied
for simulating the tension of the SP specimens.

It is worthwhile mentioning that the theoretical predictions
were conducted blindly relative to the experimental results per
the specification of the organization funding our research.

CONCLUSIONS
In this paper, we have presented a comparison of behavior

predictions from FEA models based on the characterized consti-
tutive behavior for both SSF and FSF vs experimental results
of actual specimens. This was done for the purpose of vali-
dating the methodology of establishing the constitutive behav-

ior of composites by using the data-driven methodology devel-
oped by using massive multiaxial tests conducted via the use of
the mechatronically automated system developed at NRL that is
named NRL66.3.

The coincidence between experiment and prediction for all
tests conducted, clearly suggests our characterization methodol-
ogy is successful in identifying the proper constitutive behavior
and the associated material parameters.

This success provides confidence into pursuing our plans for
utilizing the energy-based constitutive characterization to formu-
late failure criteria and address the very important issue of pre-
dicting failure for design and maintainability purposes.
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FIGURE 16: EXPERIMENTAL VS. PREDICTED STRAIN FIELDS FOR SP-3
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