NASA/TM-2020-5003145

Progressive Failure Analysis Correlation with
Notched Composite Laminate Test Data

Arunkumar Satyanarayana and Sandra P. Walker
Langley Research Center, Hampton, Virginia

Kevin E. Gould
Analytical Mechanics Associates, Inc., Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

e
June 2020



NASA STI Program .

Since its founding, NASA has been dedicated to the .
advancement of aeronautics and space science. The

NASA scientific and technical information (STI)

program plays a key part in helping NASA maintain

this important role.

The NASA STI program operates under the auspices .
of the Agency Chief Information Officer. It collects,

organizes, provides for archiving, and disseminates

NASA’s STI. The NASA STI program provides access

to the NTRS Registered and its public interface, the

NASA Technical Reports Server, thus providing one

of the largest collections of aeronautical and space .
science STI in the world. Results are published in both
non-NASA channels and by NASA in the NASA STI

Report Series, which includes the following report

types:

. in Profile

CONFERENCE PUBLICATION.

Collected papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or

co-sponsored by NASA.

SPECIAL PUBLICATION. Scientific,
technical, or historical information from NASA
programs, projects, and missions, often
concerned with subjects having substantial
public interest.

TECHNICAL TRANSLATION.
English-language translations of foreign
scientific and technical material pertinent to
NASA’s mission.

Specialized services also include organizing

e TECHNICAL PUBLICATION. Reports of and publishing research results, distributing
completed research or a major significant phase of specialized research announcements and feeds,
research that present the results of NASA providing information desk and personal search
Programs and include extensive data or theoretical support, and enabling data exchange services.
analysis. Includes compila-
tions of significant scientific and technical data For more information about the NASA STI program,
and information deemed to be of continuing see the following:

reference value. NASA counter-part of peer-

reviewed formal professional papers but has less .
stringent limitations on manuscript length and

extent of graphic presentations.

e TECHNICAL MEMORANDUM.
Scientific and technical findings that are .
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain minimal .
annotation. Does not contain extensive analysis.

e CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

Access the NASA STI program home page at
http://www.sti.nasa.gov

E-mail your question to help@sti.nasa.gov

Phone the NASA STI Information Desk at
757-864-9658

Write to:

NASA STI Information Desk
Mail Stop 148

NASA Langley Research Center
Hampton, VA 23681-2199



NASA/TM-2020-5003145

Progressive Failure Analysis Correlation with
Notched Composite Laminate Test Data

Arunkumar Satyanarayana and Sandra P. Walker
Langley Research Center, Hampton, Virginia

Kevin E. Gould
Analytical Mechanics Associates, Inc., Hampton, Virginia

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

-
June 2020



The use of trademarks or names of manufacturers in this report is for accurate reporting and does not
constitute an official endorsement, either expressed or implied, of such products or manufacturers by the
National Aeronautics and Space Administration.

Auvailable from:

NASA STI Program / Mail Stop 148
NASA Langley Research Center
Hampton, VA 23681-2199
Fax: 757-864-6500




Progressive Failure Analysis Correlation with Notched
Composite Laminate Test Data

Nomenclature

E; Modulus in I direction

E, Modulus in 2 direction

G2 Shear Modulus

V2 Poisson’s Ratio

o1l Stress in I direction (Axial)

022 Stress in 2 direction (Transverse)
o2 Stress in I-2 plane (Shear)

&1 Strain in 1 direction (Axial)

&2 Strain in 2 direction (Transverse)
&2 Strainin 12 direction (Shear)
Xr  Fiber strength in Tension

Xc  Fiber strength in Compression
Yr Matrix strength in Tension

Ye Matrix strength in Compression
Si2 Matrix shear strength

X Fiber Strength

Y Matrix Strength

Gc  Fracture Toughness

df Fiber damage index

dm  Matrix damage index

Vm  Matrix volume fraction

Abstract

Testing of small and intermediate laminate panels with notches was performed and Progressive
Failure Analyses (PFA) models were developed for aid in test planning and for correlation with the
test data. Two progressive damage failure models were included in the study: the commercially
available Abaqus built-in damage model and COmplete STress Reduction (COSTR) damage model
developed at NASA Langley Research Center (LaRC). The finite elements models used for the
analysis were developed using shell elements. The pre-test PFA results obtained from the two
damage models were compared to test data. Then a post-test PFA with updated material properties
based on additional available material property data was executed with the COSTR damage model
and compared to the test data. The panels tested in compression all exhibited less scatter in the
failure load with self-similar failure behavior. The panels tested in tension exhibited more scatter
in the failure load with a failure mode that included delamination of plies. However, a self-similar
crack path was also observed as the overall failure mode for all panels tested. When comparing
test data to the pre-test analysis results, both damage models with shell element models were
considered adequate for predicting the behavior and failure load of both the small and intermediate
panels when tested in compression. However, for the tension load cases, larger differences were
observed between the test and analysis results. When comparing test data to the post-test analysis
performed using the COSTR damage model, better correlation was observed. However, large
discrepancies were still observed for the tension load cases. Consequently, a higher fidelity finite
element model including solid elements for sub-laminates and the modeling of cohesive layers
between sub-laminate layers is recommended for tension loading of notched composite laminates.



I. Introduction

The development of damage tolerant aircraft structure requires the structure to continue to carry design loads when
damage occurs in the form of large notches penetrating the structure. However, prediction of the residual strength of
a stiffened composite panel with a notch is complex and challenging. Progressive Failure Analysis (PFA) methods
are needed to predict the complex damage progression occurring in the composite material that leads to ultimate failure
of the structure’s ability to carry any load [1]. However, PFA techniques have been historically unreliable in predicting
failure progression [2]. Creating and executing high fidelity PFA finite element models is also laborious, time
consuming, and costly. Additionally, testing of stiffened panels with large notches is challenging, expensive, and time
consuming regarding the design and fabrication of the panel and test fixtures. Therefore, to consider residual strength
early in the design phase and to consider a sufficiently large design space, a more rapid, closed form approach to
predicting the residual strength of stiffened panels with large notches is desirable.

Closed-form approaches have been developed that require just the unstiffened notched panel strength to predict
the stiffened panel residual strength [1]. Furthermore, the unstiffened notched panel strength can then be assessed
with the use of the Mar-Lin curve [3]. Mar-Lin developed a semi-empirical method, to predict residual strength of a
notched unstiffened panel provided there exist residual strength values for two of the same, but smaller sized panels
with consecutively smaller notch lengths. This approach is suitable for design engineers since testing small notched
panels to obtain their residual strength is relatively simpler, faster, and less expensive than testing unstiffened, or more
so stiffened panels, with large notches.

To evaluate the PFA approach for consideration in predicting the residual strength of a large, 40-inch wide
stiffened panel with a 2-bay, 8-in. notch length, tests of unstiffened notched laminates, both in tension and compression
were performed for two panels, referred to as small and intermediate [4]. The small panels were 4-in. wide with a 0.8-
in. notch length, and the intermediate panel was 20-in. wide with a 4.-in. notch length. Then, these strengths can be
used in generating a Mar-Lin curve to predict failure strength of a 40-in., wide unstiffened panel with an 8 in. notch
length, which can subsequently be used as input to obtain residual strength of a stiffened panel using a closed-form
approach.

The focus of this study was to perform PFA of the small and intermediate notched laminates to predict both the
failure load and mode of the laminate test panels. The objective of the PFA effort was to both aid in the planning of
the tests and to evaluate the effectiveness of two PFA methods with relatively simply finite element models (FEMs)
to predict notched laminate failure load and mode. The two PFA methods included in this evaluation included: the
commercially available Abaqus built-in damage model [5] and the COmplete STress Reduction (COSTR) [6] damage
model developed at NASA Langley Research Center (LaRC). Both damage models were used herein to perform pre-
test predictions of the small and intermediate notched laminates under tensile and compressive loads. Finite element
models (FEMs) using two-dimensional shell elements were constructed for use with PFA and the analysis results were
compared to the existing test data to evaluate the effectiveness of PFA to predict failure progression in the laminates.
The two-dimensional finite element models (FEMs) developed here for use with the PFA damage models are relatively
simple to construct and less costly to execute than higher fidelity FEMs that utilize three-dimensional elements with
additional cohesion elements to more accurately capture progressive damage.

Furthermore, post-test analysis using COSTR damage model and updated material properties from additional
available material property data sources was performed. The purpose of this effort was to identify the best set of
material properties to accurately capture the failure load of the panels. This property set could then be used in modeling
stiffened composite panels with a center notch that were being fabricated for testing. Models of the stiffened panels
were also needed for planning those tests.

Details of the unstiffened test panel configurations and data measurement system are described in the next section.
Reduced test data is then presented, discussed, and evaluated. The following section introduces the progressive failure
analysis effort which includes a sub-section summarizing the damage models utilized for this study and a sub-section
presenting information on the finite element models developed for the analysis. The results of both a pre-test and then
a post-test updated analyses are then presented and compared to the test results, which includes some discussion.

Il1. Test Panel Configuration and Data Measurement Systems

The small and intermediate test panels were made using IM7/8552 material system prepreg tape. The laminates
were all constructed with a [45/90/-45/0,/45/90/-45/0]s layup and 18 plies, resulting in an average laminate thickness



of 0.129 in. In-plane global dimensions of the actual test panels are presented in Table 1 along with the load type.
More complete dimensions of the test panels along with strain gauge location are presented in Figure 1. The green
color regions in the figure represent tab ends.

The test panels had back-to-back strain gauges at the notch tips and far-field locations. Eight inch long extension
transducers on either longitudinal edges were installed on the tension panels to measure axial displacement. The
compression panels were sandwiched between two 0.25-in., thick steel plates with cut-outs around the notch region
and far-field strain gauge location. These plates were used to prevent out-of-plane deformation and premature buckling
of the panels. A photograph of the compression test fixture utilized for testing the small panels is presented in Figure
2.

Table 1: Test Panel Specifications.

Panel Notch Length . . . No of
Specification (in.) Width (in.) Length (in.) Replicates Load Type
Small 0.8 4 12 3 Compression
Small 0.8 4 12 3 Tension
Intermediate 4.0 20 60 2 Compression
Intermediate 4.0 20 60 2 Tension
Al Dymengons are in nches All smensions are in inches

a = destance from crack Hp to edge of specimen a ~ distance from crack tip to edge of specimen

u “— J 4.00

a. Tension Panel b. Compression Panel

Figure 1:Dimensions and Strain Gauge Layout of the Small Test Panels.



Figure 2:Test Setup for Small Compression Panels.

Dimensions and the location of strain gauges for the intermediate tension panels along with end tabs is presented
in Figure 3a. Test fixture hardware included back-to-back longitudinal square cross-section rods which were placed
in contact with the panel near the notch with help of C-channels is shown in Figure 3b. This setup was used for tension

panels to minimize bulging of the notch region.

/Flat Bar

~_C-Channel

a. Intermediate Tension Panel

b. Test Setup

Figure 3:Dimensions and Strain Gauge Layout of Intermediate Tension Panel and Tension Test

Setup.




The test setup of intermediate compression panel is not shown here due to proprietary nature of the design. A small
strip of region near the notch was left free where the rest of the panel was constrained in the out-of-plane direction in
order to prevent pre-mature buckling.

I1l. Test Results of Notched Panels

Tension and compression tests of the small panels and the tension test of the intermediate panels were performed
at NASA LaRC and the compression tests of the intermediate panels was performed at a Boeing facility. All panels
were tested under displacement control mode. The failure loads of the small test panels are given in Table 2 and the
failure loads of the intermediate test panels are given in Table 3.

Table 2: Failure Load of Small Test Panels.

Notch Test Average Test
Panel ID Load Type Length Failure Load | Failure Load
(in) (kips) (Kips)
2BC-C-1-1 Compression 0.8 18.40
2BC-C-1-2 Compression 0.8 18.39 18.16
2BC-C-1-3 Compression 0.8 17.68
2BC-T-1-1 Tension 0.8 34.10
2BC-T-1-2 Tension 0.8 33.05 33.80
2BC-T-1-3 Tension 0.8 34.24

Table 3: Failure Load of Intermediate Test Panels.

Notch . Average
Failure Load .
Panel ID Load Type Length (Kips) Failure Load
(in.) P (Kips)
2BC-C-4-1 Compression 4.0 53* 5255
2BC-C-4-2 Compression 4.0 52.1 '
2BC-T-4-1 Tension 4.0 102.16 109.95
2BC-T-4-2 Tension 4.0 117.74 ’

* Adjusted test data based on engineering analysis.

For the small panels tested, based on the data shown in Table 2, the average compression test failure load is 18.16
kips with test values ranging from -2.6% to +1.3% of average. Similarly, the average tension test failure load is 33.8
kips with test values ranging from -2.2% to +1.3% of the average value.

For the intermediate panels tested under compression at Boeing, significant bending was noticed in one of the
panels (2BC-C-4-1) from the beginning of the loading cycle and ultimately failed at 44.2 kips. However panel 2BC-
C-4-2 showed normal bending behavior, and based on failure strain of this panel, the failure strain of 2BC-C-4-1 was
modified based on engineering analysis [7], which led to adjusting the failure load to 53 kips. Thus the average
adjusted test failure load of the intermediate panel under compressive load is 52.55 kips.

For the intermediate panels tested under tension load at LaRC, the average test failure load is 109.95 kips. In
addition to the large difference of 13.2% between the two failure loads, both the panels exhibited noticeable nonlinear
behavior with an increase in stiffness. Far-field strain gauge data of both the panels are presented in Figure 4, where
the nonlinear increase in stiffness can be observed occurring for Panel-1 in Figure 4a, and Panel-2 in Figure 4b. In
general, for a uniform loading scenario, strain data from gauges 1-6 (far-field) ideally should exhibit linear behavior
until failure, and should have similar strain values. However, the middle gauges (SG-5, 6) located right above the
notch may record a lesser value. The stiffening behavior was noticed in panel-1 (see Figure 4a) with slight increase in
stiffness at approximately 60 kips. Also, slippage of the test panel was noticed during the test at approximately 92 kips



and is reflected in the load versus end displacement curve in the form of load oscillations. Regarding panel-2 (Figure
4b), a strain jump (strain relaxation) was noticed at approximately 60 kips in gauges 1-4, which was approximately
half the final failure load. This behavior could be attributed to a potential slippage between panel and the loading
fixture. In addition to this jump, the middle gauges (SG-5, 6) are reading higher strains than gauges 1-4.
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Figure 4: Far-Field Strain Data of Intermediate Tension Panels.

In general, failure mode of all panels was a through thickness self-similar crack, i.e., the crack path of the laminate
load carrying plies is perpendicular to the loading direction; and the crack starts from the notch tips and then propagates
all the way to the edge. Additionally, crack path in laminates is categorized as self-similar when fibers are fractured
in all the plies, or at least in load carrying plies, which in this case are the 0° plies; combined with matrix failure in
non-0° plies and delamination confined along the crack path between some or all ply interfaces. Photographs of failed
panels with typical results are presented in Figure 6. Note that the outer surface ply that is visible in the photographs
is a 45° ply which delaminated from the underlying plies, and which masks the self-similar nature of the underlying

failure mode of the panel.
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Intermediate Panel under Compression Intermediate Panel under Tension
Figure 6: Crack Path in Failed Small and Intermediate Test Panels.

IV. Progressive Failure Analysis Methodology
a. Damage Models

Progressive failure analysis (PFA) of notched panels was performed with Abaqus Built-in [5] and COmplete
STress Reduction (COSTR) [6] damage models to obtain failure load predictions for use in test planning, and to assess
overall stiffness and structural response. The Abaqus Built-in damage model, which is commercially available is
briefly described here. For a detailed explanation of the model, one can refer to Abaqus theory manual [5]. In general,
the Abaqus damage model adopts Hashin [8] and Hashin-Rotem [9] failure criterion to identify damage initiation. The
stress degradation approach used to simulation damage is shown in figure 7.

aourakand
Eiress

|
|
-
|
|
|
|
|

-

E o 5 1 anuivalent displacemant

B A

Figure 7: Stress Degradation Profile of Abaqus Built-in Damage Model.
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The damage variable evolves based on the stress displacement behavior as shown in Figure 7 for all damage modes
(fiber and matrix). Point A in Figure 7 represents the material strength and damage initiation point. The area of the
triangle is related to energy required to fail the material completely, which is equivalent to the fracture toughness
parameter (Gc) provided by the user. The stress degradation profile after damage initiation, point A, follows the linear
curve AC. Line OB shows the loss in stiffness due to damage initiation and the unloading path due to load removal
that might occur before complete damage.

As an alternative to the Abaqus Built-in damage model, the COSTR damage model was developed at NASA
Langley Research Center to simulate intra-laminar damage such as fiber and matrix failure [6]. The COSTR damage
model is interfaced with the Abaqus/Explict solver utilizing an Abaqus user-written subroutine, VUMAT.

The progressive failure analysis procedure adopted in the COSTR damage model consists of three steps. The first
step is to determine damage in an element at each and every ply. This was accomplished by adopting the Hashin-
Rotem failure criteria [9]:

Fiber Damage: Tension & compression

o Ou —
(J) >1foroy, =0,df =1.0 (X—) =>1foroy <0,df =1.0
Matrix Damage: Tension , compression & Shear
02\? 012\? _ 0222 012\? _
(Y_r) + (5—12) =>1forocy,, 20,dm=1.0 (Y_c) + (5—12) >1foroy,, <0,dn=1.0

The damage indices df and dm represent the damage status of fiber and matrix material systems, respectively.
Damage index df will be zero while the fiber damage criteria is less than 1, and then attains a value of 1 when the
fiber damage criteria becomes greater or equal to 1. A similar procedure is adopted for the matrix damage index dm.
The constitutive law along with damage indices is presented below.

a(11) (1-08(df)Q11  (1—df)(1—dm)Q12 0. e (11)
0(22) | = @ -df)@ —dm)Q12 (1 —df)(1 — dm)Q22 0. £ (22)
o(12) 0. 0. (1 —df)(1 — Vmdm)Q66/ \ € (12)

Q11 =E; /4

022 =E,/ 4

Q]Z =V Ez /A

Q66 = G]z

A :[] —V]sz](] -dm)]

Once stress in an element for a ply reaches the ply strength, the stress is degraded as show in Figure 8. Damage
simulation of the fiber is accomplished by instantaneously reducing the axial stress, (611), to 20% of the axial strength,
X, and then maintaining that level until the area under the stress strain curve when multiplied by the characteristic
length of an element, equates to the fiber fracture toughness (Gr.). However, when the transverse stress, (622), reaches
the transverse strength, Y, the transverse stress, (622), is instantaneously reduced to zero, but the shear stress, (c12), is
reduced by an amount proportional to the resin volume fraction in plies where the fibers are not aligned with the
loading direction, and to zero level in plies where the fibers are aligned parallel to the loading direction. In the case of
matrix damage, when the shear stress, (612), reaches the shear strength, S, then both transverse stress, (022), and shear
stress, (012), are instantaneously reduced to zero. Additional information regarding shear stress degradation due to
matrix damage can be found in reference [10]. The failure load provided by this damage model is independent of
finite element area [6].
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Figure 8:  Stress Degradation Profiles in COSTR Damage Model.

The final step in PFA is simulation of the virtual crack. This step is accomplished by deleting elements from
computation when fibers in all the plies have been damaged. In certain plies, where fibers are not damaged but matrix
is, a quadratic strain criterion involving transverse and shear strains is adopted and is set to a large value greater than
0.2 in./in., in flagging failure of the ply.

In general, both damage models have the same in-plane failure criteria. However, the stress degradation profile is
significantly different between the two damage methods. The Abaqus built-in damage model has a gradual stress
degradation profile after damage (fiber and matrix) initiation. Also, Abaqus built-in uses one fiber fracture toughness
value, which does not accommodate the use of both fiber fracture initiation and propagation values, when available.
However, the COSTR damage model is capable of using both fiber fracture, initiation and propagation values and has
different stress degradation profiles for fiber and matrix damage simulation.

b. Progressive Failure Analysis Model of Small and Intermediate Panels

Finite element models (FEM) of the small and intermediate panels were generated for performing both
compression and tension analysis using the Abaqus explicit finite element code. The general panel specifications for
the small and intermediate panels are listed in Table 1. The COSTR finite element models are presented in Figure 9
for small and intermediate panels for both the tension and compression analysis. The panel’s left edge is fixed in all
degrees of freedom (DOF) and the right edge is fixed for all DOF except for the axial DOF. An axial displacement is
applied to the right edge of the panels. For the compression panels, all the interior nodes except a small window near
the notch area are fixed in the out-of-plane direction (highlighted in orange color). In the case of the intermediate
tension panel, a few nodes near the notch are fixed in the out-of-plane direction to represent the out-of-plane constraint
imposed by the rod shown in Figure 3b, which was designed to prevent buckling near the notch during testing. The
notch width is 0.25 in. in all models and the notch tips all have a radius of 0.125 in. at the ends. The material properties
and strengths used in the pre-test PFA are given in Table 4 [2]. Average modulus values in 1, 2 direction and average
value of Poisson’s ratio were used in the analysis by both damage models. Identical properties and strengths are used
by both the damage models except fiber and matrix fracture toughness values. Fiber and matrix fracture toughness
properties in tension and compression used in the Abaqus built-in damage model is half of what is used for the COSTR
damage model and this approach was based on past experience and best modeling practices when using Abaqus. The
fracture initiation values used in the COSTR damage model are evaluated based on Bazant’s equation provided in the
Abaqus manual [5] for a characteristic distance of 0.09-in. The FEM of the panels were generated using S4R Abaqus
shell elements. The maximum element length is approximately 0.125 in. The FEM used with the Abaqus built-in
damage model has the same global dimensions, boundary and load conditions as shown in Figure 9, but different
element sizes are used. The Abaqus Built-in FEM consists of elements whose maximum length is approximately
0.08in. Evaluation of maximum element size is based on Bazant’s equation provided in the Abaqus manual [5] and
depends on fracture toughness properties. Since the damage evolution and mesh regularization procedures are
different between the Abaqus built-in and COSTR damage models, the latter can accommodate larger element sizes.
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a: Small and Intermediate Compression Panels.

Small Tension Panel

Intermediate Tension Panel

b: Small and Intermediate Tension Panels.

Figure 9: COSTR Finite Element Models of Small and Intermediate Panels.
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Table 4: Properties and Strengths of IM7/8552-1 lamina used in Pre-Test PFA.

Properties Abfaql.JS COSTR
Built-in
Elt (Msi) 22.14 22.14
Elc (Msi) 20.04 20.04
ElAvg (Msi) 21.27 21.27
E2t (Msi) 1.26 1.26
E2c (Msi) 1.41 1.41
E2Avg (Msi) 1.335 1.335
Nul2t 0.32 0.32
Nul2c¢ 0.356 0.356
Nu21 0.024 0.024
Nu23 0.45 0.45
G12 (Msi) 0.749 0.749
G13 (Msi) 0.749 0.749
G23 (Msi) 0.435 0.435
Xt (Ksi) 337.0 337.0
Xe (Ksi) 248.94 248.94
Yt (Ksi) 11.6 11.6
Ye (Ksi) 41.8 41.8
Sxy (ksi) 14.2 14.2
Gc'T (in-1bf/in?) 385.45 240 /771
Gc (in-1bf/in?) 228.5 131 /457
Ge™T (in-1bf/in?) 2.25 4.5
Ge™C (in-1bf/in?) 29.5 59.0

V. Results and Discussion

a. Comparison of Test Results to Pre-Test PFA
The pre-test analysis results are presented in Table 5 along with test data. Based on comparison of analysis and
test results, the PFA results mostly over-predicted the failure load for compression load cases and under-predicted the
failure load for tension load cases. This trend was consistent for small panels with both damage models, while there
was a slight under-prediction by COSTR for the intermediate panel tested in compression. Considering the
compression results, correlation between test and PFA analysis is considered to be adequate with the maximum
difference of 11.3% occurring for the small panels when compared to COSTR PFA results. Considering the tension
results, the maximum difference was near 40%, and both damage models significantly under-predicted the test failure
load. Consequently, the pre-test PFA analysis models are not considered adequate to accurately predict the failure load
of the notched composite laminates when tested in tension. Additionally, all analysis performed predicted a self-
similar type failure mode originating at the notch tip, which agreed with the test results.
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Table 5: Comparison of Pre-Test Failure Load Predictions of Panels with Test Data.

Pre-Test
: Pre-Test o
Average Failure Failure Load | % Error %o Error
Notch Size | Load Case | Test Failure Load Abadus Built- COOSTR Abaqus
Load (kips) | COSTR mq (kips) Built-in
(kips) b

Small Compression 18.16 20.22 19.9 +11.30 +9.60

Small Tension 33.80 28.89 24.65 -14.53 -27.10

Intermediate | Compression 52.55% 52.31 53.20 -0.46 +1.24

Intermediate Tension 109.95 70.51 65.80 -35.87 -40.15

* Average of adjusted test data based on engineering analysis.

b. Post-Test PFA and Material Property Adjustments
Due to the large differences observed in some cases between the pre-test PFA predicted and test results, further
investigation into the possible causes ensued by interrogating the material properties chosen for the pre-test analysis.
The purpose of this effort was to identify a material property input set that better represented the actual panel material
properties, and that should subsequently be used in future analyses to better predict panel behavior. Considering the
fiber direction strength data in tension (Xt = 337 ksi) as reported in Table 4, the value was observed to be low when
compared with other material data sources from Hexcel [11] and NIAR [12], where the data sheets are presented in
the appendix. Hexcel and NIAR reported tensile strength of unidirectional lamina as 395 ksi and 371.08 ksi,
respectively, at room temperature. However, NIAR [12] reported an Xt of 320.79 ksi for an un-notched tension
laminate (UNTO) which is close to the value (337.0 ksi) used in pre-test analysis. The UNTO coupons are 0/90 laminate
and the strengths are back calculated from Classical Laminate Theory (CLT) expressions. So, the Xt =371 ksi value
obtained from NIAR of the unidirectional lamina was used in the post-test PFA rather than a value of 337.0 ksi which
was used in the pre-test analysis. Next, the fiber-direction compression strength, Xc = 248.94 ksi, used in the pre-test
analysis was also obtained from 0/90 cross-ply laminate coupons. However, unlike for Xt, there was no data available
for Xc from unidirectional laminates in the material property reference documents used here. Hence, considering the
pre-test PFA over-predicting the test panel failure load as presented in Table 4, Xc was reduced to 215.0 ksi for the
post-test PFA prediction. This value was chosen based on several PFA predictions performed using COSTR damage
model to determine a value that resulted in a failure load that better matched the small compression test data. Then
post-test PFA analysis was performed just with COSTR damage model. The fiber fracture toughness values reported
in reference [2] are used in the post-test analysis for GefT and Ge©. However the fracture toughness values of Ge™"
and Gc™C were evaluated using Bazant’s [13] energy equation for a characteristic distance of 0.09-in. The modified
strengths and properties used in post -test PFA are given in Table 6. Measured values are used when normalized
values are not available for some properties and strengths. The highlighted cell indicates values that are changed from
the pre-test data set where for this set the properties and strengths are now taken from Reference [12] unless already
discussed otherwise. However the same finite element models used in the pre-test analysis were used during the post-
test analysis when employing Abaqus built-in and COSTR damage models.
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Table 6: Properties and Strengths of IM7/8552-1 used in Pre- and Post-Test PFA

Properties Pre-Test | Post-Test | Pre-Test | Post-Test
Abaqus Abaqus COSTR COSTR
Elt (Msi) 22.14 22.99 22.14 22.99
Elc (Msi) 20.04 20.04 20.04 20.04
ElAvg (Msi) 21.27 21.52 21.27 21.52
E2t (Msi) 1.26 1.3 1.26 1.3
E2c (Msi) 1.41 1.41 1.41 1.41
E2Avg (Msi) 1.335 1.355 1.335 1.355
Nul2t 0.32 0.316 0.32 0.316
Nul2¢c 0.356 0.356 0.356 0.356
G12 (Msi) 0.749 0.68 0.749 0.68
G13 (Msi) 0.749 0.68 0.749 0.68
G23 (Msi) 0.435 0.435 0.435 0.435
Xt (Ksi) 337.0 371.08 337.0 371.08
Xc (Ksi) 248.94 215.0 248.94 215.0
Yt (Ksi) 11.6 9.29 11.6 9.29
Ye (Ksi) 41.8 41.44 41.8 41.44
Sxy (ksi) 14.2 13.22 14.2 13.22
Gc'T (in-1bf/in?) 385.45 585 240 /771 282 /1170
Gc'© (in-1bf/in?) 228.5 174 131 /457 130 /348
Gc™T (in-1bf/in?) 2.25 1.435 45 2.87
Gc™ (in-1bf/in?) 29.5 28.5 59.0 57.0

The failure loads from the post-test PFA using the COSTR and Abaqus built-in damage models are presented in
Table 7 and 8 for small and intermediate panels, respectively. Considering the small panels, the failure load prediction
by COSTR damage model was within 1% and 12% for compression and tension cases, respectively. Since the COSTR
model of the small panel was tuned to predict compression failure load for the small panel by adjusting Xc for the
post-test analyses, the close prediction for the small panel tested in compression was expected. For the intermediate
panels, the failure load was under-predicted for the compression load case by approximately 8% when compared to
average test data and the failure load was under-predicted for the tension load case by approximately 23% when
compared to average test data.

Similar trend was noticed in the failure load predictions by Abaqus built-in damage model. In case of small panels,
the failure load over prediction was within 2% and under prediction of 16% for compression and tension cases,
respectively. For the intermediate panels, the failure load was under-predicted for the compression load case by
approximately 12% when compared to average test data and the failure load was under-predicted for the tension load
case by approximately 26.3% when compared to average test data.

In general, failure load predictions are improved using the post-test material property data set. Consequently, this
data set is recommended for future analyses of panels constructed from the same laminate material with COSTR
damage model. Considering just the post-test results, failure load prediction is better with respect to compression load
cases than tension load cases. For the tension load tests, under-prediction of the failure load is considered to be due
to the limitation of the finite element models. During testing of the small and intermediate panels in tension, the
delamination occurring at certain ply interfaces, as was shown in Figure 6, would have caused the stress reduction at
the notch tips and have extend the failure load. To improve the prediction of failure load of tension panels, higher
fidelity models, using solid elements with cohesive elements at certain ply interfaces, are recommended for future
studies to better predict failure.
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Table 7: Failure Load of Small Panels from Post-Test Progressive Failure Analysis.

Average Post-Test Post-Test .
Failure . % Error
. Actual Test Failure Load | % Error
Notch Size | Load Case . Load . Abaqus
Failure Abaqus Built- | COSTR o
Load (kips) COSTR in (kips) Built-in
(kips)
Small Compression 18.16 17.99 18.51 -0.936 +1.93
Small Tension 33.80 29.85 28.50 -11.68 -15.68

Table 8: Failure Load of Intermediate Panels from Post-Test Progressive Failure Analysis.

Post-Test
. Post-Test o
Average Failure Failure Load | % Error %o Error
Notch Size | Load Case | Test Failure Load Abaqus Built- COOSTR Abaqus
Load (kips) | COSTR inq (kins) Built-in
(kips) P
Intermediate | Compression 52.55% 48.43 46.24 -7.84 -12.00
Intermediate Tension 109.95 84.66 81.04 -23.0 -26.29

* Average of adjusted test data based on engineering analysis.

The crack path predicted by the COSTR model with post-test properties is presented in Figure 10. The model

predicts self-similar crack for all cases evaluated which agreed with the test results.

However, simulation of

delamination is not possible with shell models as this failure mode is not available. Consequently, as noted earlier,
this could be the reason for the discrepancies between PFA predicted and test failure load of both small and
intermediate tension panels. The evidence of delamination is prominent in small tension panel which is shown in

Figure 4, where the damage region is widely spread.

The crack path predicted by the Abaqus built-in damage model with post-test properties is identical to the one
presented in Figure 10 and hence, is not presented in this report. However, the model predicts self-similar crack in all
coupons and for all load cases evaluated which agreed with the test results.
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Small Compression Panel - COSTR Damage Model | Intermediate Compression Panel - COSTR Damage Model

Small Tension Panel - COSTR Damage Model Intermediate Tension Panel - COSTR Damage Model

Figure 10: Crack Path (Fiber Damage) Predictions by COSTR Damage model

In Figure 11, the load versus end displacement response obtained from a typical test of a small panel is compared
to post-test PFA results using the COSTR damage model. For the compression load case, PFA results yield stiffer
responses than the test panel by approximately 11%. The test data in Figure 11a is from the 2BC-C-1-1 panel. The
main reason for this could be the out-of-plane constraint applied to the nodes in the finite element models, which
significantly reduces the flexibility to a greater extent than in the experiment. Also, the models do not account for any
geometric imperfection of the test panel, or non-uniform load application, which would also contribute to a stiffer
response with the model. For the tension load case, the stiffness of COSTR finite element model and the test panel
match very well. The test data in Figure 11b is of a 2BC-T-1-2 panel. The failure load obtained from COSTR damage
model is lower likely because of not capturing the delamination damage mode. In general, when same direction plies
are stacked together, the interface is prone to generate large inter-laminar shear stresses which causes delamination at
the interface. The delamination will reduce the stress concentration and slow down the failure process. This is evident
in the small failed tension panel pictures shown in Figure 4, in the form of wider damage zone consisting of fiber pull
out, fiber breakage, and delaminations.
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Figure 11: Load versus End Displacement of Small Panels

In Figure 12, the load versus end displacement response from an intermediate panel tested in compression and
tension are compared to the post-test PFA results using the COSTR damage model. Excellent agreement is noticed
in the stiffness with COSTR damage model and test panel for compression load case. The test data presented in Figure
12a for the compression load case is from panel 2BC-C-4-2. In the case of tension load, the stiffness from COSTR
damage model matches well with the test panel. The test data presented in Figure 12b is of the panel 2BC-T-4-1.
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Figure 12: Load versus End Displacement of Intermediate Panels
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V1. Concluding Remarks

PFA of small and intermediate unstiffened notched composite laminate panels was performed in this study to aid
in test planning and to evaluate the FEMs in comparison to the test data. PFA of the panels were performed using
both COSTR and Abaqus built-in damage models to assess pre-test predictive capability of failure load and mode.
Finite element models using shell elements were developed to perform PFA and hence the failure mode was limited
to in-plane failure, such as fiber and matrix damages. Overall, the failure mode predicted from PFA was found to be
in good agreement with the failed test panels, where all panels exhibited a self-similar failure mode initiated at the
notch tip. Pre-test PFA predictions of failure load from both the models was found to correlate well for the
compression panels tested where the differences were less than 12%. Larger discrepancies were observed when
tension test results were compared to the pre-test PFA analyses with percent differences near 40% for the intermediate
panels. Additional post-test analyses were performed where material properties were updated based on consideration
of additional available material property data. For the post-test analyses, the failure load predictions by COSTR
damage model improved and was found to be in better agreement with test data. The failure load predictions of the
small panels were within -1 % and -12% for compression and tension load cases, respectively. For the intermediate
panels, the COSTR predicted failure load was within -7.8% for the compression load and was within -23% for the
tension load case. Similarly, the post-test failure load predictions by Abaqus built-in damage model of the small panels
were within +2 % and -16% for compression and tension load cases, respectively. For the intermediate panels, the
predicted failure load by Abaqus built-in damage model was within -12% for the compression load and was within -
26% for the tension load case. Again, larger discrepancies were observed for the tension load cases than for the
compression load cases which is likely due to the shell FEMs not capturing the delamination of the outer plies
occurring during the tension tests.

Overall, the shell models used in the PFA analysis, along with considering the post-test analyses, are observed to
be sufficient to obtain failure load within 15% for all panels tested in this study except the intermediate tension panel.
The self-similar failure mode of the laminate that causes catastrophic failure can also be captured accurately with shell
models. However to increase accuracy of failure load prediction, especially for the tension load cases where
delaminations occurred, higher fidelity models need to be developed to simulate delamination at certain interfaces as
was observed in both small and intermediate tested panels.
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APPENDIX

Material Data Sheet of IM7/8552-1 — from NCAMP report

[Prepreg Maserial: Hexcel Corporation - Hexcel 8552 NG Unidroctional i
NMS 128/2 Material Specificaton Hexcel
Unidirectional Tape
Fiber M7 unidroctional Resin Haxcel 8552 Propersies Summary
Tgldry) 406,43 °F Tolwe1) 2141 °F
PROCESSING: NPS 81228 "Mt Cure Cycle Tg METHOD DMA (SRM 18-94)
Lot1 Lot2 Lot3
Daw of fiber manufacture 0V26/2007 121252006 02052007 Date of wsting 1222008 - ¥4/10
Daw of resin manufactume 0228/2007  OV24/2007 03012007 Date of data submirtal 452010
Daw of pre preg manufacture 0220/2007  OV242007  03'0N/2007
Daw of composise manufacture 2007 10 10/2007
LAMINA MECHANICAL PROPERT Y SUMMARY
Data repored as: Normalized & Measured
(Normalized by CPT= 0.0072 inch)
CTD Mean ATD Mean ETD Mean ETW Mean
Normalzed I Me asured | Normahzed | Me ssured | Normaloe d [ Measured [Normalzed] Measured
Fo™ (ksi)
fromLT b -] 3saT0 36269 an.oe - S 333150 327 96
from UNTo 28678 ;.5 32462 22079 - -— 34685 34045
E,' (Msi)
of LT s 233 29 s s ee 2400 am
E (Msd
of UNTo 11.92 17 11.99 11.85 - —_ 11.94 11.74
vis' 0.Z70 0316 03950
Fa* (ks - 9.60 - 929 - - - 249
E;' (Msd B 146 - 1.30 - - - 081
of TT
F,™ (ksi)
from UNCo 296.49 20199 24894 251.13 083 189.50 173.00 17258
E," (Msd
of LC 2068 2053 20,04 2044 2025 20.00 203 2065
E (Msd
of UNCo 7.75 764 747 752 757 7.5 774 782
i -— 0.362 0.356 0374 0.383
F™ (ksd
of TC - 55.31 - 41,44 - - - 19.02
E;" (Ms)
ol TC - 153 —_ 1.41 - —_ - 1.18
vy,
of TC - 0.028 - 0.024 - - - 0.018
v
of UNCo - 0041 0.035 0.030 0.017
[ i - - - 12322 - - - 5.5¢
(ksd)
Fyy™™ —_ 129 - .76 - - - an
(ksd)
Gu" - 0.86 - 0.68 - —_ - 031
{Msi)
SBS - 21.04 -_ 17.13 — 1na -_— a5
(ksi)
* Derved from cross-ply using back-out factor
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Material Data Sheet of IM7/8552-1 — Hexcel Product Data Sheet.

o
HEXCEL..

Product Data Sheet

Mechanical Properties

o sl A193- | A280- | SGP196- | SGP370-

‘ Temp°F ‘ Condition| AS4 | IM7 PW 5H ‘ PW 8H S2GL
0° Tensile strength, ksi -67 Dry 300 373 111 120 142 140 -
0° Tensile modulus, msi -67 Dry 19.4 23.7 9.5 10.2 12.3 12.5 =
0° Tensile strength, ksi 77 Dry 310 395 120 127 158 147 251
0° Tensile modulus, msi i Dry 19.8 28.8 9.8 9.7 12.3 12.4 6.53
0° Tensile elongation, % 77 Dry 1.55 1.62 = - - - 3.87
0° Tensile strength, ksi 195 Dry 293 368" 116 131 - - -
0° Tensile modulus, msi 195 Dry 19.1 23.7" 9.6 10 - - -
90° Tensile strength, ksi -67 Dry 9.73 | 9.60 108 109 125 131 -
90° Tensile modulus, msi -67 Dry 1.50 | 1.46 9.6 9.7 11.6 11.7 -
90° Tensile strength, ksi 77 Dry 9.27 9.3 116 116 137 139 -
90° Tensile modulus, msi 77 Dry 1.39 | 1.70 9.5 9.5 11.6 11.7 -
90° Tensile strength, ksi 200 Dry - - 111 112 142* 130* -
90° Tensile modulus, msi 200 Dry 1.22 1.60 9.8 9.4 11.5* 11.5" -
Major Poisson's Ratio, tension 77 Dry 0.302 | 0.316 - - - - -
+ 45 Inplane shear 77 Dry 166 | 174 - 15.9 18.3 1436 -

+ 45 Inplane shear 200 Dry 15.2 | 15.4" - - 15.5* 13.4* -
Major Poisson's Ratio, compression 77 Dry 0.335 | 0.356 - - - - -
0° Compression strength, ksi -67 Dry 2563 292 139 - - - -
0° Compression modulus, msi -87 Dry 18 20.5 8.7 - - - -
0° Compression strength, ksi 77 Dry 222 245 128 134 - - 217
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