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EXECUTIVE SUMMARY

Over the past 25 years, the use of advanced composite materials in aircraft primary structures has
increased significantly. In 1994, NASA and the FAA revitalized the use of composites in general
and commercial aviation with the Advanced General Aviation Transport Experiments program.
Driven by the demand for fuel-efficient, lightweight, and high-stiffness structures that have
fatigue durability and corrosion resistance, modern, large commercial aircraft are being designed
with more than 50% composite materials. Although there are key differences between metal and
composite damage mechanics and durability concerns, the certification philosophy for
composites must meet the same structural integrity, safety, and durability requirements as metals.
Despite the many advantages, composite structural certification becomes challenging because of
the lack of experience with large-scale structures, complex interactive failure mechanisms,
sensitivity to temperature and moisture, and scatter in the data, especially in fatigue. The overall
objective of this research was to provide guidance into the structural substantiation of composite
airframe structures under repeated loads through an efficient approach that weighs both the
economic aspects of certification and the time frame required for testing, while also ensuring
safety. The research methodology reported here consisted of combining existing certification
approaches used by various aircraft manufacturers with protocols for applying these
methodologies with a goal to extend them to new material systems and construction techniques.

This methodology synthesizing the life factor, load-enhancement factor (LEF), and damage in
composites is proposed to determine the fatigue life of a damage-tolerant composite airframe. It
further extends the current practice during damage tolerance certification to focusing on the most
critical damage locations of the structure and interpreting the structural and load details into the
most representative repeated-load testing in element level to gain information on the residual
strength, fatigue sensitivity, inspection methods, and inspection intervals during full-scale test
substantiation. Rigorous inspection intervals are required to prevent the unintentional failure of a
damaged article during the durability and damage tolerance (DaDT) testing, especially when
investigating extremely improbable high-energy impact threats that reduce the residual strength
of a composite structure to limit load. The probability of the failure of the damaged structure
with the enhanced spectrum loads can be evaluated using the proposed cumulative fatigue
reliability (CFR) model, which was validated through a full-scale test demonstration of a
damaged article at the critical load path. Information from this model can also be used to allot
economical and reliable inspection intervals during service, based on target reliability and
critical damage threshold. Full-scale DaDT tests conducted with visual impact damage on the aft
spar (secondary load path), using the updated LEFs based on the design details of a Starship
forward wing structure, demonstrated the repeated life requirements according to the proposed
load-life-damage hybrid approach, and the post-DaDT residual strength requirements. The
Starship forward wing DaDT test article with large damage on the front spar (primary load path)
demonstrated the capability of the CFR model to predict the damage growth in terms of
reliability and the capability of the model to determine the inspection levels. Although it is not a
one-to-one correlation for the damage propagation or its size, this CFR model highlighted load
segments that resulted in the gradual progression of local damage, such as possible matrix
cracks, and the global impact of high loads that resulted in evident damage growth.

XV



1. INTRODUCTION

Damage tolerance methodologies for metallic airframes, both military and commercial, have
been implemented for certification in terms of crack growth since the 1970s. Although the
fatigue life of composites is generally flat, the impact damage sensitivity, even at static loading,
is @a major concern. Therefore, the ability of the structure to resist damage (damage resistance)
and to perform with the presence of damage (damage tolerance) has been investigated in detail.
Several certification approaches have been developed in terms of damage threat or probability of
occurrence [1] as an extended methodology to the approach used by Whitehead et al. [2]. To
support U.S. Navy certification efforts in predicting the static strength capability of full-scale
composite structures, a semi-empirical stiffness reduction model was developed by Horton and
Whitehead [3] and assumed that the impact damage acted as a slit after initial failure and arrested
at the nearest stiffeners causing a stress (strain) concentration at these stiffeners and adjacent
bays. Using this approach, experimental results on several different material systems, impact
locations, structural geometries, and energy levels show that the majority of the data points lie
within £10% of the predictive strain. It was recognized that several parameters influence the
post-impact structural response. A detailed study conducted by Rapoff et al. [4] on several
coupon, element, and full-scale composites with impact damage shows that simple test coupons
can accurately represent mid-bay impact damage resistance and damage tolerance of a complex
composite structure. This study also shows that the static scatter generally observed in
coupon-level composites is greatly reduced in impact-damaged specimens subjected to in-plane
loading, while fatigue-life scatter is similar to bolted composites. A fatigue study by Curtis et al.
[5] shows that impact damage grows inconsistently under cyclic loading.

Current regulations require airframes to demonstrate adequate static strength, fatigue life, and
damage tolerance capability by testing/analysis with a high degree of confidence. These
requirements are intended to account for uncertainties in usage and scatter exhibited by
materials. The primary means of structural substantiation for most aircraft certification programs
is by analysis. It is expected that the analysis will be supported by appropriate test evidence.

To develop a certification methodology for composite structures that has the same level of
reliability as observed in metal certification approaches, accounting for the inherent difference
between metal and composites, the FAA and U.S. Navy developed a certification approach for
bolted composite structures [2 and 6] as part of the McDonnell Douglas F/A-18 certification.
Figure 1 shows the material distribution forthe F/A-18 E/F aircraft. This methodology is referred
to as the combined load-life approach throughout this report. This approach adopted two key
requirements in metallic aircraft certification: (1) the full-scale static test article must
demonstrate a strength that is equal to or exceeds 150% of the design limit load (DLL); and (2)
the full-scale fatigue test article must demonstrate a life that is equal to or exceeds twice the
design service life. This approach analyzes the data scatter in the static strength and fatigue life
of composites to establish a certification methodology that has the same level of reliability as
that for metal structures. Furthermore, this approach attempts to address the issues related to
hybrid (composite and metallic) structures through the combined load-life approach, which will
be discussed further in this report. This approach was developed for what, at that time, was
current composite usage and did not explicitly account for the damage in composite structures or
adhesively bonded structural details. Kan and Whitehead [7] proposed a damage tolerance



certification methodology to determine the reliability of impact damage on a composite structure
and to calculate the allowable impact threat at a given applied load and specified reliability.
Subsequent application of this methodology for an F/A-18 inner-wing structure demonstrated
successful damage tolerance capabilities during certification.

Percent of Structural Weight Carbon Fibers (IM7) Used
F/IA-18C/D F/A-18EIF

[T Aluminum 49 31 Usage in Center and
[ Steel 15 14

[] Titanium 13 21
[] Carbon Epoxy 10 19
] Other 13 15

100 100

i
4

High Strength/Durability 'Rrggirr?‘(’g?;g;‘ﬂgggﬁ
(AERMET 100) Used in All C/E Structural

Flap Transmissions Applications

Figure 1. Material distribution for F/A-18 E/F aircraft [8]

The combined load-life methodology was adopted by Shah et al. [9] for the certification of a
stiffener runout detail. They found that the strength and life shape parameters were similar to
those they developed by Whitehead et al. [2]. This research successfully demonstrated the
combined load-life approach for large component tests. Furthermore, the applicability of the
combined life-load damage tolerance approach by Kan and Whitehead [7] for the certification of
general and commercial aircraft was investigated by Kan and Dyer [10]. This study showed that
the combined load-life damage tolerance approach based on military requirements is too severe
for the all-composite LearAvia Lear Fan 2100 structure.

Early developments of the Boeing 737 graphite/epoxy horizontal stabilizer [11] and the
Airbus A310 [12] and A320 [13] all-composite vertical tail used the combined load-life approach
for full-scale demonstrations. A no-growth, damage tolerance design concept was also used in
which a composite structure must demonstrate the ability to contain intrinsic manufacturing
defects and the maximum allowable service damage in adverse operational conditions and
throughout the DLT of the structure. Early composite certification programs recognized the need
for damage tolerance structural design concepts and a certification approach for efficient
composite structures. A damage-tolerant structure is assumed to have a pre-existing defect or
damage that requires a detailed inspection plan under repeated loading. This enables the
incorporation of intrinsic/in-service damages into the damage tolerance phase of the analysis and
full-scale test substantiation. Damage tolerance methodology should include information
pertaining to the critical damage threshold (CDT), and to the allowable damage limit (ADL), to
support inspection intervals. Because of the highly heterogeneous nature of composite damage



progression, the analytical predictions are application-specific and require extensive empirical
validation. Therefore, probabilistic methods are commonly used for composite structures.

Followed by the early development approach for the NASA/Boeing 737 horizontal stabilizer, the
Boeing 777 empennage certification was primarily based on analysis supported by coupon and
component test evidence [14]. The certification process includes general requirements for
environmental effects in design allowables and impact damage, static strength, and fatigue and
damage tolerance with a no-growth approach. By delivering predictions prior to testing, such
demonstrations contribute to a solid basis for acceptance of “certification by analysis” by the
FAA and the aviation industry. This is consistent with current certification practices that allow
the use of analysis for certification when supported by tests.

Several all-composite business aircraft, including the Lear Fan 2100 and Beechcraft 2000
Starship, evolved in the early 1980s and completed FAA damage tolerance certification
requirements [15]. The Lear Fan 2100 prototype first flew in January of 1981, but never made it
to production. The all-composite Beechcraft Starship was certified in 1989 using the damage
tolerance approach, identifying environmental effects and concerns related to bonded joints. To
meet FAA damage tolerance requirements, major structural modifications had to be made to the
wing. For full-scale durability and damage tolerance (DaDT) tests, a combined load-life
approach based on flaw growth threshold stress was employed [16]. The environmental effects
were addressed through an analytical approach validated by testing.

Under the Composite Affordability Initiative, Kan and Kane [17] explored the feasibility of
extending probabilistic methodology for adhesively bonded composite structures. The level of
maturity in three areas was thoroughly reviewed: (1) probability theories and probabilistic
methods, (2) probabilistic structural analysis tools, and (3) probabilistic structural criteria and
requirements. This program determined that a level of structural reliability with an equivalent
level of confidence can be achieved by the probabilistic method as compared to the deterministic
method.

1.1 FATIGUE LIFE ASSESSMENT OF FIBROUS COMPOSITE

Sumich and Kedward [18] investigated the use of the wearout model, on the basis of its
applicability to matrix-dominant failure modes, to examine the fatigue performance of the Rotor
Systems Research Aircraft (RSRA) X-Wing vehicle. Wearout models assume that structural
degradation occurs with use and can be monitored by measuring parameters, such as residual
strength and stiffness. Halpin et al. [19] discussed this methodology in the early 1970s, and
several certification programs, such as the Corsair A-7 outer wing and Fighting Falcon F-16
empennage, have adopted this methodology for composite structures. This method determines
fatigue failure when pre-existing damage grows until the specimen can no longer support the
applied cyclic load. In addition, the residual runout strength is related to crack length through
fracture mechanics. This approach was improved by Sendeckyj [20] using a deterministic
equation that converts static, fatigue, and residual strength data into a pool of equivalent static
strength data. Sendeckyj’s basic model assumes that the failure in a constant-amplitude fatigue
test occurs when the residual strength is equal to the maximum cyclic fatigue load. This pooling
technique for fatigue data is useful in cases in which there are not enough fatigue data in



individual stress levels for Weibull analysis, which requires a minimum of six specimens in each
stress level. This model has been further improved for pooling fatigue tests using multiple stress
ratios [21], but has not been validated because it requires a significant amount of test data. Stress
ratio or R ratio is the ratio of minimum and maximum cyclic stress in a fatigue test.

O’Brien and Reifsnider [22] studied fatigue life analytically using the fatigue modulus concept.
This approach assumed that fatigue failure occurs when the fatigue secant modulus (residual
stiffness) degrades to the secant modulus at the moment of failure in a static test. In this study,
stiffness reductions resulting from fatigue damage were measured for unnotched [£45]s, [0/90]s,
and [0/90/£45]s boron/epoxy laminates. Degradation in the various in-plane stiffness (axial,
shear, and bending) was measured using a combination of uniaxial tension, rail shear, and
flexure tests. Damage growth and stiffness loss were identified to be load history-dependent.
Therefore, the secant modulus criterion was not a valid criterion for general applications. A
similar study was conducted on the fatigue behavior of [0/£45/90]s glass/epoxy laminate by
Hahn and Kim [23], in which the secant modulus was used as a measure of damage extent.

Following an extensive review of different damage models, Hwang and Han [24] identified
various cumulative damage models using several physical variables, such as fatigue modulus and
resultant strain. They introduced a new concept called the “fatigue modulus,” which is defined as
the slope of applied stress and resultant strain at a specific cycle [25]. Fatigue modulus
degradation assumes that the fatigue modulus degradation rate follows a power function of the
fatigue cycle. The theoretical equation for predicting fatigue life is formulated using the fatigue
modulus and its degradation rate. This relation is simplified by the strain failure criterion for
practical applications. Mahfuz et al. [26] analytically studied the fatigue life of an
S2-glass/vinyl-ester composite using the fatigue modulus concept. This study revealed that the
fatigue modulus is not only a function of loading cycle, but also a function of applied stress level
and thickness of the test specimen. This life-prediction methodology requires two parameters
that are obtained empirically either at two different stress levels or two different fatigue life
times.

Halpin et al. [27] suggested that the fatigue behavior of composites should be based empirically
under the design spectra. The main disadvantage of such an approach is that test results are
specific to a loading spectrum. Also, a significant amount of test data is required for a complete
analysis, like the extensive fatigue sensitivity study conducted by Jeans et al. [28] on bolted and
bonded composite joints under various loading spectra. For metals, Miner’s rule is often used to
study the cumulative damage under a loading spectrum. However, Rosenfeld and Huang [29]
conducted a fatigue study with different stress ratios to determine the failure mechanisms under
compression of graphite/epoxy laminates and showed that Miner’s rule fails to predict composite
fatigue under spectrum loading. This was confirmed by several authors in the composite
community. A study conducted by Agarwal and James [30] on the effects of stress levels on
fatigue of composites confirmed that the stress ratio had a strong influence on the fatigue life of
composites. Further, they showed that microscopic matrix cracks are observed prior to the gross
failure of composites under both static and cyclic loading.

For practical consideration, Yang and Du [31] investigated the possibility of statistically
predicting the fatigue behavior of composites under service-loading spectra, based on some



baseline constant-amplitude fatigue data. Although such a phenomenological statistical model
does not account for the intrinsic failure mechanisms that are quite complex in composite
materials, it can be very simple for practical applications and requires significantly less empirical
effort.

Kassapoglou [32] presented a probabilistic approach for determining fatigue life for composite
structures under constant-amplitude loading. This approach assumes that the probability of
failure (POF) during any cycle is constant and equal to the POF obtained from static test results
and associated statistically quantified scatter. This methodology does not require any fatigue data
for calibration or for the expressions of the cycles to failure as a function of stress ratio. The
comparison of fatigue life predictions for several stress ratios with a significant amount of
experimental data shows good correlation. However, the assumptions used in this model neglect
the complex progressive damage mechanism that takes place during repeated loading.

1.2 IMPACT DAMAGE ON COMPOSITE STRUCTURES

A study conducted by Dost et al. [33] on the impact damage resistance of laminated composite
transport aircraft fuselage structures empirically determined the relative importance and
quantitative measure of the effect of numerous variables, such as material, laminate, boundary
condition, impactor type, and their interactions. An extensive study conducted on
toughened-epoxy laminates by Dost et al. [34] shows that the damage state and the post-impact
compressive strength behavior of composites is a strong function of the laminate stacking
sequence. A similar study conducted by Sharma [35] shows that strength degradation due to
impact is dependent on the laminate configuration and fiber matrix combination. Also, laminates
with more angle plies near the impact surface and unidirectional plies elsewhere showed
extensive interply and intraply fiber delaminations at failure relative to laminates with a
cross-ply on the impact surface.

Tomblin et al. [36] outlined the philosophy for the damage tolerance certification approach for
sandwich structures with several case studies and identified five major tasks for the damage
resistance and tolerance characteristics of sandwich structures: (1) damage development due to
low-velocity impact, (2) post-impact strength, (3) flaw-growth threshold and damage evolution
under cyclic loading, (4) analytical model development, and (5) full-scale/subcomponent testing
and verification. These experimental observations should be used for developing and validating a
semi-empirical model to predict the damage resistance and tolerance capabilities for a given
sandwich panel configuration. Subsequent research by Tomblin et al. [37] investigated the
effects of several impact parameters on damage resistance and tolerance, detectability of impact
damage using field inspection techniques, and fatigue loading. Further studies by Tomblin et al.
[38] on scaling studies of sandwich structures indicate that residual strength is affected by the
ratio of specimen size to damage size and is dependent on the number of plies in the facesheets.
Furthermore, the studies show that damage development is the dominant energy-dissipation
mechanism and depends on the ratio of the impactor mass to the target mass. Based on an
investigation conducted on honeycomb and foam-core sandwich panels, Raju [39] showed a
strong dependency of the indentation response and the failure mechanism on indenter size and
core type. These studies show that information on both dent depth and planar damage size need
to be included in certification of the composite structure. It is clear that visual inspection



methods can be misleading and that residual indentation cannot be used as a reliable damage
metric for static ultimate-strength and damage tolerance criteria for sandwich structures.

1.3 BACKGROUND FOR CURRENT APPROACH

Based on current safety standards, composite materials are considered insensitive to fatigue
failures. Most previous research efforts in damage tolerance have been focused below the CDT
using fairly small coupons, and therefore, the results obtained have been more conservative.
With the increased use of composite materials in primary structures, there is a growing need to
investigate extremely improbable, high-energy impact threats that reduce the residual strength of
a composite structure to limit load. Currently, this issue is not explicitly addressed in full-scale
substantiation, and no fatigue requirements exist (i.e., only “get home'” loads). To verify that the
structure has sufficient residual strength to sustain the expected in-service loads, once damages
have been introduced, a typical certification program for composite structures is conducted in
two phases. The first phase demonstrates the durability of the structure, and the second includes
a damage tolerance phase into the durability test. Alternately, the damage tolerance phase can be
introduced earlier in the testing with alternative requirements (e.g., rigorous inspection plans or
repair after a certain test duration).

Composite structural test loads are enhanced to reduce long test duration requirements, which are
a direct result of the data scatter observed in composites relative to metals, using the combined
load-life approach proposed for U.S. Navy F/A-18 certification [1], so that the same level of
reliability as for metal structures can be achieved. Compared to the metal static and fatigue data,
composite materials exhibit high data scatter because of their anisotropic heterogeneous
characteristics, such as layup, manufacturing defects and imperfections, test complications, and
environment. To interpret that information in a meaningful manner and to incorporate any
potential effects into the certification of composite structures, the life factor and the
load-enhancement factor (LEF) are two commonly used approaches that require composite
scatter analysis. The life factor approach, which has been successful for metallic structures to
assure structural durability, accounts for the scatter in life data (e.g., S-N, where S is stress and N
is the number of fatigue cycles survived) in terms of the population shape parameter. The life
shape parameter that (often referred to as the modal life shape parameter) is obtained by
analyzing the distribution of the shape parameters that correspond to S-N curves representing
different design details of the structure as described in reference 40. The life factor corresponds
to the central tendency (mean) of the population to the extreme statistics (allowable). The
underlying objective of the life factor approach is to ensure that the design service goal or life is
representative of the weakest member of the population after a specified life in service.
Therefore, a successful repeated load test to mean fatigue life would demonstrate the B-basis
reliability on the design lifetime. The combined load-life approach showed that the life shape
parameters of metal and composites are 4.00 and 1.25, respectively, and they correspond to life
factors of 2.093 and 13.558, respectively, for B-basis reliability [1]. Therefore, because of the
large scatter in the composite test data, a composite structure is required to test additional fatigue

! Loads that the structure has to withstand to safely land the aircraft following a discrete source damage involving extreme cases, such as bird
strike, lightning strike, engine fire, and engine rotor burst, which are obvious to the aircraft crew.



life to achieve the desired level of reliability (i.e., test duration of more than 13 DLTs for
composite in contrast to 2 DLTs for metal to achieve the B-basis reliability).

An alternative to the life factor approach, which requires an excessive test duration, was to
increase the applied loads in the fatigue spectrum so that the same level of reliability can be
achieved with a shorter test duration [1]. This alternate approach, known as the LEF approach,
was derived from combining the life factor and the static factor (ratio of mean to allowable
fatigue strength) at one DLT to form a relationship between the LEF and the test duration. The
static factor is defined in terms of a model static-strength shape parameter (MSSP) that is
obtained by analyzing the distribution of the shape parameters, which correspond to static
strength data sets representing different design details of the structure, as described in reference
40. The formal relationship between the LEF and the test duration provides the flexibility of
conducting a durability test of a composite structure with different LEFs and the corresponding
test durations to achieve the desired reliability. Although the materials, processes, layup, loading
modes, failure modes, etc. are significantly different, most current certification programs use the
load-life factors generated for the U.S. Navy F/A-18 certification program. A detailed scatter
analysis of several composite databases showed that both load and life factors can be
significantly reduced by using strength and life shape parameters generated for materials,
processes, loading modes, and failure modes applicable to a specific structure [40]. However,
guidance for developing these shape parameters is greatly needed.

Although fatigue life is adversely affected by damage (notch), the scatter in damaged
composites, both static and fatigue, tends to decrease due to localized stress concentration. This
is favorable for generating static and life factors and results in lower life factors and LEFs.
Therefore, scatter analysis of coupons in lower levels of testing building blocks can be used to
develop a synergy among the life factor, LEF, and damage in composites. This approach is
beneficial for the damage tolerance phase of full-scale substantiation and minimizes the risks
associated with the introduction of large damage to durability test articles.

Scatter analysis development, applicable to current composite materials and processes using
improved test methodologies, demonstrates lower requirements for the life factor and LEFs.
Introducing damage philosophy into the scatter analysis further reduces these factors. The
probabilistic approach used in the combined load-life approach shows the potential use of
improved shape parameters for estimating the effects of design changes (i.e., gross weight
changes) on DLT. This requires a probabilistic approach to redefine basis (A- or B-basis) fatigue
life requirements set forth in the combined load-life approach to any deviation from the life
(i.e., reduction in life factor due to damage introduction) or load factor (i.e., high spectrum
fatigue loads due to gross weight change). For a full-scale test that was conducted using a higher
LEF or that completed more than the required test duration, this technique can be used to
redefine original design service goals (number of hours equivalent to one life) associated with
the fatigue spectrum.

1.4 OBJECTIVES AND OVERVIEW OF RESEARCH

The key objective of this research was to develop a probabilistic approach to synthesizing the
life factor, LEF, and damage in composite structures to determine the fatigue life of a



damage-tolerant aircraft. This methodology was extended to the current certification approach to
explore extremely improbable high-energy impact threats (i.e., damages that reduce the residual
strength of aircraft to limit-load capability and allow incorporating certain design changes into
full-scale substantiation without the burden of additional time-consuming and costly tests).
Research was conducted in three phases (figure 2):

1. Combined load-life approach
2. Damage tolerance and flaw growth tests
3. Load-life-damage (LLD) hybrid approach
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Figure 2. Overview of research

The first task of phase 1 generated a database of fatigue life data for several composite material
systems that are commonly used in general aviation. The second task in this phase was to add
MSSPs to the database and generate improved LEFs for several example materials. These data
were then used to generate necessary load-life combined data (e.g., full-scale demonstrations
included in the final stage of the research). The improvements in materials and processes and test
methods produced life and load factors lower than the values commonly used in most
certification programs based on the combined load-life approach. Data gathered in this phase
were used to provide guidance for generating safe and reliable load and life factors pertaining to
a specific structure. In addition, a user-friendly computer code that can be used for a scatter



analysis of composites was developed. This code alleviates misinterpretation of any statistical or
mathematical processes during the analysis and provides guidance for selecting different
techniques appropriate for a particular application. The results of this task are included in
reference 40.

Although the composite data scatter for unnotched specimens is considerably high because of the
heterogeneous nature of laminated composites and competing failure modes, the notched or
damaged composite data show significant reduction in the data scatter because of the localized
stress concentration. The primary goal of phase 2 was to capture the effects of damage on the
composite data scatter in the element level and interpret this information in a meaningful manner
for damage tolerance testing of composite structures. During phase 2, the fatigue characteristics
of different categories of damages were studied. These data were combined with data obtained in
phase 1 and were used in methodology development and full-scale validation in the final phase.
When simulating high-energy damage, especially if it is incorporated in the early phases of
testing, care must be taken to control its intensity so as not to exceed the required damage threat
level. In addition, a methodology was introduced to investigate the impact of a large defect on
the POF of the structure during the DaDT phase. This approach can also be used to allot
inspection intervals economically to prevent the unintentional failure of the damaged structure.

The final phase combined data from the first two phases and developed the improved damage
tolerance test methodology, a synergy of life factor, LEF, and damage. This methodology
highlights the reductions in data scatter due to the improvements in material and process
techniques and the test methods of composites, and provides the flexibility of using appropriate
life factor and LEF requirements during different phases of the durability and damage tolerance
testing of composite structure. This methodology further extends the current practice during
damage tolerance certification to focus on the most critical damage locations of the structure and
interpret the structural and load details into the most representative repeated load testing in
element level. The information gained on the residual strength, fatigue sensitivity, inspection
methods, and inspection intervals during element level testing is beneficial to the full-scale test
substantiation. A reliability approach to determine the inspection intervals to mitigate risks of
unexpected failure during phase 2, especially with large impact damage (LID), was discussed in
section 3.4. This methodology was validated with several full-scale test examples of the
Beechcraft Starship forward wings with LID on the front and aft spars (figure 3). Full-scale test
articles were numbered ST001 through ST006. Following static strength close to ultimate load
(no fracture), the aft spar of the STOO1 test articles was impacted and tested in phase 2 by
renaming it STO01(R). The Beechcraft Starship forward wing was designed to be significantly
conservative. Therefore, the Beechcraft design limit load (BDLL) and ultimate loads were
adjusted for the purpose of this research following the three static tests, ST001 through ST003,
using a conversion factor (CF). The adjusted DLLs and DULs are referred to as National
Institute for Aviation Research (NIAR) research limit load (NRLL) and NIAR research ultimate
loads (NRUL), respectively.

The front spar of the forward-wing structure is the primary load path and LID that results in a
decrease of the residual strength to its limit-load was considered Category 3 (CAT3) damage.
The LID that was on the aft spar was considered Category 2 (CAT2) damage and its contribution
to the final failure of the structure was secondary. Table 1 in section 3.1.3 describes the



categories of damage. Several element-level tests were conducted to determine the impact
parameters for inflicting this damage on full-scale structures. The strategic placement of strain
gages around the damage and near-critical areas provided real-time feedback during damage
tolerance tests. The strain data provided information similar to a built-in health monitoring
system and provided details in real time to assess the state of the damage (i.e., whether there is
propagation) and any global effects on the structure due to possible damage growth.
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Figure 3. Full-scale testing outline

2. EXPERIMENTAL PROCEDURE

This section contains a brief description of the test articles, instrumentation, nondestructive
inspections (NDIs), and procedures for a full-scale test program.

2.1 TEST ARTICLE DESCRIPTION.

The Beechcraft Starship forward wing with a titanium leading edge was selected as the full-scale
test article (figure 4). Two left-hand and four right-hand wings were subjected to both static and
fatigue testing, while introducing LID that was beyond what is typically induced during
full-scale test substantiation. The wing box was of graphite/epoxy construction, and the skin and
front spar were constructed of Normex® honeycomb. The aft spar and both root and tip ribs were
constructed of solid laminate. The front spar caps were primarily wound graphite roving to
match the skin thickness.
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Figure 4. Beechcraft Starship forward wing: (a) constraint point of the front spar and
(b) constraint point of the aft spar

2.2 FULL-SCALE TEST SETUP

Static test articles were performed only in cantilever up-bending test configuration. Fatigue tests
were performed with a test spectrum that has both up- and down-bending, while maintaining
shear-moment-torque (SMT) loads. Test articles were mounted upside down and fixed at the root
end to a rigid test fixture. A steel pin that attaches the forward wing to the fuselage was used to
constrain translations at the pin cutout lug located at the root end of the front spar caps (point A
in figure 4), while restraining the ration of the test article (in the horizontal plane) at the aft spar
at the wing root (point B in figure 4).

Load-formers and bonded patches attached to whiffletree assemblies were used to load static
(figure 5) and fatigue (figure 6) test articles, respectively. Each actuator was connected to the test
rig and to the loading fixture through swivel (universal) joints releasing rotational degrees of
freedom to minimize localized bending and unintentional side loads. A static test whiffletree was
attached to the actuator through a steel cable-pulley assembly and the control load cell was
mounted directly to the whiffletree end through a hinge connector. This arrangement reads the
applied load at the whiffletree and eliminates errors induced by the friction of the pulley
assembly.
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Figure 6. Full-scale fatigue test setup—load patches

2.3 LOAD CONTROL SYSTEM

A closed-loop force feedback MTS® AeroST structural test controller (figure 7) with full-range
493.79 digital universal conditioners (DUC) with MTS AeroPro™ control and data acquisition
(DAC) software was used for the full-scale tests. AeroPro software features a powerful arsenal of
test accelerating and optimization tools facilitating a streamlined test setup and execution.
AeroPro helped speed up pre-test diagnostics and post-test analysis by quickly running targeted
queries across large amounts of data to isolate essential information.

12



Figure 7. AeroST Structural Test Controller

2.4 DATA ACQUISITION SYSTEM

The EX1629, a 48-channel high-performance strain gauge instrument from VXI Technology,
Inc., was used to acquire data during full-scale testing. This high-performance DAC system,
which is tightly integrated into MTS AeroPro software, is a standalone DAC platform and has a
modular 48-channel design (figure 8).

Figure 8. The EX1629 DAC System

2.5 INSTRUMENTATION AND STRAIN SURVEYS

Test articles were strain-gaged with quarter-bridge strain configuration, as shown in figure 9.
Because DaDT full-scale tests were conducted overnight, temperature-compensating strain
configuration was used to minimize strain anomalies due to ambient laboratory conditions.
Because only one leg of the Wheatstone bridge (shown in figure 9) is active and the dummy gage
is used only for temperature compensation, this configuration is considered a quarter-bridge
rather than a half-bridge, which would contain two completion (external) strain gages.

13



Strain gage on structure
(mechanical + thermal
strains)

Ruive.
; W——E=
- R
Vixe — O WW-

- R\\:|'<-3
R MWW ——

Temperature
compensating gage
(thermal strains)

R = resistance
V = excitation voltage

Figure 9. Quarter-bridge configuration with temperature compensator strain gage

When using this configuration, the active strain gage was bonded to the structure and exposed to
physical strain, while the dummy (temperature compensation) gage was bonded to a material that
has the same temperature characteristics as the strain gage backing material so that it is isolated
from physical strains. However, because the dummy gage was placed next to the active gage,
they were both exposed to the same ambient conditions. Therefore, the change in resistance due
to temperature changes was automatically isolated from the active gage; that is, only change in
resistance because of physical strain at the active gage is used to determine the strain value. In
addition, the wire lengths were the same for both gages, which canceled the additional resistance
added by the wire-connecting strain gages.

2.5.1 Full-Field Strain Evolution

The ARAMIS photogrammetry full-field strain measurement system, as shown in figure 10, was
used to measure localized buckling in the region of debonds/defects. The ARAMIS [41] is a
noncontact, optical, three-dimensional deformation measuring system. It uses two
high-definition cameras to track translation and rotation of the surface details (object
characteristics) with subpixel accuracy. Surface details are obtained by applying a stochastic
speckle pattern that follows surface displacement during loading (figure 10). The ARAMIS uses
this pattern to recognize the surface structure and uses digitized images from both cameras for
the triangulation of surface details (micropattern) to determine the precise location of each point.
Therefore, this system has the capability of digitizing the precise shape (surface) of the structure
during loading. The first set of coordinates for object characteristics is obtained in the
undeformed stage. After load application, a new set of coordinates (digital images) is recorded.
ARAMIS then compares the digital images and calculates the displacement and deformation of
the object characteristics. The ARAMIS photogrammetry system with a typical stochastic
speckle pattern is shown in figure 10.
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Figure 10. The ARAMIS photogrammetry system and speckle pattern

The ARAMIS is capable of three-dimensional deformation measurements under static and
dynamic load conditions to analyze deformations and the strain of real components. In addition,
this system is able to eliminate the rigid-body motion component from the displacement results.
Therefore, it can be used for specimens that exhibit large displacements. Strain sensitivity of the
system is approximately 100-200 microstrains, and the scan area can be as large as 47 by 47 in.
Full-field displacement and strain data are then used to examine any propagation of the defects
according to the procedures outlined by Tomblin et al. [42], which assess the localized skin
buckling (out-of-plane displacement) around the debonded or delaminated region. The full-field
strain evaluation of compression after impact (CAIl) specimens during static (figure 11) and
fatigue loading was measured using the ARAMIS photogrammetry system.
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Figure 11. Damage evolution of a CAl specimen under static loading
2.6 NDIs

Unlike with a standard certification program, damages inflicted on damage-tolerant, full-scale
articles for this research were more severe (i.e., large CAT2 and 3 damage). Therefore, NDI
requirements for damage tolerance testing require detailed NDIs. NDIs on element tests and
full-scale articles were performed using several techniques:

Through-transmission ultrasonic (TTU)
Ultrasonic flaw detector (pulse-echo)
Pulsed thermography

Tap testing

Impacted elements were subjected to TTU NDIs that generated C-scans to quantify the
planar-damaged areas using image-analysis software (figure 12). Additional inspection
techniques (e.g., microscopy and thermal imaging) were also used for the damage tolerance
investigation.
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Figure 12. The TTU scanning of a sandwich test specimen

In addition to TTU C-scans, test specimens in the test fixture were inspected with the
Sonic® 1200 ultrasonic flaw detector and BondMaster” 1000 hand-held NDI units. The
BondMaster 1000 is capable of resonance, mechanical impedance analysis (MIA), and
pitch/catch mode, and the user can select the method best suited for inspecting a particular
composite structure. The MIA technique, which was used for inspecting test specimens in this
program, measures the stiffness and mass of the material under test and requires no coupling
agents. The output was measured in both amplitude and phase. Both handheld units are equipped
with color displays and provide real-time data.

Noncontact pulse thermographic inspections were conducted. A brief pulse from a
programmable flash lamp that provides a uniform illumination was used to heat the surface of
the test area, while an infrared (IR) camera with a frame rate of 60 Hz recorded changes in the
surface temperature. As the sample cooled, the surface temperature was affected by internal
flaws. Using a thermographic signal reconstruction method, the captured data were converted
into full-field NDI images.

Standard tap testing was used to scan the test articles, and detailed inspections were conducted
using RD3™ electronic digital tap hammer (DTH). This unit consists of a lightweight hammer
containing an accelerometer, which is connected by flexible cable to components and a liquid
crystal display. The DTH supplements the subjective tonal discrimination of the operator, which
is often the case for the standard coin tap or tap hammer test with a quantitative, objective
numeric readout that can be correlated to damage in the structure.
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2.7 FULL-SCALE TEST SUBSTANTIATION

The Beechcraft Starship forward wing was designed with a significant amount of conservatism.
Therefore, the Beechcraft design limit and ultimate loads were adjusted for the purpose of this
research following several static tests using a CF. These redefined limit and ultimate loads are
NRLL and NRUL, respectively. Full-scale tests were conducted to address four different aspects
of the certification of composite structures (figure 3): static, damage tolerance, durability, and
repair.

For durability test articles with impact damage, the original whiffletree locations needed to be
modified around areas of damage so that the load was redistributed without significantly
influencing the overall SMT loads. Because areas of damage induced on the structure were
significantly larger than the ones typically introduced during certification, aggressive NDI and
health-monitoring strategies (sections 5.3 and 5.4), in addition to scheduled inspections, were
used. Once the LEFs were generated and the CF was determined, the fatigue spectrum loads
were generated so that the gross min/max loads preserved the original stress ratios.

2.8 CALCULATION OF LIFE FACTORS AND LEFs

A detailed scatter analysis of the primary composite material used in a Starship forward wing
(AS4/E7K®8) was carried out by Tomblin and Seneviratne [40], using the approach outlined by
Whitehead et al. [1]. The methodologies for obtaining the modal static-strength shape parameter
(MSSP), or ag, and the modal fatigue-life shape parameter (MLSP), or o, when determining the
life factor and LEFs for a particular structural application, is outlined with examples in reference
40. The procedure for obtaining the factors is shown in appendix A. This appendix also includes
tables for A- and B-basis LEFs.

2.8.1 Life Factor Approach

The scatter factor concept, which is the ratio of the lower bound characteristic breaking strength
or repeated life to the design breaking strength or repeated life, respectively, shows the penalty
paid to gain the required reliability at y-level of confidence from a finite sample size [43]. In
terms of static strength and fatigue life, the scatter factor is the static factor and life factor,
respectively. The life factor approach has been used successfully for metal to assure structural
durability by testing the structure for additional fatigue life to achieve the desired level of
reliability. The underlying objective of the life factor is to ensure that the design life is
representative of the condition of the weakest member of the population after a specified life in
service.

18



The ratio of the mean repeated load life to A- or B-basis repeated life is defined as life factor, Ng,
and given by equation 1 [1]:

Ja
N, = F((XLHJ _=In(p) _ (1)
o 3(2[’1)

where:

a, = fatigue-life shape parameter

n = number of articles

p = required reliability at y-level of confidence (p = 0.99 for A-basis; p = 0.9 for B-basis)
x> (2n) = Chi-square distribution with 2n degrees of freedom at y-level confidence

The life factor becomes insensitive to small changes in the life shape parameter beyond a value
of 4, which is considered to be the life shape parameter for most metallic structures. The
composite MLSP of 1.25 in reference 1 lies within the highly sensitive region of life factor
versus shape parameter curve, as shown in figure 13. Therefore, even a small improvement in
fatigue data scatter will result in a dramatic reduction of life factor, which reflects the required
number of test lives to achieve a certain level of reliability in the DLT [44]. The life shape
parameter is obtained from a distribution of shape parameters representing numerous S-N curves
of different critical structural details. Therefore, it is common to have a lot of scatter in the S-N
data of design details that have competing failure modes and less scatter in notched test data due
to stress concentration. Often, the complex state of stress and these competing failure modes,
coupled with other variabilities associated with composites, such as batch variability, porosity,
and fiber misalignments, tend to cause large scatter in both static strength and fatigue life.
Conversely, the stress concentrations in notched composite cause the final failure of the
specimen negating or minimizing the collective effects of the above-mentioned secondary
variables.
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Figure 13. Influence of MLSP on life factor

2.8.2 The LEF Using Scatter Analysis

The objective of the LEF approach is to increase the applied loads in the fatigue tests so that the
same level of reliability as life factor can be achieved with a shorter-duration test. Assuming that
both the fatigue life and residual strength distributions can be described by two-parameter
Weibull distribution, the LEF in terms of test duration, N, is calculated using equation 2a, where
or is the MSSP [1].

Jan
LEF = F(w‘j% M (2a)

o, {Xﬁ (ZH%]}

One of the key features that allows the use of the LEF during certification with confidence is the
formal relationship between the LEF and life factor, which can be simplified in terms of test
duration, N, using equations 1 and 2a:

oL

N. Yo
LEF = (Wj (2b)

This approach applies a combined life factor with the load factor to achieve a compromise in the
full-scale test requirements as well as the load spectrum. Therefore, this approach is also referred
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to as the combined load-life approach. The LEFs are significantly influenced by the MSSPs.
Therefore, improvements in these shape parameters for newer forms of materials that exhibit less
scatter can significantly reduce the LEF. The influence of the MLSPs on the LEF changes as the
test duration increases. For example, as the test duration increases, the influence of the life shape
parameter on the LEF increases. This is understandable, as Ng is only influenced by the life
shape parameter. Figure 14, which shows the outline of this approach and its application to a
full-scale DaDT substantiation of composite structures, is a case where the LEF is applied to the
truncated? spectrum. This approach results in a single set of spectrum loads regardless of the
LEF applied. The loads below the truncation level (prior to applying LEF) do not influence the
damage growth. If the spectrum is truncated after applying the LEF, that will result in the
inclusion of additional loads that would otherwise have been truncated (eliminated) from the test
because they were below the truncation level. When this approach is taken, and if a different
LEF is required for the same test, the test spectrum has to be regenerated to ensure that the
appropriate loads (above the truncation level) are included during the test.

% Truncation level is defined as the high-frequency occurrences with load levels typically below the endurance limit.
Fatigue loads below the truncation level are deleted from the fatigue spectrum, assuming that they do not contribute
to damage growth, to reduce the test duration.
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3. DAMAGE TOLERANCE OF COMPOSITE STRUCTURES

The primary goal in a damage tolerance certification program is to avoid catastrophic failure due
to fatigue, corrosion, or accidental damage throughout the operational life of the aircraft. The
damage tolerance philosophy is well established for metallic airframes, where proven methods
(structural analysis and inspection procedures) and supporting databases exist to detect damage
and to predict crack growth and residual strength. However, damage characteristics, inspection
procedures, analysis methods, and experimental databases are not well enough understood to
apply the damage tolerance philosophy to composite structures, including sandwich construction.
The determination of damage-tolerant characteristics of sandwich panels has been limited in
previous investigations to relatively few sandwich configurations and damage states [45].
Therefore, there has been a growing interest in damage tolerance methodology in determining
the fatigue life of composite structures under repeated loading.

3.1 CERTIFICATION APPROACH

The state of damage within a composite structure is complex and dependent on a number of
variables that define the intrinsic properties of the sandwich constructions and the extrinsic
damage-causing event. Furthermore, barely visible impact damage (BVID), ADL, and CDT are
not clearly defined in terms of a rational damage metric. Traditionally, visual inspection
procedures have been used for detecting damage in composite structures (in-service); therefore,
BVID became a term that was used. The current definitions of BVID are based on the residual
indentation depth, which has been clearly shown to be configuration-dependent and often
misleading. An additional issue is the choice of NDI techniques, which dictates the damage
metric that defines the BVID criterion.

3.1.1 Damage Tolerance Design Philosophy

The general philosophy applied during damage tolerance certification, shown in figure 15,
relates representative damage size to design load requirements. As in the case of metal aircraft,
ultimate strength and damage tolerance philosophies are used to maintain a reliable and safe
operation of composite structures. As shown in figure 15, this philosophy may typically be
described using three distinct regions: (1) BVID, (2) ADL, and (3) CDT.

Nonvisible damage or BVID, or defects that are not detectable during manufacturing inspections
and service inspections, must withstand ultimate flight loads in the most adverse temperature and
humidity environments and cannot impair the operation of an aircraft throughout its DLT. In the
BVID region, it is assumed that the damage may never be discovered during the DLT and must
support ultimate design load. Once damage larger than the ADL is observed, it must be repaired
when discovered. This damage is visible during service inspections and must withstand a
once-per-lifetime load DLL for the specified inspection interval. It is necessary in a damage
tolerance design that service damage in this region be found and characterized using practical
inspection techniques. The CDT region represents a damage state that should be immediately
obvious and found with an extremely high probability using the selected inspection scheme.
Usually, this damage occurs in flight and is apparent to the operator. Under this condition, the
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CDT is executed, and the aircraft must withstand loads specified under limited maneuvers with
and without the pressure necessary for continued safe flight.

Ultimate
Design Fuselage pressure
Load critical structure
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] airplane lifetime
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safe flight
Damage may never I Damage must be Damage occurring
be discovered | repaired when in flight that is
Y discovered * immediately obvious '

Allowable Damage Critical Damage
Limit (ADL) Threshold
(CDT)

Increasing Damage Size

Figure 15. Damage tolerance design philosophy

Figure 16 shows the extent of the impact damage that needs to be considered in the damage
tolerance and fatigue evaluation. Both the energy level associated with static-strength
demonstration and the maximum energy level associated with the damage tolerance evaluation
are dependent on the part of the structure under evaluation and an expected threat assessment.
Obvious impact damage is used here to define the threshold from which damage is readily
detectable and appropriate actions are taken before the next flight.
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3.1.2 Characterization of Impact Damage

The BVID defines the state of damage at the threshold of detectability for the approved
inspection procedure. BVID is the threshold associated with a detailed visual inspection
procedure. Detectable damage defines the state of damage that can be reliably detected at
scheduled inspection intervals. Visible impact damage (VID) is that state associated with a
detailed visual inspection.

Three damage zones are defined in figure 16:

1. Zone 1: Because the damage is not detectable, DUL capability is required.

2. Zone 2: Because the damage can be detected at scheduled inspection, DLL capability is
the minimum requirement for this damage.

3. Zone 3: Because the damage is not detectable with the proposed in-service inspection

procedures, DUL capability is required, unless an alternate procedure can show an
equivalent level of safety. For example, residual strength lower than ultimate may be
used in association with improved inspection procedures or with a probabilistic approach
showing that the occurrence of energy levels is low enough so that an acceptable level of
safety can be achieved.

3.1.3 Damage Categories

Table 1 categorizes damage and defect considerations, with some guidelines for identification
and safety considerations pertaining to such defects in primary composite airframe
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structures [46]. Most certification approaches consider both Category 1 (CAT1) and CAT2
defects. It is not standard practice to demonstrate CAT3 damage in full-scale test substantiation.
Damage tolerance testing in elements, components, and full-scale articles that are included in
this program will address the “fail safety” of composite structures for instances of very low
probability impact damage that may lower the residual strength of the structure to limit-load

capacity.

Table 1. Damage categories and safety considerations for primary composite

airframe structures [46]

Category

Examples

Safety Considerations
(Substantiation, Management)

1—Damage that may go
undetected by field
inspection methods (or
allowable defects)

BVID, minor environmental
degradation, scratches,
gouges, allowable
manufacturing defects

Demonstrate reliable service
life; Retain ultimate load
capability; Design-driven
safety

2—Damage detected by
field inspection methods at
specified intervals (repair
scenario)

VID (ranging small to large),
manufacturing
defects/mistakes, major
environmental degradation

Demonstrate reliable
inspection; Retain limit load
capability; Design,
maintenance, manufacturing

3—O0bvious damage
detected within a few
flights by operations focal
(repair scenario)

Damage obvious to operations
in a “walk-around” inspection
or due to loss of
form/fit/function

Demonstrate quick detection;
Retain limit load capability;
Design, maintenance,
operations

4—Discrete source
damage known by pilot to
limit flight maneuvers
(repair scenario)

Damage in flight from events
that are obvious to pilot (rotor
burst, bird strike, lightning)

Defined discrete-source
events; Retain “get home”
capability; Design, operations,
maintenance

5—Severe damage created
by anomalous ground or
flight events

Damage occurring due to rare
service events or to an extent
beyond that considered in
design

Requires new substantiation;
Requires operations
awareness for safety
(immediate reporting)

3.2 THE LLD HYBRID APPROACH

During full-scale fatigue testing, it is common to use a combination of the life factor and LEFs.
This research proposes the generation of these factors for a specific certification program using
design details, such as materials, layup, and loading conditions, that are related to the
composite’s structure, rather than using the factors generated for U.S. Navy F/A-18 certification
[1]. As shown in references 40 and 44, scatter in the composite data is reduced considerably due
to the improvements in materials, process technologies, and composite test methods.
Furthermore, it has also been shown that the scatter in composite data tends to be less for
notched or damaged specimens [40]. In references 40 and 44, the composite data scatter was
evaluated based on the extent of the damage and related to the definitions in section 3.1.3. When
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a DaDT article is impacted with a certain kind of damage, such as CATS3, the following
assumptions can be made with a high degree of confidence:

. The damaged region becomes the critical location of the structure (i.e., no significant
load redistribution that will drive a different failure mode).
. Imminent damage initiation at this location will cause structural collapse or load

distribution that can be predicted by analysis for subsequent test validation.

The elements or subcomponents that represent the details of the impacted location can then be
tested to obtain a new life shape parameter for that particular structural detail and critical load
conditions associated with the failure mode. The first condition is essential, because the MLSP
that was obtained using the procedure outlined in reference 1 is replaced by the shape parameter
of the fatigue analysis of element or subcomponent tests (i.e., the analysis conducted in section
4.2.3 on impact-damaged elements). The second condition is required, because the failure mode
of the structure is assumed to occur as a direct result of the instigation of impact damage. If there
is load redistribution instead of complete structural failure, then the use of a newly defined life
shape parameter must be superseded by the corresponding life shape parameters of the
subsequent damage state of the structure for the remainder of the test (i.e., if CAT2 damage is
transferred to CAT3 damage as a result of the damage propagation), then the remainder of the
DaDT test requires the use of a CAT3 life shape parameter instead of a CAT2 life shape
parameter. DaDT element or subcomponent tests must be designed to address the expected
outcome. This approach is shown in figure 17 for a full-scale structural test that was initiated
with standard LEFs for the durability phase and then continued using the LLD hybrid approach
for the DaDT phase.
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Figure 17. The DaDT test demonstration with LLD hybrid approach

Based on the design analysis and strain surveys, the most critical locations of the structure are
selected for damage infliction. The impact parameters are then determined to inflict a certain
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kind of damage (i.e., CAT2 or CAT3). This step requires an analysis of the local details, such as
materials, laminate stacking sequence, and critical loading modes. For example, a nonlinear
finite element analysis of the local details with a continuum damage model (i.e., stiffness
degradation due to fiber/matrix cracking and plastic deformation under shear loading, and a
contact algorithm to model surface erosion [element removal] on multiple contact bodies during
impact [i.e., impactor and the contact surface as well as the interior ply interfaces]) can be used
to determine the extent of the damage for a particular impact scenario. Such a detailed model
requires significant computing time and is often extremely sensitive to the mesh density, element
type, input required for the damage model, etc. Therefore, scaled element tests are recommended
where possible, not only to cross-examine the impact parameters prior to impacting the full-scale
test article, but also to validate the nonlinear finite element models. The element test can also be
used for the scatter analysis of a particular damage scenario. Consequently, the LEFs and life
factor corresponding to the selected damage scenario can be calculated for the damage tolerance
phase of the full-scale test.

As shown in figure 17, the LLD hybrid approach focuses on the most critical details of the
structure and interprets the structural and load details into the most representative element-level,
repeated load testing to gain information on residual strength, fatigue sensitivity, inspection
methods, and inspection intervals during full-scale test substantiation. Typically, critical damage,
such as a CATS3, is readily detectible during a short walk-around inspection. From a safety
standpoint, the goal is to focus on the most critical, yet least detectible, damage that may occur
during service. This may be CAT2 or CAT3 damage, depending on the detectability and the
inspection methods that can be practically applied (i.e., a short walk-around inspection or a
scheduled inspection during heavy maintenance).

To demonstrate the application of the LLD hybrid approach, the element test data discussed in
section 4.2 were used, which only considered the effects of impact damage on the fatigue life
scatter; three sets of LEFs were generated with respect to the extent of the damage and combined
with the original AS4-PW LEFs to generate a surface plot of LEFs, as shown in figure 18. First,
the LEF corresponding to 3 DLTs using AS4-PW data was selected but the test was only
conducted up to 2 DLTs. The structure was then impacted with an LID and the corresponding
LEF curve was used to select the LEF for the remainder of the test. The LLD approach
introduces the use of multiple LEFs for a particular composite structure, based on the damage
category (i.e., the use of different LEF curves representing different damage severities).
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3.3 LOAD-LIFE SHIFT CONCEPT

When multiple LEF curves are used for different damage scenarios, a concept called the load-life
shift is used to calculate the remaining test duration on the introduction of the new damage to the
test article. The load-life shift given in equation 3 calculates the remaining test duration based on
the percentage of unsubstantiated design life in the previous test phase:

T
N] :[1‘%)’“5 ®
1

In equation 3, subscripts 1 and 2 correspond to the test phase, and superscripts R and T denote
the corresponding repeated life for a particular LEF and the actual test duration, respectively, to
demonstrate the reliability of DLT. For example, the test duration of the 3 DLTs (N,*) from the
AS4-PW curve corresponds to an LEF of 1.033 (figure 18). The test is conducted for 2 DLTs
(N; ), and the structure is inflicted with the LID. The test duration of 2.5 DLTs (N} ) from the

LID curve corresponds to an LEF of 1.014 (figure 18). Since two out of the three DLTSs required
in the first phase of the test have been completed, the remaining test duration (for phase 2) is

calculated as 0.83 DLT (N, ) using equation 3. Therefore, the total test duration is 2.83 DLTs.

The application of the LID coupled with the LLD hybrid approach not only reduces the LEF
requirements, but reduces the total test duration. If the impact damage is repaired, the remainder
of the test must use the LEFs from the original AS4-PW curve. The load-life shift calculation
must now consider the percentage of unsubstantiated DLT prior to the repair to calculate the
remainder of the test duration.

The impact of the reduction in the life shape parameter on the life factor is clearly demonstrated
in figure 18. Therefore, the test duration/LEF required to demonstrate a certain level of reliability
on the DLT or the remaining test life is significantly reduced. However, the risk of structural
failure because of LID can be significantly increased with the extent of the damage. This is
addressed in section 3.4 in terms of POF and inspection intervals. Once the new LEF that
corresponds to the LID is applied, the spectrum loads of the required test duration can be
analyzed in terms of the POF to ensure that the structure can tolerate them (i.e., either stable or
no damage growth). Inspection intervals can be allotted to monitor the damage state during
testing to avoid unintentional failure during the test, because LID has a high probability of
growth. In the event that a repair of the impacted damage is deemed necessary to prevent
premature failure, then the LEF requirements must be adjusted to reflect the fact that the
structure has been restored back to its undamaged state.

One possible application to the LLD hybrid approach is shown in figure 19 [47]. This example
requires defining ADL and CDT, as well as the necessary inspection interval for damage-tolerant
composite structures. Although current certification requirements do not include the
substantiation of LID like CAT3 and beyond, this approach will help determine load-life
enhancement factors related to such a test article with LID. The extra information obtained from
such an exercise is beneficial for determining the inspection levels to mitigate risks to the
structural integrity as a result of a rare damage threat from a high-energy impact. This approach
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can also be extended to hybrid structures, because the LEF requirement will be considerably less
than the current practice for a composite test article with damage (i.e., an LEF of 1.15 for a test

duration of 1.5 DLTS).
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Figure 19. Application of LLD hybrid approach for full-scale demonstration

This concept has also been used to approximate the retirement life of a component based on the
data available from service history and MSSPs and MLSPs used during the original certification
to generate life factor and LEFs [48]. This approach prevents additional full-scale or large
component fatigue tests that are required to determine the remaining life of the fleet.

3.4 DAMAGE THREAT ASSESSMENT BASED ON RELIABILITY

To ensure that unintentional failure of the structure did not occur when using the LLD approach,
a reliability-based approach was proposed to evaluate the enhanced spectrum for the remaining
test duration after impact resulting in LID. This approach, based on the fundamental reliability
concepts used for both the life-factor and LEF approaches, can be used to evaluate the reliability
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of damaged test articles and determine the necessary inspection intervals so that the damage is
detected before it threatens the structural integrity.

Assuming that the residual strength or fatigue life of a composite structure, denoted by the
random variable x, follows a two-parameter Weibull distribution, the cumulative distribution
function of residual strength or fatigue life can be expressed as:

P(x:a, A) =1—exp{—(%}a} (4)

where A is the characteristic residual strength/fatigue life, and « is the shape parameter that
determines the scatter of the distribution of random variable x. The shape parameter that
corresponds to residual strength or fatigue life is calculated, as shown in reference 40. These
shape parameters estimate the distribution of strength or life of the full-scale structures.
Therefore, the test matrices for determining these parameters must include critical design details
and loading parameters that are representative of the full-scale structure. A, which is also known
as the scale parameter or the location parameter, is calculated as:

A{i-”zdw)r ©

where nq is the number of data points and ng is the number of failures in the data group.
Assuming that the distribution of A follows a chi-squared distribution with 2n degrees of
freedom, and o is known, the lower bound estimate of A with a y-level of confidence [49] is

given by:
%
- ~ 2-n
=A|— 6
A Li(Z-n)} ©

where the probability of the lower bound estimate is shown as:
P(A <A)=y (7

The POF with a y-level of confidence for an applied stress or fatigue life (4g) is shown in
equation 8:

_ A, ’
P(A;) =1-exp —(T] (8)
A
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Given that 4 is the designed stress or fatigue life of a structure, the reliability of the design
(= 1-[POF]) with a y-level of confidence is shown in equation 9:

o

For y = 0.95, A- and B-basis reliabilities are 0.99 and 0.90, respectively. Substituting equation 6
for the lower bound characteristic value in equation 9 and solving for the designed stress or life
or the allowable statistics, 4g, for the desired reliability, R, can be expressed as:

Zn}%‘

10
Z2n) (10)

A, = A { In(R)

For a Weibull distribution with an a-shape parameter, the mean value of the population, 4, is
given in equation 11 with respect to the characteristic value:

A= A-r(“—“j (12)
o

The scatter factor (x), the ratio of mean-to-design (allowable) value, for desired reliability, R,
with y-level of confidence can be expressed as:

(12)

The scatter factor signifies the relation between the central tendency of a data set (mean) and the
extreme statistics (allowables) as the life factor given in equation 1. The scatter factor for fatigue
life and static strength data are referred to as life factor (Ny) and static factor (Sg), respectively.
Solving for reliability, equation 12 yields:

R=expq-— (13)

a+1)]"
1—‘ _
x§(2~n). ( a j
2-n X

and the POF is defined as:

P, =1-R (14)
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Equation 12 shows that the reliability of a particular scatter factor depends on the Weibull shape
parameter, o, of the data set and the degrees of freedom, 2n, where n is the sample size or, in this
case, the number of scaled test articles. Figure 20 shows that the B-basis reliability for DLT is
achieved with scatter (life) factors of 13.6 and 4.7 for MLSPs of 1.25 and 2.00, respectively.
Similarly, the B-basis reliability on DLL is achieved with scatter (static) factors of 1.15 and 1.10
for MSSPs of 20 and 30, respectively, indicating that the typical scatter factor of 1.5 on DUL
(1.5::DLLs) is more than sufficient to demonstrate B-basis reliability for both of these scatter
factors. However, equation 13 does not account for the unintentional deviations from service
load, service environmental effects, and structural response variability. The effects of these
parameters must be evaluated to completely understand the level of safety provided by the static
factor of 1.5.
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Figure 20. Effects of scatter factor on reliability

3.4.1 Cumulative Fatique Reliability Model

In the event of impact damage to a structure that is designed with a static factor of 1.5, the
residual strength is reduced based on the category of the damage, as defined in table 1.
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The reduction to residual strength is denoted by the static-strength reduction factor, d, and the
scatter factor is written as:

g = =5-X 15
~T (15)

where X (=1.5) is the static factor prior to the damage. The POF at a fatigue load segment can be
determined by combining equations 13, 14, and 15 as:

(16)

where )Zi is the static factor for i segment (i.e., ratio of the residual strength and maximum load

at i segment). Also, the initial static factor for a structure is given in equation 17 with the
static-strength reduction factor, &:

X, =8-X (17)

The POF of the structure during a particular fatigue load segment in the spectrum (load
sequence) can now be calculated by summing the POF at each segment up to the current one (ns),
including the current load segment, as shown in equation 18.

P =P, (18)

Because reliability is calculated based on the residual strength degradation or wearout, the
sequencing effects are reflected in the cumulative fatigue reliability (CFR) model. When the
cumulative POF, Py, reaches unity during a load segment in the fatigue spectrum, it constitutes
the structural failure during that load segment as:

P, >1-TR — Failure (19)

where TR is the target reliability. The CFR model is a measure of the state of a structure with
certain damage and a certain number of fatigue cycles, but it is not directly related to the damage
propagation. Information pertaining to the damage propagation and the residual strength
degradation are incorporated into the model through the coupon and element tests (see section
3.4.3).
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3.4.2 Considerations for Application of CFR Model

When applying the CFR model to a structural application, several factors need to be considered
to accurately predict safe and economical inspection intervals and fatigue life. Because of its
robustness, depending on the criticality (i.e., primary load path or redundant structure) and
probability of certain damage threat scenarios related to a structure, the CFR model can be
customized to reduce the amount of test data and computations required to achieve a safe,
reliable, and economical DaDT test validation program and inspection intervals.

3.4.2.1 The MSSP and static factor

For CAT3 damage, the residual strength of the structure will be reduced to its limit load (see
table 1), therefore, 6 = 2/3 and Sg = 1.0. The reliability of the damaged structure can be
determined by substituting a static factor for CAT3 damage in equation 13. Consequently, the
POF at DLL is calculated using equation 14 and is shown in figure 21 with respect to MSSPs. As
shown in this figure, the POF is significantly increased for MSSPs less than 10. The value of the
MSSP obtained using the combined life-load approach was 20 (although it was 32.193 for
AS4-PW material based on the scatter analysis in reference 40). These values result in 17.4%
and 17.8% reliability or 82.6% and 82.2% POF for DLL, respectively.
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Figure 21. The POF for Sg=1.0

As will be discussed in section 4, the static-strength scatter was reduced significantly for damage
tolerance element testing due to stress concentration. Therefore, the reliability of a structure with
CAT3 damage, a population representing less scatter (assume a = 30), was compared with the
traditionally used MSSP (combined life-load approach), ag = 20, and with no impact damage in
figure 22. Figure 22 shows that, although the B-basis (90% with 95% confidence) reliability is
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diminished at DLL, the post-impact reliability of the structure for some operational loads
(simulated by spectrum during the DaDT test) still remains above the B-basis reliability level
(i.e., the B-basis reliability of a CAT3-damaged article [based on o = 30] is still maintained for
operational loads below 91% of DLL, assuming no residual strength degradation).
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£ 06
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8
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Operating Load/DLL

Figure 22. Static-strength reliability at operating loads for a structure with CAT3 damage

Figure 23 compares the post-impact reliability of a CAT3-damaged article from a relatively
skewed population (o = 30) to the reliability of the undamaged structure from a population with
an MSSP of 20 for different operational loads. The B-basis reliability that was maintained for a
one-time load application of 130% DLL is reduced to 91% as a result of the CAT3 damage.
Because CAT3 damage is expected to be detected within a few flights, it can be repaired and the
residual strength of the structure can be restored to DUL.

Note that these reliability calculations do not account for the stiffness degradation or wearout of
structural capacity due to repeated loading and do not compare with the one-time application of
the operational or applied loads to DLL. It is imperative that residual strength degradation
throughout the spectrum is investigated to assess fatigue reliability and, consequently, the POF.
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Figure 23. Static-strength reliability comparison before and after impact

3.4.2.2 Residual Strength Degradation—Wearout Models

To obtain the correct reliability, the residual strength of the structure must be re-evaluated after
each cycle using a residual strength degradation or wearout technique, and the static factor for

the i™ segment, Xi, must be recalculated based on the new residual strength. For a typical
aircraft spectrum, this may result in a significant number of calculations, depending on the
selection of the wearout model. A closer examination of the reliability results for MSSPs of 20

and 30, shown in figure 22, reveals that, for maximum operational loads below 70% and 80% of
limit load, respectively, the POF is negligible.

For load cases that are above the truncation levels, a wearout model is required to evaluate the
residual strength of the structure after each fatigue load cycle. Sendeckyj residual strength
degradation for constant-amplitude fatigue testing can be expressed as a monotonically
decreasing function of the number of fatigue cycles, n;, as shown in equation 20:

S

K
5, =5, ("—) ~C(n, -1 (20)

Ca

where o, is the equivalent static strength, o, is the maximum/minimum applied cyclic stress, o,
is the residual strength, n; is the number of fatigue cycles, and S and C are Sendecky;j fitting
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parameters. Figure 24 shows a comparison of the residual strength degradation of LID fatigue
specimens in section 4.2 (only SL1 and SL3 are shown) based on the Sendeckyj wearout model
and linear loss of residual strength (LLRS) for constant-amplitude fatigue, ny, cycles as

Oy G, |
6, =0, w{Nf(Ga)J n, (21)

where N; (o) is the number of cycles to failure for constant-amplitude fatigue loading at the
maximum applied cyclic stress, oa.
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Figure 24. Residual strength degradation for constant-amplitude fatigue loading

When fatigue failure occurs at the ni" cycle, residual strength is reduced to the maximum applied
cyclic stress, and n; becomes Nt (ca). Thus, Nt (ca) can be solved by rearranging the terms in
equation 20 as:

%
N, (c,) :% (Z—] +C-1 (22)
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As shown in figure 24, when there are no sufficient S-N data to obtain Sendecky;j fitting
parameters, the linear loss of residual strength (LLRS) can be used to approximate
conservatively the residual strength, and N¢ (c,) can be obtained using a graphical method from
the S-N curve. Note that for both wearout equations 20 and 21, fatigue failure occurs when the
residual strength reaches the maximum-amplitude fatigue stress level. Further, the CFR model is
not restricted to those two wearout models, but includes any appropriate model for calculation of
the residual strength after each load cycle. Because these models require a significant number of
calculations and most of the loads in a typical fatigue spectrum are below 80 percent of the limit
load, a simplified approach is proposed in section 3.4.3. Once the residual strength is
determined, the static factor for the i cycle can be written as:

X = (23)

For example, by substituting equation 20 or 21, the scatter factor can be determined. It can then
be substituted into equation 13 to calculate the reliability. Finally, the POF after the
corresponding number of fatigue cycles can be calculated for the applied stress. This exercise
was carried out for LID S-N data in section 4.2. The Sendeckyj model was used to fit the S-N
data. Residual strength as a function of the number of fatigue cycles was calculated using both
the Sendeckyj model and the LLRS. Using the Sendeckyj residual strength, the POF was
calculated and is shown in figure 25. Two stress levels were selected for this simulation: 77.5%
and 61% of a static failure load, which correspond to 10,000 and 800,000 cycles, respectively.
According to the CFR model, the numbers of fatigue cycles corresponding to these two stress
levels at 90% reliability or 10% POF were 9,625 and 799,625, respectively.
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Figure 25. Example of CFR model for constant-amplitude fatigue tests
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3.4.3 Benchmark Application of CFR Model

Because of its robustness, the CFR model can be customized to a particular application to obtain
reliable inspection intervals and to evaluate the reliability of the structure for operational loads.
To demonstrate an application of the CFR model, the Starship forward wing with CAT3 impact
damage on its primary load path, forward spar cap was analyzed.

Fatigue test spectrum loads are typically developed using exceedance curves (appendix C) and
arranged so that several different blocks representing different flight conditions (i.e., maneuver,
gust, etc.) are repeated based on their probabilities of occurrence for a certain mission profile for
which the aircraft is designed. Within a block, there are several subsets of load blocks (SLB) that
are arranged low to high and high to low as shown in figure 26 (each bar in this figure represents
an SLB). These subsets are considered constant-amplitude SLBs that construct the load
spectrum. Therefore, CFR calculations can be significantly reduced by considering these SLBs
rather than each cycle separately. To be conservative, the residual strength at the last cycle in
each SLB is considered as the residual strength throughout that particular SLB.
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Figure 26. Forward wing cycle count per DLT

The next observation is that, except for blocks C and D, all loads were below 80% of the DLL
and represented 99.98% of all cycles within the spectrum. Loads in the block A-M, which
constitutes 89.73% of load cycles, were below the truncation load levels. The S-N data in section
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4.2 confirm that the stress levels corresponding to these loads are below the endurance limit of
LID specimens. Therefore, the residual strength degradation for these loads can be neglected.
The majority of loads in blocks B-M and B-G were below 60 percent DLL, whereas the SLBs
that were above that load level had only a limited number of occurrences within an SLB.
Therefore, the residual strength degradation was extremely small.

The LLRS is an overly conservative wearout model (see figure 24), which only showed 0.3%
residual strength loss at one DLT, and approximately 0.03% and 0.04% of that were due to the
loads in blocks C and D, respectively. Therefore, for the purposes of establishing inspection
intervals and assessing the structural reliability for CAT3 damage, the lower bound estimate of
residual strength with y-level of confidence can be calculated using equation 6 so that this value
can be used throughout the spectrum. For one test article and shape parameters of 20 and 32.193,
the lower bound estimate indicates a reduction of 5.3% and 3.4%, respectively. This reduction
factor results in a residual strength that is considerably less than that using the LLRS and has
significantly less impact on the POF than that from varying MSSPs from 20 to 32.193 (figure
27). These two scenarios predict structure failure during 40,007 and 80,025 cycles, respectively.
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Figure 27. Cumulative POF for Starship forward wing
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3.4.3.1 Determination of Inspection Intervals

The primary objective of establishing inspection intervals is to discover dormant failures as a
result of an accident or degradation, which will eventually threaten the structural integrity, to
mitigate the risk of structural failure. Regardless of the damage threat level, the approach
discussed in the previous benchmark example graphically exemplifies the effects of different
load conditions. A sudden increase in the POF (note that the probability in figure 27 is on a
logarithmic scale) can be attributed to the likelihood of damage propagation; therefore,
inspection levels during testing can be allotted to detect such phenomena. When considering
inspection intervals during operations, it is important to consider a target reliability level and a
probable damage threat so that the inspection intervals can be allotted to maintain the POF under
this threshold. Because the definition of CAT3 damage in table 1 delineates limit-load capability
as a requirement, such extremely improbable, yet easily detectable, damage that defines the CDT
is practical to establish inspection intervals. It is also expected that this critical damage will not
grow before it is detected by scheduled inspection.

Figure 28 shows an example of establishing inspection intervals with a target reliability of 90%
using the CFR model for the load spectrum used for the Starship DaDT testing; 11 possible
incidents cross the target reliability threshold. During blocks C and D, the POF rapidly increases
over 20% and 30%, respectively; therefore, an additional count is added for every 10%
increment. Using this graphical method will alleviate any confusion about whether this sudden
increase in the POF is caused by one cycle or multiple cycles that are not clearly visible because
of thex-scale of the graph. Furthermore, this will reduce the size of the inspection interval for
load spectrums that have multiple high-load segments that increase the POF significantly.
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Figure 28. Establishing inspection intervals using CFR curve for target reliability

The inspection intervals in this example (figure 28) are allotted so that the POF does not increase
more than 10% (reliability = 1-POF). Also, it is assumed that the damage is detected during
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inspections and that the structure is restored to its condition prior to the damage; therefore, the
POF is set to zero prior to calculating the remainder using the CFR model. As shown in figure
28, the smallest interval between two points at which the POF reaches the reliability threshold is
approximately 19,000 cycles. This value is divided by the life factor (e.g., 9.6) to obtain the
inspection interval of 1979 cycles. Conversely, if the total number of cycles in DLT (160,033
cycles) is divided by the number of times that the POF reaches the reliability threshold per DLT
(11, for this example), then 1458 cycles result. Because this is smaller than the previously
calculated inspection interval of 1979 cycles, the latter should be set as the minimum inspection
interval.

If the minimum inspection interval is beyond the cost restrictions or is not practical, the
probability of the occurrence of high loads and a more practical damage threat level can be
considered to reduce the number of inspections required. Regardless of the scheduled inspection
intervals, if an event that is similar to block C or D is experienced or if damage is detected
during a walk around, the structure must be immediately inspected and repaired to ensure
continued airworthiness. This example also shows that the imminent structural failure due to
CAT3 damage, which was approximately 100,000 cycles, was eliminated with scheduled
inspections, and the DLT was re-established.

3.4.3.2 Composite Structures Fail-Safe

Of the three zones in figure 16, only zone 3 has a residual strength requirement that varies with
alternate procedures/the probability of damage occurrence. In either case, any compromise for
residual strength requirements less than the DUL requirement should only be considered when
pursuing one of the options under the damage-tolerant, fail-safe means of compliance.

One example of the use of alternate procedures is for the rare damage threat from a high-energy
blunt impact (e.g., service vehicle collision). Depending on the selected maintenance inspection
scheme, such damage may fall under the category of zone 3. When considering such damage in
the composite structure’s design, it may be shown to be damage-tolerant and fail-safe, even
though the damage is not detectable, based on a very low probability of occurrence. As a result,
the design would have sufficiently high residual strength (e.g., below DUL, but well above the
DLL to ensure safety without detection for long periods of time). If it is further determined that
such impact events usually occur with the knowledge of maintenance or aircraft service
personnel, then alternate procedures may be added to the instructions for continued
airworthiness. For example, advanced inspection methods, which can detect damage from
high-energy blunt impacts, may be used as alternate procedures to minimize the risk of
catastrophic failure for such zone 3 damage.

3.5 THE DaDT TESTS

Previous research efforts [45] concentrated on the areas (shown in figure 15) up to the CDT
using fairly small coupons; therefore, the results obtained are conservative. This research
addressed the damage tolerance design philosophy, within the scope of this program, of
investigating larger damages using larger elements and full-scale subcomponents and
subcomponents.
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To verify that the structure had sufficient residual strength to sustain the expected in-service
loads once damages had been introduced, a typical certification program for a composite
structure was conducted in two phases. During certification of the Starship forward wing,
durability of a minimum quality structure was demonstrated for 1 DLT with an LEF of 1.15, and
then damage was included in the durability test and continued for an additional 1 DLT
(figure 29). At the end of 2 DLTSs, residual strength was demonstrated.
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defects
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Min/Max
spectrum
load

Limit Load
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Figure 29. Starship DaDT certification test

To validate the proposed methodology in section 3.4.1, large CAT2 and CAT3 damages were
explored through several full-scale tests. Damage tolerance element tests were conducted, as will
be discussed in section 4, to investigate the methodology of simulating the damage severities
described in table 1 into full-scale test articles. Once LEF results and damage tolerance element
tests were completed, the LEF required for the LLD hybrid approach that incorporates scatter in
the damage categories into the load-life approach was developed. Full-scale test articles were
impacted at the beginning of the test phase, as shown in figure 30. These tests provided
information related to establishing inspection intervals and the damage tolerance capability of
CAT3 damage.
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Figure 30. The DaDT testing with CAT2 and CAT3 damages

3.5.1 Damage Infliction

Depending on the certification program, the introduction of defects into the full-scale test article
varies either after 1.5 or 2 DLTSs, especially in high-threat and low-probability cases. Some
damages, such as debonds, delaminations, and the simulation of porous details, may require
inclusion during fabrication of the test article.

Several methods are commonly used to produce defects in the full-scale test article. Surface
impact produces internal delamination, core crush for sandwich structures, or puncture damage
at high energies. Edge impact with a sharp object, such as a chisel, produces edge delamination,
which simulates debonds in joints. Cross-head puncture, which produces a cross-shaped defect
with severe delaminations, simulates severe impact or lightning strike damages. Use of a welding
torch to burn surface plies simulates lightning strikes and engine-burn fire damage. Drilling
holes and saw cuts are also commonly used to disrupt the load path in attachment members and
joints.
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Extreme care must be exercised, especially when inflicting large defects, so that the mechanical
means of inflicting damage does not demolish the test article. Procedures must be performed
following finite element analysis and careful investigation of strain gage data from the initial
fatigue test phase. These data, along with manufacturing experience of typical causes for
rejection of parts, help identify the areas where such defects are least desirable and, therefore,
threatening the structural integrity. Information related to the scaling effects of damage is crucial
to identify the necessary energy levels for impact damages, especially in the simulation of severe
damage scenarios, such as CAT3 and above.

For the Starship forward wing, the threshold of detectability (BVID) for impact damage and the
limit load envelope were close. The spar cap on the contact side bends and crushes the web,
which is of a honeycomb construction, and bounces back, unlike a layered composite, because its
construction is similar to a bundle of fibers (see figure 31). Therefore, thick, mostly
unitape-wound spar caps required a significant amount of energy and very sharp impactor
geometry for perforation, as will be discussed in section 5.2.2.
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Figure 31. Damage infliction on Starship forward wing

3.5.2 Progressive Damage Growth

Unlike the process for a standard certification program, damages inflicted on a full-scale article
are more severe (i.e., large CAT2 and CAT3 damages). Therefore, NDI requirements for damage
tolerance testing require detailed NDIs. Signs of internal damage included, but were not limited
to, strain and displacement anomalies, fracture or delamination, relative motion of attachment
members or joints, audible noises, and localized shift or relaxation in the whiffletree assembly.
When these signs were detected, the structure was inspected and observations were documented
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in detail with corrective actions, if any. If a localized disassembly was required for an
unscheduled detail inspection, care was taken not to damage or alter the structure prior to
restarting the test. Standard tap testing was used to inspect the test articles, while detailed
inspections were conducted using ultrasound, the BondMaster 1000, thermography, and RD3
electronic DTH. As shown in figure 32, the NDI techniques described in section 2.6 were used
for detecting damage onset and growth during fatigue cycling as well as failure analysis after
static or residual strength testing.

Ultrazonic

Photozrammetry
Image Correlation

Figure 32. Failure analysis for full-scale testing

4. DAMAGE TOLERANCE ELEMENT TESTS

A detailed damage tolerance element (DTE) study was conducted to determine the flaw growth
and data scatter in damaged composite structures. This study focused mainly on impact damages
and their effects on the extent of the damaged area, residual strength, fatigue life, flaw growth,
and data scatter. The data gathered in this section also provide guidance to scaling of damage
extents for full-scale tests.

4.1 EXPERIMENTAL PROCEDURE

In addition to data included for scatter analysis conducted on AS4/E7K8 plain-weave fabric
material, a total of 72 CAIl specimens and 6 unimpacted (baseline) specimens were tested
(table 2). Stress levels were selected to obtain fatigue failures rather than runouts.
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Table 2. The DTE test matrix

Impact Energy Static
Category of | Damage Level Stress Strength Number of
Damage Definition (in.-1bf/in.) Level (%) Specimens
Ul ul N/A Static 100 6
CAT1 BVID Static 100 6
SL1 80 6
750
SL2 75 6
SL3 70 6
CAT2a VID Static 100 6
SL1 75 6
1500
SL2 70 6
SL3 65 6
CAT2b LID Static 100 6
SL1 75 6
3000
SL2 65 6
SL3 60 6

Ul = Unimpacted; VID = Visible impact damage

The main objective was to evaluate the data scatter with respect to the damage energy level or
damage threat. Test panels were fabricated with a 32-ply quasi-isotropic layup
(i.e., [45/0/-45/90]4s). Test specimens were machined to 6 by 9 in., instead of the ASTM D
7137—the standard test method for compressive residual strength properties of damaged
polymer matrix composite plates—recommendation of 4 by 6 in., to minimize the edge effects of
LID and to leave sufficient material for damage propagation during cyclic loading. Based on
several trial impact and residual strength tests, 750, 1500, and 3000 in.-Ibf/in. impact energy
levels were selected to represent CAT1, CAT2a, and CAT2b damage, respectively. The damage
definitions corresponding to these energy levels were as follows:

. CAT1—Barely visible impact damage (BVID)
o CAT2a—Visible impact damage (VID)
. CAT2b—Large impact damage (LID)

Although these definitions may not have a one-to-one correlation to damages on a full-scale
structure, the information pertaining to the scatter analysis is relevant to a damage structure at its
critical load path (i.e., minimal global load redistribution due to damage). Following the
infliction of the impact damage, residual dent depth and damage extent (using the TTU C-scan)
were measured. During fatigue loading, the damage extent was inspected using a BondMaster
1000 hand-held NDI unit using MIA at several predetermined numbers of cycles. The ARAMIS
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full-field strain and displacement data were also acquired at the maximum fatigue load at these
intervals to delineate the extent of damage. This also allowed for measuring the residual stiffness
or the compliance change of these specimens at these fatigue intervals.

All tests were conducted in a room temperature ambient (RTA) environment. Fatigue tests were
conducted at a frequency of 5Hz with an R-ratio of 5 using the load control mode. For flaw
growth studies, the strain control mode provides more progressive damage data because the
maximum and minimum fatigue loads are gradually decreased as the compliance decreases;
however, fatigue tests in this study were conducted using the load control mode to simulate
fatigue damage on a critical load path that had minimal load redistribution because of loss of
stiffness or compliance (i.e., front spar of Starship forward wing). This control mode maintains
the initial minimum and maximum fatigue loads by increasing the strain (+A;) throughout the
fatigue test, in contrast to the strain control mode that reduces the loads (-Ap) to maintain the
initial strain limits (figure 33). Because of the high sensitivity in strain feedback during fatigue
testing, this control may result in frequent test interruptions due to interlocks set to prevent
overstraining of the test specimen.

Compliance change: Cy < Cy

Load Load
A

Pmax

Pmin

na

[
» »

Strain €min Emax Strain

(a) Load control mode (b) Strain control mode
Figure 33. Load strain response for different test control modes

4.2 THE DTE test results

This section contains the NDI, residual strength, and fatigue life of DTE tests. Incipient curves
during impact and post-impact inspection results are also included. Further, the scatter analysis
of S-N data and flaw growth data are included for these specimens. Figure 34 shows the energy
history for different impact energy levels. The plateau regions depict the total energy transferred
to the specimen.
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Figure 34. Comparison of energy history for different impact energy levels

4.2.1 Post-Impact Inspections

This section contains the NDI, residual strength, fatigue life, and scatter analysis of damage
tolerance element tests. As shown in figure 35, VID was manifested as a large, cross-shaped
back-side damage. Although some of the BondMaster 1000 NDI data followed the cross-shaped
damage, post-impact TTU C-scans indicated mostly circular damage patterns.
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Figure 35. Post-impact damage inspection of DTE test specimens

During the impact event, matrix cracks and fiber breakage resulted in a complex damage
morphology that was difficult to predict, especially for impacts that did not result in complete
penetration. There was significant compressive stress because of contact stress and the resulting
bending moment, which was concentrated at the impact location and resulted in fracture along
the fiber directions of the composite fabric layers. This was evidenced by the cross-shaped
fracture on the back side of the specimens where the outermost fibers were in +45° orientation
(figure 36). The stiffness mismatch in fiber and matrix caused the cracks to form along the fiber
directions during deflection.
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For tape laminates, the damage formed an oblong or peanut shape with the major axis oriented in
the fiber direction [50]. As shown by Tomblin et al. [51], for low-velocity impact damages on
bonded composite joints, because the layup of AS4-PW is quasi-isotropic
(i.e., [45°/0°/-45°/90°],s), these cross-shaped damage zones possibly concentrated in a 45° radial
spacing, along fiber directions, at each layer through the thickness and smaller cracks in
between, resulting in a circular damage shape as observed in TTU C-scans. In addition to cracks,
localized contact stress resulted in fiber breaks and transverse cracks on the first few plies that
resulted in through-thickness cracks of these plies. At these crack tips, where they meet the
lower ply, a high-peel stress was created at the ply interface, which resulted in interfacial cracks
or delamination. Because of the intralaminar matrix cracks along the fiber directions, the
delamination propagated along the fiber directions of adjacent plies. Because the adjacent fabric
plies were oriented 45° apart, the delamination spread in a circular pattern, as is shown in figure
36 (i.e., matrix cracks in adjacent layers coalesce within the small layer of matrix material
between plies). Additional microscopic analysis and three-dimensional NDI data are required to
verify this conjecture.

As shown in figure 37, the damage area increased as the impact energy increased. For
3000 in.-Ibf/in. VID test specimens, a significant amount of energy was translated into large
fractures and significantly large deformation (figure 38); therefore, the rate of increase in the
damage area was reduced. As shown in figure 39, the contact force reached a maximum of
4000 Ibf as the energy level increased, which resulted in a significant perforation, thereafter
reducing the delaminated area in the planer direction.
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Figure 37. Post-impact inspection results for DTE tests
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Figure 40 shows that, compared to BVID, VID showed a reduction of approximately 17% in
residual strength, whereas LID showed a reduction of approximately 29%. The stress
concentration factor (SCF), the stress amplifications in the vicinity of the defect (geometric
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discontinuity), were calculated as 1.55, 1.87, and 2.19, for BVID, VID, and LID, respectively.
These SCFs correspond to a damaged structure, assuming that the post-impact load path has not
significantly changed. The loss of residual strength and post-impact damage inspections showed
that LID specimens were sufficient to mimic CAT2b damage at the element level. Therefore, the
scatter in the CAT2b damage structure was assumed to be represented by the scatter analysis of
the LID specimen, as shown in section 4.2.3.
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Figure 40. Damage area and residual strength results comparison for DTE tests

Figure 41 shows a summary of DTE test data for all three damage categories. The S-N data were
also compared with the Sendeckyj wearout model data. For LID specimens that had larger
perforations than either BVID or VID, the initial stiffness degradation was not as prominent
because the majority of the damage had already propagated through-thickness (initial plateau
region in figure 41). Note that the residual strength and the fatigue life of CAIl specimens tested
in this section were likely affected by the finite specimen width, especially for LID.
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Figure 41. The S-N curves for DTE test specimens

4.2.2 Flaw Growth and Compliance Change

Typically during fatigue loading, specimen compliance gradually decreases, as discussed in
reference 40, primarily because of stiffness degradation in the matrix material caused by
microcracking when a sudden drop in load-carrying capabilities is observed (i.e., when the fiber
failure occurs, the specimen fails). In the case of DTE specimens, the impact damage for the LID
fatigue specimen at SL2 (65%) propagated as shown in figure 42. As figure 42 shows, the initial
cross-shaped damage area, which was delineated by the BondMaster 1000, rapidly grew into a
circular shape. As shown in figure 36, this is due to the coalition of small cracks that were
present (C-scan images), but not detectible to the BondMaster 1000 prior to fatiguing. Although
the damage stopped growing in the load direction (length) after approximately 75,000 cycles, it
grew continuously in the direction perpendicular to the load until final failure (260,091 cycles).
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Figure 42. Progressive damage propagation for SL2 of LID

As shown in figure 43 for SL3 (60%) of LID, the length of the damage remained constant
throughout the test. However, the width of the damage remained contained up to 200,000 cycles
and then increased steadily until final failure at 492,163 cycles. ARAMIS full-field displacement
measurements also confirmed the increase in damage width and significant out-of-plane
displacement after 200,000 cycles. Therefore, the flaw growth threshold for this damage scenario
and stress level was 200,000 cycles. Additional ARAMIS data are included in appendix B.
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Typically, the NDI or full-field displacement/strain measurements are not acquired during a
fatigue test, because they are time-consuming and expensive. However, specimen compliance
can be calculated by simply outputting data during fatigue testing, without interrupting the
fatigue test, and calculating the slope of the load-displacement curve. As shown in figure 44, the
compliance of the SL3 specimen dropped dramatically after 200,000 cycles, confirming the NDI
observations. The SL2 specimen compliance gradually decreased after 50,000 cycles. Therefore,
it was recommended that specimen compliance, especially for notched specimens, be monitored
throughout the fatigue test to better understand the failure mechanism and the damage
propagation.
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Figure 44. Compliance change (normalized by initial compliance) in LID fatigue specimens
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4.2.3 Scatter Analysis of DTE Test Data

The scatter analysis of S-N data shown in table 3 was conducted using individual Weibull, joint
Weibull, and Sendeckyj analyses (figure 45). The latter two are pooled analytical techniques for

calculating the shape parameter of fatigue life distribution.

1000000

Table 3. Scatter analysis results of DTE tests

Static Strength DaDT

Weibull

Analysis Sendeckyj Analysis (o) Weibull Analysis (o)
Damage
Category OR B (psi) | With Static | Without Static | Individual Joint
BVID 45.771 | 36413 1.774 2.234 2.446 2.355
VID 32.222 | 30103 2.182 2.658 2.991 2.779
LID 36.676 | 25776 2.466 2.799 3.272 3.250
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Sendeckyj analysis was conducted with and without static data. For the LEF data shown in
reference 40, life scatter increased when the static data points were included in the analysis. All
four analysis methodologies showed that scatter in fatigue data was reduced as the damage threat
level increased. This was mainly due to the stress concentration caused by the increased severity
of impact damage. The post-impact visual inspections revealed that the probability of detection
of damage increases proportionally with the increased energy level or severity. In a service
environment, these inspections will mitigate the risk of severe damage, such as CAT2b, being
left undetected, and the damage will be found within a few flights. The reduction in scatter,
however, supports the analysis of static strength or fatigue life of a damaged structure using
scatter-based methods and results in fewer repeated load tests to achieve a certain level of
reliability. These items will be further discussed in section 3.4.3, in terms of application to a
full-scale DaDT test article.

5. FULL-SCALE VALIDATION

Figure 3 showed an overview of the full-scale test plan. Initially, several static test articles were
used to determine the ultimate loads and the corresponding limit load for the DaDT tests outlined
in this section. The appropriate CF, along with the LEFs developed in reference 40 for the
Beechcraft Starship material, and design details were used to generate the load spectrum. Unlike
the FAA certification program of Starship forward wing, the defects were introduced to the
structure at the beginning of fatigue tests. The damages introduced to the structure also
represents considerably larger and higher impact damages than those used for the original
certification program. The durability test articles were inspected periodically using conventional
and detailed inspection procedures in addition to monitoring strain anomalies for possible
damage progression.
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5.1 FULL-SCALE TEST PROGRAM

As shown in figure 3, the results from five static and two fatigue tests of the Starship forward
wings were included in this program. These wings were used to demonstrate various means of
compliance, validate the approach for full-scale demonstration based on LEF and Ng as outlined
in reference 40, and validate the methodology discussed in section 3.4.1. Full-scale tests were
planned to address static, damage tolerance, and durability. To reduce the number of tests
required, these tests were planned with some overlap of the above-mentioned three core
categories outlined in figure 3. The outlined test plans for these tests consisted of two stages: (1)
the static with strain survey and damage tolerance phases, and (2) the durability with damage
tolerance and repair phases. Stage 1 included three forward wing static tests to generate
static-strength data for baseline comparison and to accomplish strain surveys of these articles.
These surveys were used to establish the spectrum-loading magnitudes relative to durability
tests. Then, two static articles were tested with CAT2 and CAT3 damage to ensure
residual-strength requirements for damage-tolerant fatigue test articles.

In stage 2, two fatigue articles were tested under spectrum loading with CAT2 and CAT3
damage that was similar to that in the damage tolerance phase of stage 1. CAT2 damage in the
first fatigue article was intended to investigate damage behavior at the ADL and the residual
strength of the structure to sustain expected in-service loads. Such information is crucial for
determining inspection intervals. Test duration was selected based on the calculated LEF and Ng
related to design details of the Starship forward wing. This was done to verify the methodology
presented in reference 40. Further, the construction of this test article demonstrated that the
global failure mechanism is insensitive to damages inflicted on the secondary load path. The
second fatigue test article with CAT3 damage was intended to obtain information pertaining to
the onset of damage growth in a primary load path. This damage was selected as it would
provide vital data for the definition of the CDT and help define the inspection intervals. The
post-impact residual strength of the CAT3 article was close to limit-load capabilities. Therefore,
no LEF was applied to the fatigue spectrum for this article. It was understood that damage would
grow in this article and, therefore, the damage growth was closely monitored.

Real-time data monitoring was crucial to identify damage propagation during the full-scale
DaDT test, especially because large areas of damage were expected to grow. The monitoring
provided instant feedback of the structural response for applied loads and mitigated risks of
unexpected test failures or anomalies that would have been otherwise left undetected. The
strategic allocation of and placement of strain gages for these articles was crucial to achieve this
goal. The strain data provided information similar to a built-in health monitoring system and
provided details in real time to assess the state of the damage (i.e., whether there has been
propagation, and any global effects on the structure due to possible damage growth).

5.1.1 Forward Wing Stations

The Starship forward wing station (FWS) references the center of the attach pin as FWS 19.76.
For data in this report, the FWS is measured along the front spar.
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5.1.2 The NDIs

Strain gages were mounted at critical locations and around damages to detect possible flaw
growth and were periodically monitored throughout the test. The test articles were inspected in
detail (either by removing the whiffletree or by removing the specimen completely from the test
setup) prior to and after each 1/4 DLT of cyclic loading using ultrasound, in addition to periodic
inspections based on strain anomalies around the defect. For initial static testing, full-field strain
measurements were used to monitor the damage containment and propagation.

5.1.3 Conversion of Beechcraft Design Loads to NIAR Loads

Initially, four full-scale static tests were conducted in an up-bending configuration to evaluate
the load-carrying capability of forward wings beyond the Beechcraft-designed ultimate load so
that the baseline loads for fatigue tests could be established. Therefore, for this research, the
NRLL and the NRUL were redefined based on the preliminary static full-scale test data. The
ST001, ST002, and STO03 test articles were tested as is, assuming CAT1 damages (figure 3).
The ST001 was loaded up to 200% of the BDLL and unloaded. Because the strain/displacement
responses were linear, this article was later inflicted with CAT2 damage on the aft spar-top skin
at FWS 45, renamed as STO01(R), and static tested to evaluate structural strength. Initial static
test results, along with strain measurements, are provided in appendix D, and a summary of load
data is shown in table 4. For the first three tests, the first sign of fracture that affected the global
strain responses of the test article was noted based on axial gage A4, which was located on the
upper skin at FWS 34.0 on the aft spar (figure 46). Strain gage diagrams were different based on
the areas of interest in each test article. Details of strain and displacement gage locations are
provided in appendix D.
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Figure 46. Strain gage locations for ST003
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Strain data and post-test failure analysis indicated an initial bondline fracture between the aft
spar and top skin toward the root rib, which resulted in skin buckling around this area. For
STO001(R), the axial gage Al, located on the lower skin FWS 24.8 on the front spar, indicated the
first sign of global fracture. Prior to that, strain gages around the impact damage indicated the
onset of local damage propagation around 9150 Ibf. Although data points were not sufficient to
generate a reliable basis value, Weibull analysis was conducted using rank regression in fracture
loads for fracture data in table 4 (see figure 47), with the understanding that the data were
insufficient to generate reliable basis values. Shape and scale parameters for the Weibull
distribution of fracture loads were 20.977 and 15,472, respectively. Then, the B-basis of fracture
load was calculated using equation 10. The B-basis fracture load is approximately 87% of the
average fracture load for an up-bending load configuration and is presumed to be conservative.
This load is considered the ultimate load for tests conducted in this research (NRUL).
Consequently, the NRLL was calculated as two-thirds of the NRUL, which resulted in a CF of
1.4 to convert BDLL to NRLL (table 5).

Table 4. Load summary for full-scale static strength tests

Load (Ibf)
Test Damage Onset of Damage First Sign of
Article Wing Category Propagation—Local | Fracture—Global | Fracture
STO01 Right CAT1 - 11,091.56 unloaded
ST002 Left CAT1 - 11,304.44 14,640.43
ST003 Right CAT1 - 10,231.09 16,123.50
STO01(R) | Right CAT2 9,149.90 11,627.80 14,694.60

Table 5. The NIAR limit-load summary

Positive Limit | Negative Limit

Moment (in.-Ib) 511,168 -124,431
Shear (Ib) 8,533 -2,212
Torque (in.-1b) -27,090 6,962
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Figure 47. Probability density function and reliability plot for fracture loads

5.1.4 The LEFs for Starship Forward Wing Tests

Table 6 shows a comparison of LEFs calculated for AS4/E7K8 PW Starship material and NAVY
data [1]. The LEF for AS4/E7K8 plain-weave fabric material was first calculated using the
individual Weibull method, which was used for the NAVY’s combined load-life analysis. Next,

pooled S-N data were analyzed using the Sendeckyj wearout model to generate the second set of
LEFs.
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Table 6. Comparison of LEFs for AS4/E7K8 and NAVY

Sendeckyj
Number of (AS4/E7K8)
Test Lives Individual Sendeckyj | +Individual
(N) NAVY | (AS4/E7K8) | (AS4/E7TKS8) | (Adhesive)
1.00 1.177 1.096 1.099 1.102
1.25 1.161 1.066 1.081 1.088
1.50 1.148 1.041 1.066 1.076
2.00 1.127 1.004 1.042 1.058
2.50 1111 - 1.025 1.044
3.00 1.099 - 1.010 1.033
4.00 1.079 - - 1.016
5.00 1.064 - - 1.003
6.00 1.052 - - -
9.00 1.026 - - -
14.00 0.998 - - -
MSSP 20.000 32.193 32.193 32.193
MLSP 1.250 4.056 2.475 1.880
Nr 13.558 2.070 3.431 5.267

Individual Weibull analysis revealed the LEFs and Ng to be unconservative (i.e., the same as
traditional metal life factors, because both fatigue data included in the analysis had significantly
less scatter). However, fatigue specimens were obtained from the same batch of materials, and
only six specimens per stress level were tested. Such data may not be sufficient for individual
Weibull analysis. In contrast, Sendeckyj analysis pooled the test data from all stress levels,
including residual strength data, and created a large sample size. Because forward wing
construction of the Starship included several adhesive joints, both adhesive strength and life
shape parameters (obtained using individual Weibull because of large scatter observed in
adhesive data) were pooled with composite analysis data to generate LEFs and are included in
table 6. For full-scale DaDT testing in this research, the LEFs were used, although the adhesive
data included in the analysis were for a different adhesive than what was used in the structure.

The ST004 DaDT article was tested for 2 DLTs (N = 2), therefore an LEF of 1.058 was required.
However, the test article was run with an LEF of 1.072, which was calculated based on the data
available at the time the ST004 DaDT test was executed. Based on the FAA-LEF data, except for
the DTE test data, the LEF of 1.072 corresponds to a test duration of 1.6 DLTs. This, along with
a CF of 1.4, resulted in a cumulative factor of 1.5 for the fatigue loads.
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5.1.5 Application of LEFs

The LEFs can be applied to the fatigue spectrum in several ways: (1) to 1-g mean fatigue load,
(2) to amplitude (Ag), and (3) to minimum and maximum load. In addition to the LEF, the CF is
an additional factor that was applicable to this research, and these factors were combined to
obtain the cumulative LEF (equations 24-26) in several ways.

P, = :(Load1g )-CF - LEF + (ALAogad j : Ag} (24)
P, = :(Load1g )-cF +(AI‘Ac;ad J.Ag . LEF} (25)
Pomer = {(Loadlg )-CF + [ALAc;ad J : Ag] LEE (26)
Peumutatve = {(Loadl_g )+ (ALA(;ad j , Ag} .CF - LEF (27)

When applying the LEFs to mean fatigue loads, as shown in equations 24-26, the mean load is
offset in either the positive (for positive mean loads) or negative (for negative mean loads)
direction. For cycles with load reversal (stress ratio, R <0), this causes a reduction in load
magnitudes in the opposite loading direction (i.e., shifts the mean load), as shown in figure 48.
Consequently, this alters the damage growth caused by reversible loads to the composite
structure. Furthermore, for higher LEF values, this may convert a tension-compression cycle to a
tension-tension cycle or a compression-compression cycle for positive- and negative-enhanced
mean loads, respectively. Specimen-level data for composite materials show that reversible load
cases (R <0) are critical and have a significantly lower fatigue life than that of tension-tension or
compression-compression (R >0) cases in reference 40. Therefore, to avoid changes to stress
ratios and an unintentional reduction in fatigue damages to the test article, equations 24-26 are
not recommended for applying the LEF to a spectrum loading with negative stress ratios
(tension-compression loading).
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Figure 48. Application of LEF only to mean load

The application of the CF and LEF to both 1-g mean and amplitude, as in equation 37, results in
considerably high loads, but maintains the same stress ratios throughout the spectrum. Therefore,
full-scale fatigue test spectrum loads are generated by applying the CF and LEF (a cumulative
LEF) to the minimum and maximum SMT loads. By doing this, the reversible loads are
enhanced rather than shifted, depending on the sign of the maximum or minimum SMT load, and
the stress ratio is maintained after load enhancement. A comparison of these four methods of
applying the CF (= 1.4) and LEF (= 1.072) to SLBs in the Starship forward wing spectrum is
shown in figure 49 for each load block. During a typical full-scale substantiation program where
the CF = 1.0, equations 26 and 27 become identical and apply the LEF to the minimum or
maximum SMT load. As shown in figure 49, except for the cumulative method in equation 27,
most of the reversible loads were converted into positive shear loads.

73



10,000 -

----e---- Cumulative -Max: Eq. (27) ----#---- Cumulative -Min: Eq. (27)
¢ Moment-Max: Eq. (26) = Moment-Min: Eq. (26) »
Delta-g -Max: Eq. (25) Delta-g -Min: Eq. (25) - FA
¢ 1-g-Max:Eq.(24) = 1-gMin:Eqg.(24) /ll \ A
—— Baseline -Max Baseline -Min 4 5\ e
8,000 A g 4
6,000 -
)
=
@ 4,000 A
[J]
<
n
2,000 4
0
-2,000 -

Figure 49. Comparison of methods for applying LEF to a load spectrum

5.1.6 Fatigue Spectrum Generation

One Beechcraft DLT of the test article is equivalent to 20,000 flight hours (figure 50) and
corresponds to a spectrum of 160,034 full cycles, which includes 1-g and 3-g maneuvers as well
as positive and negative gust conditions. Load-block sequencing in the fatigue spectrum is
shown in table 7 for 1 DLT. To adopt the nomenclature of the LEF according to the combined
life-load approach [1], a fatigue spectrum that is equivalent to 1 DLT of the test article was
considered as one test duration (N = 1). Prior to fatigue loading, the test articles were used to
demonstrate both positive and negative limit loads. At predetermined intervals, durability test
articles were loaded to static positive and negative limit loads to compare possible compliance
changes (i.e., due to stiffness loss or damage propagation).
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Table 7. Load sequence for 1-DLT test

Cumulative

Sequence Loading Block Repetitions | n per Block xn Flight Hours Lifetimes
a Start - — _ _ 0

b Ramp to: NRLL+ 1 — - — _

c Ramp to: Zero 1 — — — _

d Ramp to: NRLL- 1 — - - _

e Ramp to: Zero 1 — - - _

f Ramp for fatigue 1 — — — _

1 Block A-M 25 718 - - —

2 Block B-G 1 146 - - -

3 Block B-M 1 264 - — _

4 Repeat 2 and 3 9 410 - - _

5 Block A-M 25 718 40,000 4,999 0.250
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Table 7. Load sequence for 1-DLT test (continued)

Repetition n per Cumulative

Sequence | Loading Block S Block zn Flight Hours Lifetimes
6 Ramp to: Zero 1 - - — _

7 Repeata - f 1 — — — _

8 Block C 1 16 - - _

9 Block A-M 25 718 — - —
10 Repeat 2 and 3 10 410 — — —
11 Block A-M 25 718 80,016 10,000 0.500
12 Ramp to: Zero 1 - — — _
13 Repeata - f 1 — _ _ _
14 Block D 1 17 — — _
15 Block A-M 25 718 - - -
16 Repeat 2 and 3 10 410 — - —
17 Block A-M 25 718 120,033 15,001 0.750
18 Ramp to: Zero 1 - - — _
19 Repeat a - f 1 - - - _
20 Block A-M 25 718 - - -
21 Repeat 2 and 3 10 410 — — —
22 Block A-M 25 718 160,033 20,000 1.000
23 Ramp to: Zero 1 - - — _

n = Cycle; n = Total Number of Cycles

The Starship forward wing original certification test spectrum [52] was modified for the current
research. This modification included converting maneuver and gust SMT loads at 1-g by the CF
to define new limit and ultimate conditions as discussed in section 5.1.3, and application of the
LEF to the spectrum as discussed in section 5.1.5. The spectrum contained gust and maneuver
load blocks that were repeated several times as recommended [53], with shear-load sequences
arranged from low to high and high to low within each block (figure 51). Blocks A-M and B-M
represent maneuver conditions, and blocks B-G represent gust conditions. Blocks C and D are
torque conditions, where positive and negative Ag loads were calculated based on maneuver and
gust torque conditions, respectively.

Appendix C includes the SMT loads used for the spectrum, with and without LEF = 1.072, after

applying the CF = 1.4. The resultant bending moments and torque for the applied shear loads in
figure 51 are shown in figures 52 and 53, respectively.
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5.1.7 Modified Load Patches

The application of significantly large damages (i.e., CAT2 and CAT3), which are beyond
original certification requirements, resulted in the removal of several load patches around the
ST004 and ST006 DaDT test article damages to accommodate damage growth, make room for
strain gage installation, and minimize localized out-of-plane loads. Such modifications were
performed with caution so that SMT loads would not be severely altered, especially around the
damage area, as shown in figure 54.
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5.1.8 The DaDT Test Results

Both STO01(R) and ST004 test articles were impacted with 225-g-ft-Ib energy impact with a
3-inch-diameter metal sphere to obtain CAT2 damage at FWS 45 on the top skin of the rear spar.
ST001(R) was static-tested to evaluate the structural strength, whereas the ST004 test article was
fatigue-tested with an LEF for 2 DLTs. Following 2 DLTs, ST004 was tested to evaluate residual
strength in the up-bending loading configuration. The STO05 article was impacted with
1000-g-ft-Ib energy using a sharp wedge impactor at FWS 65 at the front spar (top skin) and
static-tested in the up-bending configuration to evaluate structural strength. This energy level
was selected to represent CAT3 damage to the structure, and the location was selected to
investigate the effects of such a defect on the primary load path of the structure. Similar damage
was inflicted on the ST006 fatigue test article. Following impacting, test articles were subjected
to NDI to quantify the damage using ultrasonic and DTH inspection techniques.

5.2 DAMAGE INFLICTION

To obtain CAT2 and CAT3 damages that satisfied the load and visibility requirements shown in
table 1, several trial impact tests were conducted using static-tested forward wings. Because of
the design details shown in figure 31 and the failure mechanism during impact, damaging the
forward wing to satisfy these requirements was challenging. Energy level requirements for both
impact categories were significantly higher than what is typically used during certification
programs. These energy levels were selected after numerous trial tests to satisfy both load and
visibility requirements for each damage category. Even with extremely high energy levels, a
sharp impactor (wedge) was used to penetrate the front spar cap and satisfy visibility
requirements for CAT3 damage.

5.2.1 CAT2 Damage on ST001(R) and ST004

Table 8 summarizes the impact trials conducted to determine CAT2 impact parameters. Based on
the information gathered from these impact trials, damage was inflicted on the aft spar of
STO001(R) with an energy level of 225-g-ft-1b using a 3-inch steel sphere at FWS 45 (figure 55).
For comparison, the durability article ST004 was impacted with a similar energy level at the
same location.
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Table 8. Summary of impact trials to determine CAT2 impact parameters

Mass (Ib) ‘ Impactor Support Energy Level
Location Span Height
Spar (FWS) (in.) (in.) in-lb | ft-lb Notes

Front 126.0 145 Bowling Ball 12 40 580 48 | No visible damage on the surface or on the web

Front 126.0 145 Bowling Ball Steel base 80 1160 97 No visible damage on the §urface; some
fracture along web-flange intersection

Front | 1560 145 | BowlingBall 1 g pase | 110 | 1595 | 133 | NOVisible damage on the surface; some
fracture along web-flange intersection

Front 112.0 31 3-inch Sphere 16 36 1116 93 No visible damage on the §urface; some
fracture along web-flange intersection

Front 106.0 31 3-inch Sphere 16 80 2480 207 No visible damage on the s_urface; some
fracture along web-flange intersection

Front 510 31 3-inch Sphere 16 110 3410 284 No visible damage on the §urface; some
fracture along web-flange intersection

Aft 78.7 31 3-inch Sphere 16 72 2232 186 | Skin fracture + indent (web is not visible)

Aft 547 31 3-inch Sphere 16 79 9932 186 Skin fracture + indent; no damage to web
(close to control surface mount)

Aft 124.5 145 Bowling Ball 16 72 1044 87 | Indent + possible 2.75" fracture in the aft web

Aft 1145 20.5 | Bowling Ball 16 110 2255 188 | Indent + possible 5.5" fracture in the aft web

Aft 102.5 45.5 Bowling Ball 16 72 3276 273 | Indent + possible 8" fracture in the aft web

Aft 89.5 37.5 3-inch Sphere 16 72 2700 225 | Skin fracture + indent (web is not visible)

Front 89.5 37.5 | 3-inch Sphere 16 72 2700 225 | No visible damage on the surface; web fracture

Aft 450 375 3-inch Sphere 16 79 9700 295 Visible damage on surface + fracture in the
web away from the control surface mount

Note: Events are listed in chronological order.
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Figure 55. Damage location on ST001(R) and ST004

Figure 56 shows the visual inspections following CAT2 impact on the ST004 test article.
Damage to the top skin at the contact location and to the aft web was clearly visible. Detailed
post-impact NDI results are included in section 5.3.

82



o

0 e E O A 1Y N T

Figure 56. Visual inspections of CAT2 damage on ST004

5.2.2 CAT3 Damage on ST005 and ST006

ST005 was inflicted with CAT3 impact damage and static-tested for residual strength. The
required energy level and impact geometry were selected based on several impact trials, as listed
in table 9. Previously tested static-test articles ST001 and ST002 were used for the impact trials.
For these trials, 1- and 3-inch-wide wedges (figure 57) were selected as impactors. Even with the
maximum energy level of 997-g-ft-lb, damage to the spar cap was limited to localized surface
damage at the contact line, as shown in figure 58(a), and did not satisfy the visibility
requirements of CAT3 damage. However, there was a substantial amount of fracture and
delamination to the front web, which was not visible until the leading edge was removed (figure
58(b)). In addition to full-scale impact trials, several 24-inch-long specimens were extracted
from the top and bottom spar caps of full-scale static article ST003. These specimens were
damaged either by drilling a hole in the center or by impacting. They were then tested in
four-point bend configuration to evaluate the residual strength compared to the undamaged case.
Details of this test are provided in appendix E.
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Table 9. Summary of impact trials to determine CAT3 impact parameters

Test FWS (Front Mass | Height Energy
Article Spar) Wedge (Ib) (ft) Level (ft-1b)
ST002 1-inch 15 6 90
120.5 1-inch 15 10 150
1-inch 50.5 10 505
3-inch 50.5 15 758
108.5
3-inch 50.5 10 505
ST001 66.5 3-inch 73.3 13.6 997

(a) 1-inch wedge (b) 3-inch wedge
Figure 57. Gravity-assisted drop tower setup for CAT3 impact trial tests

To increase the contact force and drive penetration, the top front spar cap of the ST005 static
article was impacted with a 1000-g-ft-Ib energy level using a machined 1-inch sharp wedge
impactor at FWS 65. This FWS was selected because of the aluminum secondary web that is
located forward of the front spar to stabilize the thick front spar caps from rotating on the thin
web. This secondary web runs from FWS 26.76 to FWS 64.5 and is mechanically attached to the
top and bottom skin overhang (flange) forward of the front spar and leading-edge closeout rib.
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(a) Front Spar (Top Skln) Impact Locatlon (b) Damage to Web Below Impact Location
Figure 58. CAT3 damage results for impact trial tests

An aluminum closeout rib at FWS 64.5 was mechanically fastened to the secondary web, and
bonded to the upper and lower spar caps and front spar web (figure 59). This provided additional
strength in the direction of impact at the contact location (FWS 65), thereby minimizing front
spar web crush, as shown in figure 31. This resulted in penetration rather than springback of the
spar caps (and web crush) that was observed in trial tests conducted on ST002 (table 9).
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Figure 59. Cross-sectional view near FWS 65

A cradle fixture was built with a matching wing profile at supports (figure 60) to rigidly hold the
test article during impact. Unlike the case of trial impacts, this fixture arrangement resulted in
complete penetration, which was clearly visible during a walk-around inspection. A 1.75-inch
hole was drilled on the leading edge using a hole saw to inspect the damage to the front side of
the front-spar web. Based on the law of conservation of energy (and assuming no frictional
effects on the drop-weight guide), the velocity of the impactor assembly was calculated as
approximately 30 ft/sec prior to contact. Figure 61 shows the 1-inch-circular damage on the top
front spar cap of ST005, which was later tested to determine the residual strength under
up-bending load configuration. As shown in this figure, significant delamination and fracture
were observed on the web, especially closer to the upper spar cap. Ultrasonic NDI inspections as
well as DTH tests were performed to delineate the damage extent, and results are included in
section 5.3.
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(a) Gravity-Assiéfea Drop Tower (b) Sharp Wedge Impactor

Figure 60. CAT3 impact test setup for ST005 and ST006
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Figure 61. CAT3 impact damage on ST005 at FWS 65

The DaDT test article ST006 was impacted with the same energy level using the same impactor
at the same location (i.e., the front spar top skin at FWS 65) for comparison purposes. Figure 62
shows the 1.25-in. circular damage on the top front spar cap of ST006, which was tested for
DaDT. As observed on ST005, this impact damage was clearly visible during a walk-around
inspection, and there were significant delamination and fractures observed on the web.
Furthermore, post-impact visual inspection revealed that the lower bottom aft flange of the front
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spar was disbonded, and the bottom skin (opposite the contact location) was delaminated, as
shown in figure 62. Ultrasonic NDIs and DTH tests were performed to determine the extent of
damage and those results are included in section 5.3.
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Figure 62. CAT3 impact damage on ST006 at FWS 65

5.3 THE NDI RESULTS

Several NDI techniques were used to inspect the test articles following damage infliction to
delineate the extent of damage to the structures. Figure 63 shows the NDI results of CAT2
damage inflicted on ST004 prior to cyclic loading. This unit consists of a lightweight hammer
containing an accelerometer, which is connected by a flexible cable to components and a liquid
crystal display. It supplements the subjective tonal discrimination of the operator with a
quantitative, objective numeric readout that can be correlated to fractures, delaminations, or
debonds in the structure. Baseline data were recorded prior to impact using a grid, as shown in
figure 63(b). Because the thickness of the structure changes significantly around the inspection
area, these baseline data were essential for subsequent NDIs (i.e., post-impact and during fatigue
testing) so that the localized relative stiffness change could be measured by isolating the inherent
tonal variations due to thickness or stiffness changes. Initial DTH readings confirmed ultrasonic
A-scan (pulse-echo) inspections. In addition, a Thermoscope Il, a handheld, high-speed IR
camera, was used to track changes in the surface temperature following a brief pulse of a xenon
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flash lamp. As the local structure cooled, the surface temperature was affected by internal flaws,
such as debonds, voids, or inclusions, which obstruct the flow of heat into the structure. Because
of the system’s lack of availability this unit was used only on ST004.
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Figure 63. The NDI results of CAT2 damage on ST004 prior to cyclic load
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Figure 64 shows the NDI results obtained from the Sonic 1200 ultrasonic, the BondMaster 1000,
and the DTH following the CAT3 impact damage on STO0O5 test article. The first two methods
show the localized damaged region, while the latter delineated an approximately 5.5-inch-long
(along the spar cap) and 3.75-inch-wide damaged area. The ultrasonic reading in this area was
weak, but confirmed DTH findings. Conversely, NDI results obtained from these techniques on
STO006 correlated well, defining a 6.5-inch-long and 3-inch-wide damaged area (figure 65).

- F - _" 1' - Sonic 1200
Y. | =¥ { T Ultrasonic results
Al 1 (strong signal)
ris s — i - BondMaster1000 results
- Sonic 1200

Ultrasonic results
(weak signal)
- DTH results

Figure 64. The NDI results for CAT3 damage on ST005

Figure 65. The NDI results for CAT3 damage on ST006
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Although ST005 and ST006 were impacted with the same impact parameters (i.e., energy and
setup), NDI results showed that the resulting damage to the structure was somewhat different.
The visual inspections of the damage on ST005 indicated several large fractures on outer plies in
addition to penetration, while it was primarily penetration in the case of ST006. Although the
amount of energy used to impact these two test articles and the type of impactor used were the
same, such minor variations as frictional energy loss and impact location can influence the
resulting damage and, therefore, the residual strength could be significantly different.

5.4 DAMAGE CONTAINMENT AND PROPAGATION

5.4.1 Quasi-Static Loading

This section contains the static test results for STO01(R) and ST005 articles with CAT2 and
CAT3 damages, respectively. Additional strain and displacement data for both test articles are
provided in appendix D.

5.4.1.1 The ST001(R)—CAT2 damage on aft spar

The strain gage diagram for STO01(R) is shown in figure 66. Several additional gages were
mounted closer to the damage to monitor damage propagation during quasi-static loading.
According to the damage definition, a structure must withstand the limit load with CAT2
damage. As shown in figure 67, CAT2 damage propagation was initiated at approximately 107%
of the NRLL. As shown in figure 68, the strain data adjacent to the impact damage indicate that
the damage propagation was initiated at approximately the NRLL. This strain gage was located
1 in. inboard of the damage boundary and was extremely sensitive to any anomalies around the
damage. These strain data indicate that STO01(R) was able to contain the CAT2 defect up to the
NRLL. The final failure occurred at 172% of the NRLL. Note that the ultimate fracture load for
this article was significantly higher than the NRLL.

Figure 69 shows that, prior to failure, axial strains along both the top and bottom skins of the
front spar were not affected by CAT2 damage on the aft spar of STO01(R). This comparison was
based on strain values observed during the ST002 test article (with CAT1 damage) at the same
load level. Axial strain along both front and aft spars indicated that the anomalies in figure 67
were localized and did not affect the final fracture. This was largely due to the fact that for the
up-bending loading configuration, the front spar, which is significantly stiffer than the aft spar,
was the primary load path. Therefore, for the CAT3 damage configuration, the front spar was
selected.
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Figure 69. Axial strain comparison of STO01(R) and ST002 (172% of the NRLL)

5.4.1.2 The ST005—CAT3 Damage on Front Spar

Figure 70 shows the locations of strain gages for the STO05 static test article. Several additional
gages were mounted adjacent to the damage to monitor damage propagation during quasi-static
loading. As shown in figure 71, during loading of the STOO5 test article, strains in the aft spar
increased gradually. Figure 71 also shows that, inboard of FWS 40, the strain along the aft spar
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was reduced significantly, indicating that the loads were diverted to the steel lug at the end of
front spar. At approximately 60% of the NRLL, there was a gradual strain drop at FWS 66.5 on
the rear spar, which is directly aft of the CAT3 damage, and then an increase in strain toward the
failure. This was primarily due to skin buckling at this location, which may have later resulted in
skin debond. The rest of the rear spar indicated a linear response until failure.
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Figure 70. Strain gage locations for ST0O05 right wing static test article

As expected, damage propagation was noted adjacent to CAT3 damage on the front spar just
prior to failure, following a series of audible cracking noises (figure 72). Unlike the case of
STO01(R), this directly resulted in catastrophic structure failure. The rosette, which was located
2 in. aft of the damage, indicated significant nonlinear strain anomalies after 60% of the NRLL,
causing skin buckling (as noted on the aft spar) and a possible load redistribution due to damage
growth. A similar anomaly was noted from a gage located forward of the damage, but at
approximately 65% of the NRLL, indicating possible damage growth, because this area is
relatively thick; therefore, buckling was not the case. Both gages were located on an axis
perpendicular to the direction of the compressive stress on the upper spar cap caused by the
bending moment. The damage growth occurred in the direction that was expected. All the strain
anomalies on the front spar were limited to the vicinity of the impact damage, because the
remaining gages had a linear response until failure.

Unlike the case of CAT2 damage on the rear spar, CAT3 damage on the front spar had a

significant impact on limit-load carrying capability and failure mode. Failure load (5768 Ibf)
corresponded to 68% of the NRLL, which was 94% of the BDLL.
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Figure 71. Strain evolution on upper skin of aft spar of ST005
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96



5.4.2 Spectrum Fatigue Loading

This section contains the DaDT test results for ST0O04 and ST006 articles with CAT2 and CAT3
damages, respectively. Additional strain and displacement data for both test articles are provided
in appendix D. In addition to the NDI techniques outlined in section 5.3, strain gage data,
especially around the damage, were used as a health monitoring device for the test article during
cyclic loading. Strain data were accumulated from all channels at the middle SLBs of A-M,
B-M, and B-G. Because blocks C and D had the highest loads and only a limited number of
cycles, strain data were acquired during each of their load cycles. Strain data were able to detect
the onset of damage propagation as well as the load redistribution, thereby indicating that they
were more efficient and capable than ultrasonic NDIs in providing information in real time with
minimal interruptions to the test progress. To isolate possible environmental -effects,
temperature-compensation gages were mounted on the durability test articles.

5.4.2.1 The ST004—CAT2 Damage on Aft Spar

Prior to cyclic testing, the ST004 DaDT test article was loaded to positive and negative limit
loads, as shown in table 7. Figure 73 shows the locations of the main strain gages for that test
article. Axial strains from STO01(R) static and ST004 DaDT test articles along the top and
bottom front spar caps as well as the upper skin along the aft spar are compared in figure 74.
Strain data on ST004 were somewhat higher than that of STO01(R). This can partially be
attributed to the fact that STO01(R) is a right wing and ST004 is a left wing, and therefore
required minor changes to the fixture assembly. Furthermore, load-former and load-patch
whiffletree loading assemblies in static and durability testing, respectively, may have caused
some of these discrepancies (see figure 75).

Figure 73. Strain gage locations for ST004 DaDT test article

The ST004 fatigue test article was periodically monitored throughout the fatigue tests. It was
inspected in detail prior to cyclic loading and after each 1/4 DLT of cyclic loading. Periodic
inspections and strain anomalies around the defect were monitored to investigate damage
containment and propagation. As shown in Figure 76, at the beginning of cyclic loading, there
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was a strain drop inboard of impact damage, possibly due to the settling of the structure around
the impact damage during initial cyclic loading. This also resulted in an increase in strain at
FWS 24.8, possibly due to load redistribution. Furthermore, impact damage propagated outboard
between 1.5 and 2 DLTs (figure 76) and then arrested, as shown in figure 77.
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Figure 74. Axial strain comparison of STO01(R) and ST004 prior to cyclic loading
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Figure 75. Full-scale test setup for quasi-static and fatigue loading

During the residual strength test of ST004 after 2 DLTs, a loud, cracking noise was heard at
approximately 155% of the NRLL, and strain anomalies around the damage were noted.
Figure 77 shows that the impact damage rapidly propagated outboard along the aft spar between
155% and 165% of the NRLL and gradually propagated thereafter. Far-field strain gages along
the aft spar did not increase beyond 160% of the NRLL, indicating that the load did not
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redistribute around the damaged area. Therefore, the aft spar reached its maximum structural
capacity. All strain and global displacement data showed several spikes and significant strain
anomalies after 155% of the NRLL, indicating structural failure. Review of video after the test
also confirmed the damage growth revealed by the strain anomalies.
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Figure 76. Damage progression along aft spar top skin of ST004 during DaDT test

Strain data during the residual strength test of ST004 after 2 DLTs are compared with STO01(R)
static test data at 50%, 100%, and 150% of the NRLL in figure 78. Data show that the structural
stiffness of ST004 decayed after 50% of the NRLL, as compared to the data obtained from the
STO01(R) test (i.e., strain data on STO04 were lower than those of STO01(R) after 50% of the
NRLL). This was confirmed by the strain and global displacement data that indicated a nonlinear
response at approximately 50% of the NRLL. Moreover, an audible noise (i.e., a loud pop) was
noted at around 40% of the NRLL, and that may have caused an internal failure, which resulted
in a nonlinear strain/displacement response.
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5.4.2.2 The ST006—CAT3 Damage on Front Spar

For STOO06 fatigue testing, a CF of 1.4 would result in some spectrum loads that were higher than
the load corresponding to the static residual strength of the NRLL (5768 Ibf) with a similar
damage, especially in blocks C and D. Blocks C and D were inserted in the spectrum after 0.25
and 0.50 DLT, respectively. Because the first inspection was scheduled prior to 0.25 DLT, the
damage would be located and repaired in-service, assuming that the structure survived. The
majority of loads, except three center load segments (figure 26) in blocks B-M were below 5768
Ibf. All spectrum loads in blocks A-M and B-G were below 68% of the NRLL. To ensure that
the fatigue loads were below the static failure load of ST005, neither the CF nor the LEF was
applied to the load spectrum. This simulated a composite primary structure that had a CAT3
damage in the primary load path undergoing typical service loads. The load sequence was the
same as shown in table 7, except the periodic limit load checks were limited to 50% BDLL, and
the residual strength test was conducted after block D, just after half of DLT. The inspection
intervals were allotted as shown in table 10 to closely monitor any damage propagation and to
validate the benchmark predictions in section 3.4.3.

Table 10. Load sequence for ST006 DaDT test and inspection intervals

Loading n- Flight Scheduled
Sequence Block Repetitions | Block zn Hours Lifetimes Inspections
a Start - - - - - X
b Ramp to 1 - - - - -
c Ramp to: Zero 1 - - - - -
d Ramp to: 1 — — - - _
e Ramp to: Zero 1 - - - - -
f Ramp for 1 - - - - -
1 Block A-M 10 718 7,180 - - X
2 Block A-M 15 718 17,950 - - X
3 Block B-G 1 146 | 18,096 - - -
4 Block B-M 1 264 | 18,360 - - -
5 Repeat 3 and 4 410 | 20,000 - - X
6 Repeat 3 and 5 410 | 22,050 - - X
7 Block A-M 10 718 | 29,230 - - X
8 Block A-M 15 718 | 40,000 4,999 0.250 X
9 Ramp to: Zero 1 - - - - -
10 Repeata - f 1 - - - - -
11 Block C 1 16 | 40,016 - - X
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Table 10. Load sequence for ST006 DaDT test and inspection intervals (continued)

Sequence | Loading Block | Repetitions | n-Block | =n | Flight Hours | Lifetimes Scheduled
12 Block A-M 10 718 | 47,196 - - X
13 Block A-M 15 718 57,966 - - X
14 Repeat 2 and 3 5 410 60,016 - - X
15 Repeat 3 and 4 5 410 62,066 - - X
16 Block A-M 10 718 | 69,246 - - -
17 Block A-M 15 718 | 80,016 10,000 0.500 X
18 Ramp to: Zero 1 - - - - -
19 Repeata - f 1 - - - - -
20 Block D 1 17 80,033 10,002 0.500 X
21 Ramp to: Zero 1 - - - - -
22 Residual 1 — — - - _

Figure 79 shows the strain gage location for the ST006 DaDT test article. Periodic health
monitoring results using strain gages on the front spar are shown in figure 80. For clarity, this
figure only shows data from the main inspection intervals excluding the data acquired
periodically during fatigue loading. During the first set of B-G/B-M blocks, the axial gage
immediately outboard of the damage decreased, whereas the rest of the strains in the front spar
increased. This indicated that there was a damage propagation outboard of the defects with a
global influence (unlike in the case of CAT2 damage on the aft spar) because the front spar is the
primary load path.
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Note: Numbers in parentheses are located on lower skin
Figure 79. Strain gage locations for ST006 right wing DaDT test article

In addition to the gages on the front spar, both gages that were front and aft of the damage, B6-1
and R17A, respectively, indicated that the stress field around the damage increased during the
first set of B-G/B-M blocks, possibly due to minor damage propagation. This set of load blocks
was not as severe as the ones in blocks C and D, but it had significantly higher repetitions (4100
cycles) than the latter load blocks. Therefore, the damage progressed gradually (as shown in
figure 80) during the first and second set of B-G/B-M blocks, resulting in a minor matrix fracture
that consequently caused localized material degradation (compliance change), but was not severe
enough to be detected by ultrasonic inspection equipment. Blocks C and D had only 16 and 17
cycles, respectively, but significantly higher loads than was the case for B-G/B-M loads, which
caused approximately the same amount of strain increment. Furthermore, ultrasonic equipment
was able to detect damage growth, and visual inspections confirmed damage to other parts of the
structure as well (section 5.5.2).

105



Cycles
01

O7180

017950
320000
022050
H 29230
W 40000

© OO ©O©OM
ADOHO T M
OHOo0O NOOD
ONNON O OO
< <O © © © © ©
EOEEOOEN

| i

I\

|

Al5

|

|

-1600

-1400

-1200 ~

T T
o o
S S
P K

-1000 ~

(uremsouoiw) urens

-400

-200 A

0 iiis

A26 A8

R18A

R16A

A3 A21 A24
Axial Gage
Number of Cycles

A2

100000

10000

1000

= PO U .
ot St Sh o
ol 11 S
[ o \Aﬁ I . S S . B
=
sS4 /7
m g, N I ST S —— gu— [ pE—
[ o _ 1 _ _ » ¢ | v |
< < K
Lo O ~N 0o ¥ © - - - 04 - -
BEE <<
o ,O . ,O (=] (=] (=]
(=} (=] (=] [=] (=] Q
N 5 L «©@ ~ ®

(ureaysouoiw) urens

Figure 80. Strain evolution on front spar of ST006 DaDT test article

Damage growth during B-G/B-M, C, and D was depicted in terms of probability of structural

failure due to the damage progression shown in figure 27. Although this is not a one-to-one
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correlation for the damage propagation or its size, the CFR model shows the gradual progression
of local damage in a linear scale (figure 81), (such as possible matrix cracks observed during

B-G/B-M blocks of fatigue testing of ST006, as well as the global impact of high loads, such as

blocks C and D) on the structure.
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Figure 81. Cumulative POF for Starship forward wing and strain data for ST006 DaDT

After cycling through block D, ST006 was tested quasi-statically to evaluate the residual
strength. Figure 82 shows a comparison of axial strain along front and aft spars of ST005 and



ST006 (before and after fatigue loading). Except for the strain adjacent to the damage, the front
spar indicated a similar strain distribution for all three cases, whereas ST005 static test strains on
the aft spar were somewhat higher than with ST006. The discrepancy of strain data around the
damage can largely be attributed to the difficulties associated with achieving CAT3 damage on a
thick part (such as the spar cap), as shown in figure 31, and minor changes to damage parameters
can significantly change the state of damage in such an article. The residual strength test failed at
95.5% of the NRLL, soon after a fracture propagated through the CAT3 damage, as was
observed during static testing of the ST005 article. Examination of strain evolution on the front
and aft spars (figure 83) shows that the CAT3 damage further propagated outboard, between
80% and 85% of the NRLL, which was significant enough to affect the aft spar at the same FWS.
Strain gage A7, which was located on aft spar at FWS 66.5, indicated a sudden drop at 7039 Ibf,
and a loud, cracking noise was heard from the back side, closer to this gage, possibly due to the
top skin disbonding from the aft spar or skin delamination. At this point, several gages around
the CAT3 damage also indicated sudden changes, possibly due to stress relief and damage
propagation. Although strains inboard of CAT3 damage did not indicate sudden changes, the
R16 gage indicated possible local skin buckling in a 45° direction with respect to the front spar.
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Figure 82. Comparison of axial strains along front and aft spars (36% of the NRLL)
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Figure 83. Strain evolution on front and aft spars during residual strength test after
80,033 cycles

Once the residual strength test was completed, the CFR model was re-analyzed by modifying the
post-impact residual strength (prior to fatigue cycling), so that the LLRS at the end of fatigue
was equal to the failure load (post-DaDT residual strength). Assuming that the residual strength
was reduced to lower-bound limit load, the POF during post-DaDT quasi-static loading for
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different load levels is shown in figure 84. As shown in this figure, when the POF was between
80% and 85% of the NRLL, the load level in which the loud, cracking noise and strain anomalies
were observed during the ST006 post-DaDT residual strength test increased dramatically. Based
on an MSSP of 20 and a post-impact residual strength equal to the lower-bound limit load, the
POF at 82.5% of the NRLL (corresponding to 7039 Ibf) was approximately 24%. It decreased to
4.2% for an MSSP of 32.193 as a direct result of there being less scatter in the data pooled when
calculating MSSP.

Although use of the lower bound limit load for residual strength of a CAT3-damaged article
resulted in an overly conservative fatigue life, it accentuated the loads that can cause damage
when small matrix cracks coalesce to form larger cracks or trigger the onset of propagation of an
existing damage. Therefore, this criterion can be used to determine the inspection intervals
necessary to detect damage prior to imminent failure. This approach can be used as a starting
point and then, based on the probability of occurrence of such a high-energy impact scenario and
the probability of detectability following such an impact scenario, it can be tailored to a
particular structure to address economic concerns.
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Figure 84. The POF for corrected residual strength after block D (80,033 cycles)

5.5 SCHEDULED INSPECTIONS OF DaDT TEST ARTICLES

In addition to the strain surveys discussed in section 5.4.2, periodic NDIs and visual inspections
were carried out for DaDT test articles. In addition to the damage surroundings, visual
inspections on critical areas and heavily loaded areas, such as root lug, test fixture attachments,
and some of the leading edge load patches, were periodically carried out so that the unexpected
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failure of these test articles could be prevented and corrective action, if necessary, could be taken
immediately.

5.5.1 The ST004—CAT2 Damage

At approximately 0.5 DLT, a fastener at FWS 43 that attaches the leading edge to the top spar
cap (flange) indicated pull-through failure and resulted in local skin buckling, as shown in figure
85(a). Because the focus of this test was on the composite structure, the test was resumed. By 1.5
DLTs, this fastener had completely failed through the leading edge. Shortly after completing 1.5
DLTs, fatigue testing of article ST0O04 was halted and was removed from the test fixture to
investigate significant displacements observed around the fixed end of the test article. Although
there was no significant propagation of the impact damage inflicted on the aft spar at FWS 45,
several fasteners along the leading edge indicated pull-through failure (figure 85). Initially, this
was observed only around FWS 43 during up-bending, but several fasteners outboard and
inboard of FWS 43 later indicated fastener pull-through failures and severe leading-edge
buckling around these locations.
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"
(c) 1.5DLTs

Figure 85. Leading-edge fastener-pullout failure (top surface) test article: (a) close-up at
.05 DLTs, (b) close-up at 1.5 DLTs, and (c) overview at 1.5 DLTs

In addition to leading-edge fastener failures, a fracture was observed on the bottom skin
overhang adjacent to the sleeve of the steel lug at the fixed-end (figure 86). Significant relative
(rotational) displacements between the composite structure and the steel lug were observed
during fatigue loading, thereby indicating internal damage to the structure. The test article was
removed from the fixture and inspected for possible fracture on the steel tube or on the
composite structure. Once the lug was removed from the ST004 fatigue article, several fractures
and hole damages were noted, as shown in figure 86. Top and bottom flanges of the root rib were
disbonded from the skin closer to the lug area. Further inspection revealed that the backside of
the root rib was still attached to the skin and, therefore, no repairs were performed. Moreover,
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the fastener holes located at the web to attach the main lug, skin, and surface fractures were
noted, but they were not repaired. Furthermore, the leading-edge fastener-pullout failed sections
were left unrepaired. A fastener hole adjacent to the sleeve was damaged during lug removal and
repaired using Hysol® EA 9394™ paste adhesive and chopped fibers (figure 87).

Top skin — root rib flange debond

Bottom skin
overhang
fracture near
sleeve

Surface fracture of bottom spar near sleeve
area (opposite side of skin fracture)

Bottom skin — root rib flange debond

Hole

. delamination

Figure 86. Damages noted on ST004 fatigue article after 1.5 DL Ts
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Figure 87. Hole repair after 1.5-DLT inspections

The lug area and the web closer to the lug were further inspected using ultrasound and a DTH,
which found no evidence of failure or delaminations other than the damages shown in figure 86.
Therefore, the test article was mounted back in the test fixture, and cyclic loading was continued
until 2 DLTs. Positive and negative limit-load tests revealed no evidence of compliance change
or significant strain anomalies.

An inspection of ST004 following 2 DLTs of cyclic loading noted a leading-edge
fastener-pullout failure on the bottom skin that spread from FWS 64 to FWS 85 (figure 88). In
this area, no damage to the composite structure was found. Furthermore, the bottom skin fracture
near the sleeve grew approximately 5 more inches between 1.5 and 2 DLTs of cyclic loading.

To minimize the risk of damaging strain gages around the damage, DTH readings were taken
only on the colored areas in figure 89. DTH inspections revealed that the initial damage grew
along the red areas. Blue sections indicate minor stiffness degradation, possibly due to fracture
or microcracks. Green sections indicate no growth. Figure 89 also indicates that the damage area
continued to grow until 2 DLTs. Neither standard tap test nor ultrasonic inspections were able to
detect these anomalies.

Figure 88. Leading-edge fastener-pullout failure (bottom surface) after 2 DLTs
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Figure 89. Damage propagation of ST004 DaDT article—DTH
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5.5.2 The STO06—CATS3 Damage

Because the CAT3 damage on the primary load path of ST006 was expected to grow before
reading 0.25 DLT (as shown in figure 27) and the fatigue loads were closer to the failure load of
STO05 that was impacted with a similar damage, the inspection intervals were shortened and
fatigue testing was conducted by closely monitoring the strain gages and conducting frequent
NDIs and visual inspections. Although the strain anomalies were detected during B-G/B-M load
blocks (see section 5.4.2.2) and creaking/popping sounds increased, neither visual nor ultrasonic
inspections detected any changes to the damage boundary delineated prior to the test.

Inspections following block C indicated that the leading edge at the root separated from the
bottom skin (figure 90). In addition, the squeezed-out adhesive at the attachment doubler located
at the root end of the aft spar disbonded from the close-out rib. Strain anomalies around this
region (gage R3) also confirmed a sudden strain drop after block C, thereby confirming a local
failure/load redistribution. Furthermore, ultrasonic NDI results indicated possible damage
progression along the FWS across the CAT3 damage (figure 91). Red and black markings
indicate the damage boundary prior to fatiguing and after load block C, respectively. This
confirms the explanation given in section 5.4.2.2 for strain anomalies around CAT3 damage.

Figure 90. Visual inspection findings after load block C (40,016 cycles)

116



Damage
growth

Damage

growth

Figure 91. Ultrasonic NDI results after load block C (40,016 cycles)

No significant damage was detected until after load block D when the damage noted in figure 90
increased (as shown in figure 92). Furthermore, the leading edge indicated that local buckling
between rivets on both the top and bottom sides ruptured the filler material that was applied
closer to the root end between the periphery of the leading edge and skin.
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Local buckling of leading edge between rivets
ruptured filler material (orange color)

Figure 92. Visual inspection findings after load block D (80,033 cycles)

5.6 POST-TEST FAILURE ANALYSIS

Once the static and residual strength tests were completed, detailed post-test inspections, along
with video and strain gage data, were used to evaluate the failure mechanism of each Starship
forward wing. In addition, a DTH was used to determine the fractured areas with respect to the
untested forward wing.

5.6.1 Static Test Articles

Both static test articles, ST002 and ST003, indicated similar failure mechanisms and fracture
surfaces (figure 93). Visual inspections and tap tests showed the following:

. Widespread upper-skin fracture, leading-edge permanent buckling (yielding), and skin
debond/delaminations between FWS 51 and FWS 76
. Upper skin debond around rear spar toward root end

118



Lower skin fracture along aft spar
Multiple skin delaminations and fractures toward root end

(b) The ST003

Figure 93. Post-test visual inspections
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Once the leading edge was removed, severe damages to the web and front-spar flanges were
noted, especially around the outboard closeout rib of the aluminum secondary spar (figure 94).
This close-out rib and aluminum spar were also severely deformed because of high brazier loads
due to wing-box bending [54]. Flexural stress on the front web because of bending resulted in
45° fractures (see figure 94). After sectioning the test article around these stations, it was
determined that the top and bottom spar caps were intact with no fractures.

Figure 94. Post-test inspections of ST003 on removal of leading edge

Figure 95 shows primary damage locations delineated by DTH inspections of ST002 and ST003.
A major fracture on the top skin indicated that the skin fracture initiated because of shear
buckling (45° alignment). Results also indicated that top-skin delamination of the aft spar toward
the root end may have been due to mode I or pullout loading that resulted from torsional
buckling of the top skin. Based on DTH data, damage to the bottom skin was limited to the area
directly under the major fracture on the top skin and closer to the root end of the aft spar.
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(b) The ST003

Figure 95. Post-test DTH results overlay
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Strain gages of ST002 on the rear spar toward the root end (A4) indicated a sudden decrease in
strain followed by an audible noise, indicating initial disbond/delamination at approximately
11,275 Ibf (see figure 96). A video captured during testing also indicated significant skin
buckling and twisting of the structure at approximately 14,000 Ibf and notable aft skin
disbonding at approximately 14,600 Ibf. The strain anomalies indicated that the disbond started
from the root and propagated outboard toward the failure. The first major failure, which was not
related to the skin delamination, occurred just outside the elevator attachment hinge bracket at
FWS 52.7 because of compressive loads on the top flange of the aft spar. Following that, the aft
web continued to be crushed as the load increased. Consequently, the article started twisting as
the aft lost its load-carrying capability. Immediately following this, the major fracture occurred
as the load redistribution caused the front web to fail under increased brazier and torsional loads.
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5.6.2 The CAT2 Damage on Aft Spar—ST001(R) and ST004

The primary failure mode of STO0O1(R) and ST004 was the same as for ST002 and ST003
(i.e., aft web crush due to brazier loads causing rotation, which resulted in higher brazier loads
and torsional loads on the front web followed by shear buckling). However, there were no major
fractures that propagated across front and aft spars in either ST002 and ST003. Instead, a large
diagonal delamination propagated instantaneously across CAT2 damage following a loud,
cracking noise (figure 97). Based on the videos and strain data around the damage, this occurred
at 13,330 Ibf (167% of the NRLL) for STOO1(R), and at 13,370 Ibf (157% of the NRLL) for
ST004 during residual strength after 2 DLTs.

Figure 97. Diagonal delamination across CAT2 damage on aft spar after 160%
of the NRLL

Visual inspections after residual strength tests revealed no indication of apparent fractures in
addition to post-impact and post-DaDT damages for STO01(R) and ST004, respectively.

5.6.3 CAT3 Damage on Front Spar—ST005 and ST006

Both ST005 and STOO06 test articles with CAT3 damages on the front spar failed (figures 98 and
99, respectively), which followed skin delamination at the trailing edge just outboard of the
elevator attachment hinge. The video showed that, prior to failure, the skin underwent
compression buckling rather than shear buckling mode, which had been observed during
previous tests (sections 5.6.1 and 5.6.2). It also indicated that the primary failure was initiated at
CAT3 damage. This was expected, because the CAT3 damage creates a significant stress
concentration around the damage. Furthermore, damage to the front web below the CAT3
damage resulted in a significant reduction in flexural strength of the front spar. Once the top spar
cap fractured across the damage instantaneously, the aft spar failed and a major crack formed
across FWS 66.5. As shown in figure 98, damage was primarily across the region delineated by
ultrasonic inspections, trailing-edge delamination, and leading-edge buckling around FWS 66.5.
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Also, both front and aft webs and top flanges across this region indicated severe fracture and
delamination due to compressive loads.

I
Elevator
;" attachment hinge

(c) Top view

(d) Bottom view

Figure 98. Ultrasonic and visual post-test inspections of ST005
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Figure 99. Post-test visual inspections of ST006 DaDT test article after residual
strength test

5.7 SUMMARY OF FULL-SCALE TEST VALIDATION

Table 11 includes a summary of shear loads for full-scale static and residual strength tests of
Starship forward wings. Based on initial full-scale static testing, a CF of 1.4 was established to
convert Beechcraft design loads to the NIAR research loads. The STO01(R) static test article
with CAT2 damage on the top skin of the aft spar at FWS 45 indicated no growth until the
NRLL. Detailed investigation of strain data, videos, and post-test inspections revealed that the
compressive loads were responsible for the failure of the aft web, which was damaged during
impact testing. Following the impact tests, and after NRUL, a long delamination formed
diagonally across the CAT2 damage because of shear buckling and increased mode | stress.
Subsequently, the rotation of the article increased the torsional loads, and redistributed loads
increased the brazier loads on the front web, just outboard of the secondary aluminum spar (in
front of front spar), causing that to fail as well.
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Table 11. Summary of shear loads for full-scale tests

Significant Damage| Onset of Strain
Final Fracture Growth Anomalies
Static |[Residual| Static | Residual | Static | Residual
Damage Test Test Strengt|Strength|Strength| Strength | Strength | Strength
Category | Article | Configuration | h (Ibf) | (lbf) (Ibf) (Ibf) (Ibf) (Ibf)
CAT1 |STO01 | Static — - - - 11,092 -
ST002 14,960 - 14,640 - 11,304 -
ST003 16,123 - - - 10,231 -
CAT2 |STO01(R)|Static 14,695 - - - 11,628 -
ST004  |Fatigue - 16,982 - 14,631 - 13,230
CAT3 |STO05 | Static 5,768 - - - 5,121 -
STO006 Fatigue - 8,145 - - - 6,825

Cyclic testing of the DaDT test article with CAT2 damage for 2 DLTs with LEF = 1.072
indicated no significant damages to the composite structure, although there were several fastener
pull-through failures in the leading edge. The LEF was based on the materials used for the
construction of the forward wing and was considerably lower than that based on the combined
life-load approach. Furthermore, in addition to the LEF, spectrum loads were multiplied by
CF = 1.4, resulting in a cumulative LEF of 1.5. Standard tap testing revealed no growth, but
DTH data and strain anomalies indicated minor damage growth after 1 DLT. The post-DaDT
residual strength test of this article indicated nonlinear strain/displacement anomalies and an
audible cracking noise at approximately 40% of the NRLL and final failure at approximately
157% of the NRLL. Therefore, the ST0O04 DaDT test article demonstrated ultimate load
capability after a required test duration with an LEF based on the approach outline in section
5.1.4. Based on the scatter analysis of the VID element test results and the LLD hybrid approach
(figure 18), it was found that the required test duration for an LEF of 1.072 corresponds to 1.35
DLTs.

To disrupt the primary load path by creating CAT3 damage, the front spar of ST005 was
impacted. Catastrophic failure was observed at 68% of the NRLL (just above 95% BDLL),
indicating that this damage was more severe than typical CAT3 damage. For comparison
purposes, the STO06 DaDT test article was impacted with similar impact parameters at the same
location and was cyclic-tested. Based on the residual strength after impact, the CF = 1.4 resulted
in spectrum loads that would be higher than the residual strength of this article. Although the
scheduled inspections would occur prior to these high loads, for the fatigue spectrum of the
STO006 DaDT article, the CF was not applied to ensure that the maximum fatigue load was below
the post-impact residual strength. The inspection intervals were designed with a target
(minimum) reliability of 90% (i.e., the inspection intervals were allotted prior to the POF of a
structure with CAT3 damage reaching 10%). Strain anomalies and periodic inspections
confirmed the CFR predictions for damage growth, in terms of the POF. Quasi-static testing
conducted after 0.5 DLT of ST006 indicated that the post-DaDT residual strength of the article
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was approximately 95.5% of the NRLL. This was more than 40% higher failure load than that
for the STOO5 static test article with CAT3 damage. This was probably due to the sensitivity of
the impact response to a minor variation to the impact parameters and impact location. As shown
in the detectability versus the impact energy chart in figure 31, a small increase in the impact
energy level can significantly affect the limit load capability of the structure. Furthermore, a
minor variation to the impact location can significantly alter the structural response due to
changes in stiffness characteristics and boundary conditions. This shows the difficulties and risks
associated with the infliction of CAT3 damage on test articles and illustrates the need for
detailed analysis prior to damage introduction.

6. CONCLUSION AND RECOMMENDATIONS

The primary objective of this research was to develop an approach to synthesizing the life factor,
LEF, and damage in composite structures to determine the fatigue life of a damage-tolerant
aircraft. The methodology proposed in this research extends the current damage tolerance test
approach and provides information necessary for defining inspection intervals for composite
structures by studying the effects of extremely improbable, high-energy impact damage.

The research was completed in three major phases. First, the effects of generating LEFs based on
the most critical design details of a composite structure in coupon level was interrogated. The
approach for obtaining the MSSP and the MLSP to calculate the LEFs for different test durations
was investigated in detail using static and fatigue test data, respectively, for several different
composite material systems. Second, the process of scaling different impact threats in a full-scale
structure down to a representative element level was discussed. It was shown that the scatter in
notched (damaged) composite test data was significantly lower than that of unnotched
composite. Such improvements in fatigue life-shape parameter can significantly reduce the life
factor. However, the life factor becomes insensitive to small changes in the life-shape parameter
beyond a value of 4, which is considered to be the life-shape parameter for metal. The composite
modal life-shape parameter of 1.25, which was used for the combined load-life approach, lies
within the highly sensitive region of life factor versus shape parameter curve; therefore, even a
small improvement resulted in a dramatic reduction of life factor, which reflects the required
number of test durations to achieve a certain level of reliability in the design life. The main goal
in the first phase was to perform the scatter analysis to support the durability testing of a
damage-tolerant, full-scale test article with large damages. The analysis in this step forms the
supporting data for the load-life-damage (LLD) hybrid approach that can be applied to a
full-scale durability test article during the damage tolerance phase. Finally, several full-scale
tests were conducted by combining the LEFs developed in the first phase and the scatter analysis
conducted on damage tolerance element tests in the second phase to validate the LLD hybrid
approach for determining the fatigue life.

6.1 THE LLD HYBRID APPROACH FOR FULL-SCALE SUBSTANTIATION

Typically, the load spectrum of a full-scale test article is truncated by eliminating the segments
with stress levels below the endurance limit. To further reduce the required test duration to
achieve the desired level of reliability on the design lifetime, life factor and LEFs are combined
and applied to the truncated load spectrum. In addition, for the RTA test, environmental factors
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should be applied to the truncated spectrum to account for the environmental effects on
composite materials. When applying these factors, the stress ratio of the original spectrum and
the expected failure mode must be preserved, and the final loads must be below the static
strength to avoid unintentional failures. When damage is introduced to the structure, care must
be taken to prevent unintentional failures. If the damage region becomes the critical location of
the structure (i.e., without significant load redistribution that will drive a different failure mode),
and imminent damage instigation at this location results in the structural catastrophic failure or a
load redistribution that can be predicted by analysis, the scatter analysis can be conducted on
elements that represent the critical location with an equivalent damage (e.g., LLD) approach.
Specimen design and the loading mode for such an exercise has a direct impact on the fatigue
test results and the data scatter; and rigorous NDI techniques may be required to monitor flaw
growth (i.e., finite-width CAI specimens that are fatigue-tested in load control test mode will
represent damage on a critical load path with no load redistribution due to damage growth). The
new life shape parameter can be used to calculate the life factor corresponding to the structure,
given that the above-mentioned conditions are met. Because of the notch sensitivity of
composites, their life scatter is reduced as the impact energy level is increased. Therefore, the
LLD approach, in most cases, will result in a lower life factor and LEF requirements compared
to the values obtained from the original MSSP and MLSP of the structure. In the event that a
repair of the impacted damage is deemed necessary to prevent premature failure or that damage
propagation resulted in a load redistribution predicted by analysis, the LEF requirements must be
adjusted to reflect the fact that the structure has been restored to its undamaged state.

6.1.1 Load-Life Shift

The LLD approach introduces the use of multiple LEFs for a particular composite structure,
based on the damage category (i.e., the use of different LEF curves representing damage
severity). The load-life shift calculates the remaining percentage of the DLT to be substantiated
after completing a certain number of repeated lives with respect to the required repeated lives for
the corresponding LEF. Once the test article is inflicted with damage, the remaining test duration
is calculated by multiplying the required repeated lives that correspond to the new LEF and the
above-mentioned percentage of design life. The example discussed in this paper showed that this
approach not only reduced the LEF requirements for a test article with a large area of damage,
but also reduced the remaining test duration as a result of the reduction in the data scatter of
notched (damaged) composite element test data.

6.1.2 Determination of Inspection Intervals Using the CFR Model

To prevent the unintentional failure of a damaged article during DaDT testing, especially when
investigating extremely improbable high-energy impact threats that reduce the residual strength
of a composite structure to its limit load, rigorous inspection intervals are required. The POF of
the damaged structure for the enhanced spectrum loads can be evaluated using the CFR model
proposed in this research. The information obtained from this model can also be used to allot
economical and reliable inspection intervals to detect the extent of damage prior to imminent
failure or unstable propagation that threaten the structural integrity. This approach can also be
extended to determine the inspection interval during service based on target reliability and CDT.
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6.2 FULL-SCALE TEST SUBSTANTIATION

The first three full-scale static tests were conducted to determine the ultimate strength of the
Beechcraft Starship forward wing structure. It was determined to be 1.4 times the DUL,;
therefore, the load spectrum of the ST004 durability tests was multiplied by a factor of 1.4 prior
to applying the LEF. The static residual strength test of the test article, STO01(R), with CAT2
damage on the aft spar, indicated that the damage grew just after the newly defined ultimate
load. There was significant whiffletree shifting, and the test was aborted.

6.2.1 Validation of LLD Hybrid Approach

The LEFs developed based on the critical design details of a Starship forward wing were
significantly lower than the LEFs developed for F/A-18 certification (NAVY approach). The
scatter analysis of damage tolerance element tests showed that the initial LEF requirements can
be further reduced by introducing LID to the test articles. Full-scale test validation of the LLD
approach that was carried out using the Starship forward wing DaDT test article, with CAT2
damage on the aft spar, demonstrated no significant fatigue damage to the composite structure or
no significant damage propagation that could be detected by standard NDI techniques. The strain
anomalies indicated minor damage propagation, which was later arrested, between 1.5 and 2
DLTs. Based on the scatter analysis of visual impact damage element test results and the LLD
hybrid approach, it was found that the applied LEF of 1.072 corresponds to a required test
duration of 1.35 DLTs. However, the DaDT test was conducted for 2 DLTs, and then the
post-DaDT residual strength was evaluated. The test article demonstrated ultimate strength
capacity during a post-DaDT residual strength test. These data showed that the damage growth
occurred after satisfying the repeated load requirements according to the LLD hybrid approach,
and the minor damage growth on the secondary load path (aft spar) did not alter the residual
strength capacity of the structure. In addition, the failure mode of the post-DaDT test was similar
to the post-impact static residual strength test; therefore, the minor damage growth observed
through strain anomalies did not alter the overall failure mechanism.

6.2.2 Validation of CFR Model

The forward wing DaDT test article with CAT3 damage on the front spar, which is the primary
load path, demonstrated the capability of the CFR model to predict the damage growth in terms
of reliability and the capability of the model to determine the inspection levels. Although it is not
a one-to-one correlation for the damage propagation or its size, the CFR model highlighted load
segments that resulted in the gradual progression of local damage, such as possible matrix
cracks, and the global impact of high loads that resulted in evident damage growth. Although the
standard NDI techniques were unable to detect the minor damage growth during certain
spectrum loads, the CFR model highlighted the probability of damage growth for those loads and
the strain gage data confirmed the growth.

Real-time data monitoring is crucial to identifying damage propagation during the full-scale
DaDT test, especially because the number of LID scenarios is expected to increase. The
monitoring provided instant feedback of the structural response for applied loads and mitigated
the risk of unexpected test failures or anomalies that would have otherwise gone undetected. The
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strategic allocation and placement of strain gages for these articles is crucial to achieving this
goal. The strain data provide information similar to a built-in health monitoring system and
provide details in real time to assess the state of the damage (i.e., crack propagation) and any
global effects on the structure due to possible damage growth.

A realistic target reliability must be used for determination of inspection intervals accounting the
safety and the cost considerations. Although CAT3 damage is recommended for determining the
inspection intervals, more realistic damage threat levels can be used considering the probability
of occurrence so that more practical or economical inspection levels can be determined. To
further extend the CFR model for determination of inspection intervals for a fleet, the fleet size
and the probability of detectability may have to be considered in addition to the
above-mentioned parameters.
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APPENDIX A—SCATTER ANALYSIS FOR CALCULATING LIFE AND
LOAD-ENHANCEMENT FACTORS

Figure A-1 shows the procedure for analyzing S-N data using individual Weibull, Joint Weibull,
and Sendeckyj analyses for generating the fatigue-life shape parameter for a particular test
configuration (ct, , 0y, @Nd Clgygeqy » FESPECtIVElY). As shown in this figure, the static data, if

applicable, are analyzed using individual Weibull for generating the static-strength shape
parameter (G ) for the same test configuration.

The fatigue-life shape parameter (a. ) for each design detail or test configuration can be
obtained using one of the three methods (o, , Oy, OF Olgyge,) ShOwn in figure A-1. The
details for calculating life factor, load factor, and load-enhancement factors (LEF) are included
in section 2.8 of the main report. The procedure for generating the modal static-strength (o)
and fatigue-life (o, ) shape parameters for calculating the life factor and LEFs for a particular

structure is shown in figure A-2. This process requires analysis of static/residual strength data
and fatigue (S-N) data for multiple test configurations that represent critical design details of the
structure, as shown in figure A-1.

Tables A-1 and A-2 contain the A- and B-basis LEF requirements, respectively, using o, =17.5
to 32.5and o, =1.25 to 2.50 in equation 2 ().

The fatigue scatter analysis is not limited to the three methods highlighted in this section, and the
combinations of different techniques can also be used for generating the modal fatigue-life shape
parameter (o, ) for the structure, as shown in figure A-2. It should be noted that the shape
parameter using only one fatigue scatter analysis method per S-N curve is required. However,

fatigue scatter analysis using different techniques may be useful for determining the most
conservative approach for generating LEFs.
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Table A-1. A-Basis LEFs

n 1 2 3
N o & 1.00 1.25 1.50 1.75 2.00 2.25 2.50 1.00 1.25 1.50 1.75 2.00 2.25 2.50 1.00 1.25 1.50 1.75 2.00 2.25 2.50
R

17.5 1.385]| 1.378 | 1.373 ] 1.369 | 1.366 | 1.363 ] 1.361 | 1.366 | 1.360 ] 1.355] 1.351 | 1.348 | 1.345[ 1.343] 1.357] 1.350 | 1.345] 1.341 ] 1.338 | 1.336 | 1.334

20.0 1.330 | 1.324 | 1.319| 1.316 | 1.314] 1.312] 1.310 1.314 | 1.308 | 1.304 | 1.301 | 1.298 | 1.296 | 1.295] 1.306 ] 1.300 | 1.296 | 1.293 ] 1.290 | 1.288 | 1.287

22.5 1.288 1 1.283 | 1.279| 1.277 | 1.274] 1.273 | 1.271 ] 1.275| 1.270| 1.266 | 1.263 | 1.261 | 1.259 [ 1.258 ] 1.268 | 1.263 | 1.259 | 1.257 | 1.254 | 1.253 | 1.251

1 25.0 1.256] 1.251] 1.248 1 1.246| 1.244| 1.242]| 1.241]1 1.244] 1.240] 1.237] 1.234] 1.232] 1.231 | 1.229] 1.238 | 1.234 | 1.231 | 1.228 ] 1.226] 1.225] 1.223
27.5 1.230] 1.226] 1.223] 1.221 | 1.219| 1.218 | 1.217] 1.220| 1.216] 1.213] 1.211 ] 1.209] 1.208 | 1.207 ] 1.214| 1.210 | 1.208 | 1.205] 1.204] 1.202 | 1.201

30.0 1.209 ] 1.206 | 1.203 | 1.201 | 1.199] 1.198 | 1.197] 1.200| 1.196| 1.194 ] 1.192] 1.190| 1.189 | 1.188 ] 1.195] 1.191 ) 1.189| 1.187 | 1.185| 1.184 | 1.183

32.5 1.19211.188]1.186] 1.184| 1.183| 1.182| 1.181] 1.183] 1.180] 1.178 ] 1.176] 1.174]11.173|1.17211.179| 1.175(1.173[1.171] 1.170] 1.169] 1.168

35.0 1177|1174 1.172|1.170| 1.169] 1.168 ] 1.167 | 1.169] 1.166 | 1.164 | 1.162 | 1.161 | 1.160 | 1.159] 1.165] 1.162 | 1.160 | 1.158 | 1.157 | 1.156 | 1.155

17.5 1.353 ] 1.338 | 1.326 | 1.314 [ 1.304 ] 1.294] 1.285] 1.335] 1.321 ]| 1.308 | 1.297 | 1.287 | 1.277 [ 1.268 ] 1.326 ] 1.312 ] 1.299 ] 1.288 | 1.278 ]| 1.268 | 1.259

20.0 1.303 ] 1.291 | 1.280 | 1.270 | 1.261 | 1.253] 1.245] 1.288 | 1.276] 1.265| 1.256 | 1.247 | 1.239 [ 1.231] 1.280 ] 1.268 | 1.257 | 1.248 | 1.239] 1.231 | 1.223

22.5 1.265 | 1.255| 1.245| 1.237 | 1.229 | 1.222 | 1.215] 1.252 | 1.242 ]| 1.232 | 1.224 | 1.217] 1.209 | 1.203 ] 1.245| 1.235| 1.226 | 1.218 | 1.210 | 1.203 | 1.196

15 25.0 1.236] 1.226] 1.218 ] 1.211 | 1.204 | 1.198 | 1.192] 1.224 | 1.215] 1.207] 1.200] 1.193] 1.187 ] 1.181 ] 1.218 | 1.209 [ 1.201 [ 1.194] 1.187] 1.181 | 1.175
27.5 1.21211.204]1.197]1.190| 1.184 | 1.178| 1.173] 1.202] 1.194] 1.186] 1.180] 1.174] 1.168 | 1.163] 1.197 | 1.188 | 1.181 | 1.175] 1.169] 1.163 | 1.158

30.0 1.193]1.185) 1.179| 1.173| 1.167] 1.162 | 1.157] 1.184 | 1.176] 1.170 | 1.164 | 1.158 | 1.153 | 1.148 | 1.179] 1.171 | 1.165| 1.159] 1.154 | 1.149 | 1.144

32.5 1.17711.170] 1.164 ] 1.159| 1.154| 1.149] 1.144] 1.168 ] 1.162] 1.156] 1.150] 1.145] 1.141 | 1.136] 1.164 | 1.157 [ 1.151 [ 1.146] 1.141] 1.136] 1.132

35.0 1.163 | 1.157 | 1.151 | 1.147 | 1.142 | 1.138 ] 1.133 | 1.155] 1.149] 1.144 | 1.139| 1.134 | 1.130 | 1.126 ] 1.151 ] 1.145] 1.140 ] 1.135] 1.130| 1.126 | 1.122

17.5 1.33111.311 |1 1.294| 12771262 | 1.247] 1.233§1.313 ] 1.294]1.276] 1.260| 1.245] 1.231 [ 1.217] 1.304] 1.285] 1.267 | 1.251 ] 1.236 | 1.222 | 1.208

20.0 1.284 1 1.268 | 1.253 | 1.239 | 1.226 | 1.213] 1.201 | 1.269] 1.253 ] 1.238 | 1.224 | 1.211 | 1.199 | 1.187 ] 1.262 ] 1.245] 1.230 ] 1.217 ] 1.204 ] 1.192 | 1.180

22.5 1.249 ] 1.235| 1.222| 1.210) 1.198 | 1.187 | 1.177] 1.236 | 1.222 ] 1.209 | 1.197 | 1.186] 1.175] 1.165] 1.229| 1.215| 1.202 ] 1.191 | 1.179| 1.169 | 1.158

2 25.0 1.22211.209]1.19711.187|1.177 | 1.167| 1.158] 1.210] 1.198] 1.186] 1.176 | 1.166 | 1.156 | 1.147] 1.204 | 1.192 [ 1.180 | 1.170] 1.160] 1.151 | 1.142
27.5 1.200) 1.188] 1.178 ] 1.168 | 1.159 | 1.151 | 1.143] 1.189] 1.1v8] 1.168] 1.159] 1.150] 1.141 | 1.133]1.184| 1.173 | 1.163 | 1.153] 1.145] 1.136 | 1.128

30.0 1.182) 1.171] 1.162 | 1.153 | 1.145| 1.137 | 1.130] 1.172| 1.162] 1.153 | 1.144 ]| 1.136| 1.129| 1.121 ] 1.168 | 1.157 | 1.148 | 1.140] 1.132] 1.124 | 1.117

32.5 1.166] 1.157] 1.149] 1.141 ] 1.133| 1.126| 1.119] 1.158 | 1.149] 1.140] 1.133 ] 1.125] 1.118 | 1.111 ] 1.154| 1.144 [ 1.136| 1.128] 1.121] 1.114 ] 1.107

35.0 1.154 | 1.145| 1.137 | 1.130 | 1.123| 1.117] 1.110§ 1.146 ) 1.137] 1.130| 1.123 | 1.116 | 1.109 [ 1.103 ] 1.142 | 1.134 ] 1.126 | 1.119] 1.112 ] 1.105 | 1.099

17.5 1.301 | 1.27411.249]1.226 | 1.205] 1.184] 1.164 | 1.283 | 1.257] 1.233] 1.210 1.189 | 1.168 | 1.148 ] 1.274] 1.248 | 1.224 ] 1.202] 1.180] 1.160 | 1.140

20.0 1.259 1 1.236 | 1.215] 1.196 | 1.177 ] 1.159] 1.142 ] 1.244] 1.222] 1.201 | 1.182 | 1.163 | 1.146 [ 1.129] 1.236] 1.214] 1.194 ]| 1.174] 1.156] 1.139 | 1.122

22.5 1.227 ] 1.207 | 1.189| 1.172 ] 1.156 | 1.140| 1.125] 1.214] 1.195]| 1.177 | 1.160 | 1.144] 1.128 | 1.113 ] 1.208 | 1.188 | 1.170 | 1.154 | 1.138 | 1.122 | 1.107

3 25.0 1.20211.185] 1.169] 1.154]1.139| 1.125] 1.112] 1.191 ] 1.174] 1.158 ] 1.143] 1.129] 1.115] 1.102 ] 1.185| 1.168 | 1.152 [ 1.137] 1.123] 1.109 | 1.096
27.5 1.182] 1.167] 1.152] 1.139| 1.126 | 1.113 | 1.101 ] 1.172] 1.157] 1.142] 1.129] 1.116] 1.104 | 1.092 ] 1.167 | 1.151 [ 1.137 | 1.124] 1.111] 1.099 | 1.087

30.0 1.166 ] 1.152] 1.139] 1.126 | 1.115| 1.103 | 1.092 ] 1.157 | 1.143] 1.130] 1.118 | 1.106 | 1.095| 1.084 ] 1.152 | 1.138 [ 1.125( 1.113] 1.102] 1.090 | 1.080

32.5 1.152 1 1.139) 1.127| 1.116 | 1.105] 1.095] 1.085) 1.144 | 1.131 | 1.119] 1.108 | 1.098 | 1.087 | 1.077] 1.139] 1.127 | 1.115| 1.104 | 1.093 | 1.083 | 1.073

35.0 1.140 | 1.129| 1.118 | 1.107 ) 1.098 | 1.088 | 1.079] 1.133 | 1.121 | 1.110| 1.100 | 1.090] 1.081 | 1.072 ] 1.129| 1.117 | 1.106 | 1.096 | 1.086 | 1.077 | 1.068

17.5 1.27911.24811.219]1.192[1.166] 1.141 ] 1.117§1.262] 1.231] 1.203 | 1.176 | 1.150 | 1.126 [ 1.102 ] 1.254 ] 1.223 ] 1.194 ] 1.168 | 1.142] 1.118 | 1.094

20.0 1.24111.21411.189| 1.166 | 1.144] 1.122] 1.101 § 1.226] 1.200] 1.175] 1.152 | 1.130 | 1.109 [ 1.089] 1.219] 1.192 ] 1.168 | 1.145] 1.123] 1.102 | 1.082

22.5 1.211 ] 1.188 | 1.166 | 1.146 | 1.127 ] 1.108 ] 1.090 | 1.199] 1.176] 1.154 | 1.134 | 1.115| 1.096 | 1.078 ] 1.192] 1.169 | 1.148 | 1.128 | 1.109 | 1.090 | 1.073

4 25.0 1.188 ] 1.168 | 1.149| 1.131 | 1.113] 1.097 | 1.080 ) 1.177 | 1.157| 1.138 | 1.120 | 1.103 | 1.086 | 1.070] 1.171 ) 1.151 ) 1.132 | 1.115| 1.098 | 1.081 | 1.065
27.5 1.170] 1.151] 1.134] 1.118 | 1.102 | 1.087 | 1.073] 1.160 | 1.142] 1.125] 1.109] 1.093 ]| 1.078 | 1.064 ] 1.155| 1.137 | 1.120 | 1.104] 1.088 ] 1.073 | 1.059

30.0 1.155] 1.138 ] 1.122] 1.108 | 1.094 | 1.080 | 1.067 ] 1.146] 1.129] 1.114] 1.099] 1.085] 1.071 | 1.058 ] 1.141 | 1.124 [ 1.109 | 1.095] 1.081 ] 1.067 | 1.054

32.5 1.142 1 1.127) 1.112 | 1.099 | 1.086] 1.074 ]| 1.061) 1.134| 1.119| 1.105] 1.091 | 1.078 | 1.066 [ 1.054] 1.129] 1.114 ) 1.100| 1.087 | 1.074 ] 1.062 | 1.050

35.0 1.131 | 1.117 | 1.104 | 1.092 ) 1.080 | 1.068 | 1.057 ] 1.124 | 1.110| 1.097 | 1.084 | 1.072] 1.061 | 1.050 ] 1.120 | 1.106 | 1.093 | 1.081 | 1.069 | 1.057 | 1.046

17.5 1.26311.228 | 1.196| 1.165( 1.136] 1.109] 1.082 ] 1.246] 1.212] 1.180 ] 1.150 | 1.121 | 1.094 [ 1.067 ] 1.238 ] 1.203 | 1.172] 1.142] 1.113 ] 1.086 | 1.060

20.0 1.227 111971169 1.143 [ 1.118] 1.094] 1.071§ 1.213] 1.183] 1.156 | 1.130 | 1.105| 1.082 [ 1.059 ] 1.205] 1.176 ] 1.149] 1.123] 1.099] 1.075 | 1.052

22.5 1.199 | 1.173 | 1.149| 1.126 | 1.105] 1.083] 1.063 | 1.187 | 1.161 ] 1.137 | 1.115| 1.093 | 1.072 | 1.052 ] 1.180] 1.155] 1.131 ] 1.109 | 1.087 | 1.066 | 1.046

5 25.0 1.178 1 1.155] 1.133 | 1.113 | 1.094] 1.075] 1.057 ] 1.167 | 1.144 | 1.123 ] 1.103 | 1.083 | 1.065 | 1.047] 1.161 ] 1.138 | 1.117 | 1.097 | 1.078 | 1.060 | 1.042
27.5 1.160] 1.140] 1.121 ] 1.102 ] 1.085| 1.068 | 1.051] 1.150 | 1.130] 1.111] 1.093 ]| 1.076] 1.059 | 1.042] 1.145] 1.125( 1.106 | 1.088 ] 1.071] 1.054 | 1.038

30.0 1.146 ] 1.127] 1.110] 1.093 | 1.077 | 1.062 | 1.047] 1.137] 1.119] 1.101 ] 1.085] 1.069] 1.054 | 1.039] 1.132| 1.114 | 1.097 | 1.080 ] 1.065] 1.049 ] 1.035

32.5 1.134]11.117) 1.101 | 1.086 | 1.071] 1.057 ] 1.043] 1.126 | 1.109| 1.093 | 1.078 | 1.064 | 1.049 | 1.036] 1.122 ] 1.105] 1.089 | 1.074 | 1.060 | 1.046 | 1.032

35.0 1.124 | 1.108 | 1.094 | 1.080 ) 1.066 | 1.053 | 1.040] 1.116 ] 1.101 ] 1.086 | 1.072 | 1.059 ] 1.046 | 1.033 ] 1.113 | 1.097 | 1.082 | 1.069 | 1.055 | 1.042 | 1.030




G-V

Table A-2. B-Basis LEFs

n 1 2 3
N o & 1.00 1.25 1.50 1.75 2.00 2.25 2.50 1.00 1.25 1.50 1.75 2.00 2.25 2.50 1.00 1.25 1.50 1.75 2.00 2.25 2.50
R
17.5 1.211] 1.205| 1.200 | 1.197 ] 1.194 ] 1.192 | 1.190] 1.195] 1.189| 1.184 | 1.181 ] 1.178 | 1.176 | 1.175] 1.186 | 1.180 | 1.176 | 1.173 | 1.170 | 1.168 | 1.166
20.0 1.182 ] 1.177| 1.173| 1.170 ] 1.168 | 1.166 | 1.165] 1.168 | 1.163 | 1.160 | 1.157 | 1.154 | 1.153 | 1.151 ] 1.161 | 1.156 | 1.152 | 1.150 | 1.147 | 1.146 | 1.144
22.5 1.160 | 1.156 | 1.153 | 1.150 | 1.148 | 1.146 | 1.145] 1.148 | 1.144 | 1.141 | 1.138 | 1.136 | 1.135| 1.133] 1.142 | 1.138 | 1.134 | 1.132 | 1.130 | 1.128 | 1.127
1 25.0 1.143]11.139| 1.136] 1.134 | 1.132 ] 1.131 | 1.130] 1.133| 1.129| 1.126 | 1.124 | 1.122 | 1.120 | 1.119}| 1.127 | 1.123 | 1.120| 1.118 | 1.116 | 1.115 | 1.114
27.5 1.129] 1.126 | 1.123) 1.121| 1.120) 1.118 | 1.117}| 1.120| 1.116| 1.114 | 1.112 | 1.110] 1.109 | 1.108 | 1.115| 1.111 | 1.109 | 1.107 | 1.105| 1.104 | 1.103
30.0 1.118 1 1.115( 1.112 ) 1.111 | 1.109] 1.108 | 1.107 | 1.109 | 1.106 | 1.104 | 1.102 | 1.100 | 1.099 | 1.098 | 1.105 | 1.102 | 1.099 | 1.097 | 1.096 | 1.095 | 1.094
32.5 1.108 | 1.105| 1.103 ] 1.102 | 1.100 ] 1.099 | 1.098 | 1.101 | 1.098 | 1.095] 1.094 [ 1.092 | 1.091 | 1.090 | 1.096 | 1.093 | 1.091 ]| 1.090 | 1.088 | 1.087 | 1.086
35.0 1.100| 1.098 | 1.096 | 1.094 | 1.093 | 1.092 | 1.091 | 1.093 | 1.090| 1.088 | 1.087 | 1.086 | 1.085 | 1.084 | 1.089 | 1.086 | 1.084 | 1.083 | 1.082 | 1.081 | 1.080
17.5 1.183] 1.170 | 1.159] 1.149 | 1.140 ) 1.132 | 1.123 | 1.167 | 1.155| 1.144 | 1.134 | 1.125] 1.117 | 1.108 | 1.159 | 1.147 | 1.136 | 1.126 | 1.117 | 1.109 | 1.101
20.0 1.158 ] 1.148 | 1.138 | 1.129 | 1.122 | 1.114 | 1.107 | 1.145] 1.134| 1.125] 1.116 | 1.109| 1.101 | 1.094 | 1.138 | 1.127 | 1.118 | 1.110| 1.102 | 1.095 | 1.088
22.5 1.140] 1.130 | 1.122 ) 1.114 | 1.107 ) 1.101 | 1.095] 1.128 | 1.118 | 1.110| 1.103 | 1.096 | 1.090 | 1.083 | 1.122 | 1.112 | 1.104 | 1.097 | 1.090 | 1.084 | 1.077
15 25.0 1.125]1 1.116 | 1.109] 1.102 | 1.096 | 1.090 | 1.085] 1.114 | 1.106 | 1.099 | 1.092 | 1.086 | 1.080 [ 1.075| 1.109 | 1.101 | 1.093 | 1.087 | 1.081 | 1.075 | 1.069
27.5 1.113] 1.105| 1.099] 1.093 | 1.087 | 1.082 | 1.077 ] 1.104 | 1.096 | 1.089 | 1.083 | 1.078 | 1.073 | 1.068 | 1.099 | 1.091 ] 1.084 | 1.079 | 1.073 | 1.068 | 1.063
30.0 1.103 | 1.096 | 1.090 | 1.085 | 1.080 | 1.075 | 1.070 | 1.094 ] 1.088 | 1.082 | 1.076 | 1.071 | 1.066 | 1.062 ] 1.090 | 1.083 [ 1.077 | 1.072 | 1.067 ] 1.062 | 1.058
32.5 1.095| 1.088 | 1.083 | 1.078 [ 1.073 | 1.069 | 1.065 | 1.087 ] 1.081 | 1.075] 1.070| 1.065| 1.061 | 1.057 ] 1.083 [ 1.077 [ 1.071 | 1.066 | 1.061 ] 1.057 | 1.053
35.0 1.088 | 1.082 | 1.077 | 1.072 [ 1.068 | 1.064 | 1.060 | 1.080 | 1.075| 1.070| 1.065 | 1.061 | 1.057 | 1.053 ]| 1.077 [ 1.071 [ 1.066 | 1.061 | 1.057 | 1.053 | 1.049
17.5 1.164] 1146 1.131)1.117 | 1.103] 1.090 | 1.078] 1.148 | 1.131 | 1.116 | 1.102 | 1.089 | 1.076 | 1.064 | 1.140 | 1.123 ] 1.108 | 1.094 | 1.081 | 1.068 | 1.056
20.0 1.142 | 1.127 | 1.114 | 1.101 [ 1.090 | 1.079 | 1.068 | 1.129] 1.114 ] 1.101 | 1.089 | 1.077 | 1.066 | 1.056 ] 1.122 [ 1.107 [ 1.094 | 1.082 | 1.071 ] 1.060 | 1.049
22.5 1.125] 1.112 | 1.100 | 1.090 [ 1.079 [ 1.070 | 1.060 | 1.114] 1.101 ]| 1.089 | 1.078 | 1.068 | 1.059 | 1.049 ] 1.108 [ 1.095 [ 1.083 | 1.073 | 1.062 ] 1.053 | 1.044
2 25.0 1.112 | 1.100 | 1.090 | 1.080 [ 1.071 | 1.062 | 1.054 | 1.102 ] 1.090 | 1.080 | 1.070 | 1.061 | 1.053 | 1.044 ] 1.096 [ 1.085 [ 1.075| 1.065 | 1.056 ] 1.047 | 1.039
27.5 1.101] 1.091 | 1.081] 1.073 | 1.065] 1.057 | 1.049] 1.092 | 1.082 | 1.072 | 1.064 | 1.056 | 1.048 | 1.040| 1.087 | 1.077 | 1.068 | 1.059 | 1.051 | 1.043 | 1.036
30.0 1.093] 1.083 | 1.074 | 1.067 | 1.059 ] 1.052 | 1.045] 1.084 | 1.075| 1.066 | 1.058 | 1.051 | 1.044 | 1.037 | 1.080 | 1.070 | 1.062 | 1.054 | 1.047 | 1.039 | 1.033
32.5 1.085]| 1.076 | 1.069 ] 1.061 | 1.054 | 1.048 | 1.041 ] 1.077 | 1.069 | 1.061 | 1.054 | 1.047 | 1.040 | 1.034 | 1.073 | 1.065] 1.057 | 1.050 | 1.043 | 1.036 | 1.030
35.0 1.079] 1.071 | 1.063 | 1.057 | 1.050 | 1.044 | 1.038 | 1.072 | 1.064 | 1.056 | 1.050 | 1.043 | 1.037 | 1.031 | 1.068 | 1.060 | 1.053 | 1.046 | 1.040 | 1.034 | 1.028
17.5 1.137] 1.114 | 1.092 ) 1.072 | 1.053 ] 1.035| 1.017 ] 1.122 | 1.099| 1.078 ] 1.058 | 1.039 | 1.021 | 1.004 | 1.114 | 1.091 | 1.070 | 1.051 | 1.032 | 1.014
20.0 1.119] 1.099 | 1.080 ) 1.063 | 1.046 | 1.031 | 1.015] 1.106 | 1.086 | 1.068 | 1.051 | 1.034 | 1.019 | 1.003 | 1.099 | 1.079 ] 1.061 | 1.044 | 1.028 | 1.012
22.5 1.105] 1.087 | 1.071 ) 1.056 | 1.041 | 1.027 | 1.014 ] 1.094 | 1.076 | 1.060| 1.045| 1.030 ] 1.017 | 1.003 | 1.088 | 1.070 ] 1.054 | 1.039 | 1.025 | 1.011
3 25.0 1.094] 1.078 | 1.064 | 1.050 | 1.037 | 1.024 | 1.012 ] 1.084 | 1.068 | 1.054 | 1.040 | 1.027 | 1.015| 1.003 | 1.079 | 1.063 | 1.049 | 1.035| 1.022 | 1.010
27.5 1.085] 1.071 | 1.058] 1.045| 1.034 | 1.022 | 1.011 ] 1.076 | 1.062 | 1.049 | 1.037 | 1.025] 1.014 | 1.002 | 1.071 | 1.057 | 1.044 | 1.032 | 1.020 | 1.009
30.0 1.078 ] 1.065| 1.053] 1.042 | 1.031 ] 1.020 | 1.010] 1.069| 1.057 | 1.045] 1.034 | 1.023 ] 1.012 | 1.002 | 1.065 | 1.052 | 1.040 | 1.029 | 1.019 | 1.008
32.5 1.072 ] 1.060 | 1.049] 1.038 | 1.028 | 1.019 | 1.009] 1.064 | 1.052 | 1.041 ] 1.031 | 1.021 ] 1.011 | 1.002 | 1.060 | 1.048 | 1.037 | 1.027 | 1.017 | 1.008
35.0 1.066 | 1.055| 1.045] 1.036 | 1.026 | 1.017 | 1.009 | 1.059 | 1.048 | 1.038 | 1.029 | 1.019| 1.011 | 1.002 | 1.056 | 1.045| 1.035| 1.025 | 1.016 | 1.007
17.5 1.119] 1.091 | 1.066 | 1.042 | 1.019 1.104 ] 1.077 | 1.052 ] 1.028 | 1.006 1.096 | 1.069 | 1.044 | 1.021
20.0 1.103] 1.079| 1.057 | 1.037 | 1.017 1.090 | 1.067 | 1.045] 1.025 | 1.005 1.084 | 1.060 | 1.039 ] 1.018
22.5 1.091] 1.070| 1.051 ] 1.032 | 1.015 1.080 | 1.059 | 1.040 ] 1.022 | 1.004 1.074 | 1.053 | 1.034 ] 1.016
4 25.0 1.082 | 1.063 | 1.046 | 1.029 | 1.013 1.072 | 1.053 | 1.036 | 1.020 | 1.004 1.066 | 1.048 | 1.031 | 1.015
27.5 1.074 | 1.057 | 1.041 | 1.026 | 1.012 1.065| 1.048 | 1.033 | 1.018 | 1.004 1.060 | 1.043 | 1.028 | 1.013
30.0 1.068 | 1.052 | 1.038 | 1.024 | 1.011 1.059 | 1.044 | 1.030 | 1.016 | 1.003 1.055 | 1.040 | 1.026 | 1.012
32.5 1.062 | 1.048 | 1.035] 1.022 | 1.010 1.055] 1.041 | 1.027 | 1.015 | 1.003 1.051 | 1.037 | 1.024 | 1.011
35.0 1.058 | 1.045 | 1.032 | 1.021 | 1.010 1.051 | 1.038 | 1.025 | 1.014 | 1.003 1.047 | 1.034 | 1.022 | 1.010
17.5 1.104 | 1.074 | 1.046 | 1.019 1.090 | 1.060 | 1.032 | 1.005 1.082 | 1.052 | 1.025
20.0 1.091 | 1.064 | 1.040 | 1.017 1.078 | 1.052 | 1.028 | 1.005 1.072 | 1.046 | 1.021
22.5 1.080 | 1.057 | 1.035] 1.015 1.069 | 1.046 | 1.025 | 1.004 1.063 | 1.040 | 1.019
5 25.0 1.072 ] 1.051 | 1.032 ] 1.013 1.062 | 1.041 | 1.022 | 1.004 1.057 | 1.036 | 1.017
27.5 1.065] 1.046 | 1.029 | 1.012 1.056 | 1.038 | 1.020 | 1.003 1.052 | 1.033 | 1.016
30.0 1.060 | 1.042 | 1.026 | 1.011 1.051] 1.034 | 1.018 | 1.003 1.047 | 1.030 | 1.014
32.5 1.055] 1.039 | 1.024 | 1.010 1.047 ] 1.032 | 1.017 | 1.003 1.043 | 1.028 | 1.013
35.0 1.051] 1.036 | 1.023 | 1.009 1.044 1 1.029 | 1.016 | 1.003 1.040 | 1.026 | 1.012




APPENDIX B—DAMAGE TOLERANCE ELEMENT TEST RESULTS

This appendix contains the results and statistical analysis results for damage tolerance element
(DTE) tests. In addition, for several selected DTE test specimens, full-field strain and
displacement data using the ARAMIS photogrammetry system are included. Such data are
instrumental in evaluating the extent of damage after fatigue loading.

B.1. S-N DATA FOR AS4-PW DTE TESTS

Table B-1 includes the S-N data for AS4-PW 25/50/25 DTE tests. Figures B-1-B-3 show the
S-N diagrams as well as the Sendeckyj fitting data.
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Table B-1. The S-N data for AS4-PW 25/50/25 open-hole tension and CAl tests
(FAA—Ioad-enhancement factor)

CAl (R=5)-BVID CAI (R=5)-VID CAI(R=5)-LID
Oa N O N Oa N
37,188 1 29,149 1 25,147 1
34,745 1 31,335 1 25,601 1
35,658 1 29,443 1 24,627 1
36,526 1 29,282 1 25,370 1
36,364 1 29,950 1 25,228 1
35,669 1 28,866 1 26,695 1
28,820 12,243 22,374 37,690 19,083 42,897
28,820 14,342 22,374 24,001 19,083 38,476
28,820 9,651 22,374 55,768 19,083 18,155
28,820 8,152 22,374 28,958 19,083 13,719
28,820 15,155 22,374 11,897 19,083 32,463
28,820 26,005 22,374 16,335 19,083 17,564
27,019 92,926 20,882 127,451 16,539 201,380
27,019 31,634 20,882 94,625 16,539 214,807
27,019 104,891 20,882 128,689 16,539 374,375
27,019 152,023 20,882 59,749 16,539 278,234
27,019 47,635 20,882 143,030 16,539 165,086
27,019 31,642 20,882 180,742 16,539 193,821
25,217 678,421 19,391 626,039 15,267 2,233,805
25,217 596,825 19,391 397,153 15,267 1,352,887
25,217 323,026 19,391 270,784 15,267 1,618,147
25,217 252,255 19,391 638,545 15,267 1,236,307
25,217 575,983 19,391 222,775 15,267 928,401
25,217 252,433 19,391 595,875 15,267 1,228,113

CAI = Compression after impact; VID = Visual impact damage; R = Ratio; LID = Large impact damage;
BVID = Barely visible impact damage
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B.2. FULL-FIELD STRAIN AND DISPLACEMENT DATA FOR DTE TESTS

Figures B-4-B-10 show the full-field strain and displacement data for several DTE test
specimens.
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Figure B-4. Out-of-plane deformation for fatigue testing of DTE—BVID (750 in./Ib/in.),
70% of static strength, R =5
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APPENDIX C—SPECTRUM LOADS FOR FULL-SCALE DURABILITY AND DAMAGE
TOLERANCE TESTING

One lifetime of the test article defined by the original aircraft manufacturer is equivalent to
20,000 flight hours, which corresponds to a spectrum of 160,033 cycles and includes 1-g and 3-g
maneuvers, as well as positive and negative gust conditions.

The origin of the axis system for forward wing loads is at forward wing station 19.76 and lies on
the central axis of the steel tube at the fixed end, as shown in figure C-1. This figure shows the
positive load, moment, and torque directions (+Pz, +My, and +Ty, respectively) for the right-hand
wing using the right-hand rule. For the left wing, the positive torque axis is oriented outboard so
that the positive load axis is upward using the left-hand rule.

+My e T

Figure C-1. Reference axis system for forward wing loads

Loads were applied to structures using load formers (figure C-2) and load patch (figure C-3)
whiffletree settings for static and fatigue full-scale test articles, respectively. All static tests were
performed only in the upbending configuration, and the majority of fatigue loads were in the
up-bending configuration, whereby the test articles were mounted upside down for ease of
inspection and safety. For fatigue tests, both top and bottom whiffletrees and four actuators were
used so that both positive and negative SMT loads could be applied.

Figures C-4-C-9 show the spectrum loads with and without a load-enhancement factor of 1.072,
after applying the conversion factor of 1.4.
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Figure C-2. Forward wing static test whiffletree setup with bonded load formers
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Bonded load patches

Figure C-3. Forward wing fatigue test whiffletree setup with bonded load patches
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Figure C-4. Maneuver and gust shear spectrums, CF = 1.4 and LEF = 1.000
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Figure C-5. Maneuver and gust shear spectrums, CF = 1.4 and LEF = 1.072
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APPENDIX D—FULL-SCALE TEST RESULTS

The following are locations of displacement transducers for all full-scale forward wing station
(FWS) tests (figure D-1):

. D1 and D2 = (FWS) 51.05
. D3 =FWS 76

o D4 = FWS 100

[ ]

D5 and D6 = FWS 130.90

Figure D-1. Displacement transducer locations
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D.1 THE STO01—STARSHIP FORWARD WING FULL-SCALE STATIC TEST

The first full-scale static test article, STO01, was tested with a total of eleven axial gages and
seven rosettes were used for strain measurements (table D-1). The A and R prefixes indicate that
the gages were either axial or rosette, respectively (note that three axial gages in 0°, 45°, and 90°
directions are named as A, B, and C, respectively).

Table D-1. Strain gage locations of ST001

Strain Gage Number

Axial Rosette Location

Al Lower skin FWS 24.8" on front spar

A2 Upper skin FWS 24.8"” on front spar

A3 Upper skin FWS 27.0" on front spar

A4 Upper skin FWS 34.0" on rear spar

AS Upper skin FWS 42.5" on rear spar

A6 Upper skin FWS 66.5" on front spar

A7 Upper skin FWS 66.5” on rear spar

A8 Upper skin FWS 90.5" on front spar

A9 Upper skin FWS 90.5" on rear spar

Al10 Upper skin FWS 114.5"” on front spar

All Upper skin FWS 114.5” on rear spar
R1 Root rib at upper forward corner
R2 Lower skin FWS 24.8” and 2.5” outboard of front spar
R3 Upper skin FWS 24.8" on rear spar
R4 Lower skin FWS 38.0” on front spar
RS Centered on rear web at FWS 50.44"
R6 Upper skin FWS 24.8” and 2.5” outboard of front spar
R7 Upper skin FWS 42.5" on front spar

The STOO1 test article was quasi-statically loaded up to 200% Beechcraft design limit load
(BDLL) and unloaded. After unloading, a tap test and ultrasonic nondestructive inspections were
performed around the rear and rear spar location that did not find any indications of delamination
or debonds. This article was later retested on infliction of an impact damage at the aft spar.

In addition to strain gages, the ARAMIS photogrammetry image correlation system was used to
obtain the full-field strain/displacement measurements during the quasi-static loading of ST001.
Because the cameras’ fields of depth were substantially low because of the whiffletree
attachments, a rail system was designed to obtain full-field measurements along the length of the
article at several different stations so that they could be combined later to form a single full-field
image of the upper skin. ARAMIS measurements were first obtained for each section at multiple
load steps until the limit load, as shown in figure D-2 (a). The cameras were then mounted away
from the whiffletree, as shown in figure D-2 (b), to prevent possible damages to the sensors.
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(b)

Figure D-2. The ARAMIS system setup (a) up to, and (b) after the limit load

Vertical displacement readings (D1-D2 and D5-D6 in figure D-3) indicated that there was
minimal twisting at both the root and the tip of the test article. Overall displacements up to 200%

BDLL were linear. Figure D-4 shows the axial strain data, and figure D-5 shows the strain data
obtained from rosettes.
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Figure D-6 compares the ARAMIS full-field strain data along the front and aft spars with strain
gage data. Strain gage data on both front and rear spars were linear until the maximum applied

load.
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Figure D-6. Comparison of ARAMIS and strain gage data along front and aft spars

of ST001
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D.2 THE ST002—STARSHIP FORWARD WING FULL-SCALE STATIC TEST

The second full-scale static test article, ST002, was tested with a similar strain gage arrangement
to STOO0L, except for the axial gages A9—-A1l and the rosette R3 (these gages were replaced by
the axial gages A12—A14 and the rosette R8, respectively). Gage A12 was placed at FWS 46.6,
where the leading edge assembly fastener pitch increases; gage Al4 was installed over the front
spar at FWS 134.05; and gage Al13 was installed at FWS 137.45 over the closure rib on the tip
fairing (figure D-7).

Prior to installing the whiffletree, a point load was applied at FWS 100 in stepwise while
recording the strain gage data, so that the full-field strain survey could be performed. This
allowed the photogrammetry sensors to be placed at a distance further away from the upper skin
to capture data from a larger field of view. The upper skin was divided into three overlapping
segments for ARAMIS measurements so that the data could be “stitched” as a single image. The
maximum applied point load was 1059.26 Ibf, and the corresponding maximum strain was
recorded as -962.7 microstrain from gage A2. Figure D-8 shows the full-field axial strain and a
comparison of the ARAMIS and strain gage data along the front and aft spars.
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Figure D-8. Full-field strain survey and comparison with strain gage data for ST002

During quasi-static loading of ST002 with the whiffletree test setup, the load was initially
applied in 5% increments until BDLL and then continuously until fracture. The vertical
displacement gages indicated minimal twisting of the article during loading (figure D-9). The
strain gages on the aft spar towards the root end (A4) indicated a sudden decrease in strain
followed by an audible noise indicating an initial debond/delamination around 185% of BDLL
(figure D-10). Rosette R1 located at the root rib (figure D-11) also indicated sudden changes in
strain data around this load level.
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Figure D-9. Vertical displacements—ST002
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Figure D-11. Strain rosette data for ST002
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D.3 THE STO03—FULL-SCALE STATIC TEST

The third full-scale static test article, ST003, was tested with modified strain gage locations to
detect damage initiation and propagation around the fracture locations noted during the ST002
test. Strain gage locations are shown in figure D-12. Eight axial gages and eight rosettes were
mounted. Axial gages A2 and A6 were replaced by rosettes R9 and R10. Rosette R7 was
replaced with axial gage A15. Rosette R6 was removed and rosette R11 was added at FWS 59.5
on aft spar.
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Figure D-12. Strain gage locations for ST003

As with ST002, a point load was applied at FWS 100 and the full-field strain survey was
conducted. The maximum point load was 1000 Ibf and the corresponding maximum strain was
-677.8 microstrains recorded from rosette R9A. Figure D-13 shows the stitched full-field axial
strain and a comparison of the ARAMIS and strain gage data.
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Figure D-13. Full-field strain survey and comparison with strain gage data for ST003

Figure D-14 shows the vertical displacement reading of ST003 during quasi-static loading with
the whiffletree test setup. Figure D-15 shows the axial strain data during static loading. Axial
gage Al2 indicated leading-edge buckling around 4000 Ibf. Axial gage A4 and rosette R3 (figure
D-16) indicated delamination between top skin along aft spar that was initiated at the root end.
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Figure D-14. Vertical displacements—ST003

The strain gage data along the front (F) and aft (A) spar on the upper (U) and lower (L) skins
were compared for all three full-scale static test articles in figure D-17 at 100% and 200%
BDLL. Overall strain distributions along both the front and aft spars for all three static articles
were comparable.
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D.4 THE STO001(R)—FULL-SCALE DAMAGE TOLERANCE TEST

The third full-scale static test, STO01(R), was tested with impact damage at FWS 45 on the top
skin of the aft spar. Eleven axial gages, three biaxial gages, and nine rosettes were used for strain
measurements for article STO01(R), as shown in table D-2 (see figure 66 in section 5.4.1.1 of the
main document). The following gage locations were also used for the ST004 DaDT test article.

Table D-2. Strain gage locations of STO01(R)

Strain Gage Number
Axial Biaxial Rosette Location
Al Lower skin FWS 24.8 on fwd spar
A2 Upper skin FWS 24.8 on fwd spar
A3 Upper skin FWS 27.0 on fwd spar
Al Upper skin FWS 34.0 on aft spar
AS Upper skin FWS 42.5 on aft spar
Ab Upper skin FWS 66.5 on fwd spar
A7 Upper skin FWS 66.5 on aft spar
A8 Upper skin FWS 90.5 on fwd spar
A9 Upper skin FWS 90.5 on aft spar
Al0 Upper skin FWS 114.5 on fwd spar
All Upper skin FWS 114.5 on aft spar
R1 Root Rib at upper forward corner
R2 Lower skin FWS 24.8 and 2.5 forward of fwd spar
R3 Upper skin FWS 24.8 on aft spar
R4 Lower skin FWS 38.0 on fwd spar
RS Centered on Aft web at FWS 50.44
R6 Upper skin FWS 24.8 and 2.5 forward of fwd spar
R7 Upper skin FWS 42.5 on fwd spar
R12 Upper skin at FWS 45 and 2.05 forward of aft spar
R13 Upper skin at FWS 47 on aft spar
Bl Upper skin at FWS 45 and 2.3 aft of aft spar
B2 Rear spar web at 43.44
B3 Rear spar web at 38.84

In addition to A5, which was mounted closer to the damage location, R12, R13, and B1 rosettes
were mounted to monitor damage propagation. Furthermore, three gyro-enhanced orientation
sensors (MicroStrain® model 3DM-GX1®) and one high-sensitivity accelerometer (Crossbow
Technology CXL-LF series) were mounted, as shown in figure 66 in the main document, to
support a validation of a health-monitoring technique (for discovering and recovering the unused
service life) developed by Boeing Phantom Works ", St. Louis, Missouri.
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Figure D-18 shows the vertical displacement results for the STOO1(R) static test article.
Displacement gages D1 and D2 indicated that there was a rotation of the test article in the -Tv
direction (reference axis system may be found in figure C-1 of appendix C) at the root end,
possibly due to damage propagation. The axial strain gages (figure D-19), biaxial gages (figure
D-20), and rosettes (figure D-21) around the damage location indicated significant nonlinearity
due to damage propagation.
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Figure D-18. Vertical displacements—ST001(R)
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D.5 RESIDUAL STRENGTH TEST DATA OF ST004 AFTER 2 DESIGN LIFETIME
CYCLIC TEST.

Table D-3 shows the strain gage locations of the ST004 DaDT test article. They are shown in
figures 73 and 74 of the main report.

Table D-3. Strain gage locations of ST004

Strain Gage Number

Axial | Bi-Axial Rosette Location

Al Lower skin FWS 24.8 on fwd spar

A2 Upper skin FWS 24.8 on fwd spar

A3 Upper skin FWS 27.0 on fwd spar

Al6 Upper skin FWS 37.0 on aft spar

Al7 Upper skin FWS 39.0 on aft spar

Al8 Upper skin FWS 51.75 on aft spar

Al9 Upper skin FWS 64.7 on fwd spar

A20 Upper skin FWS 64.7 on aft spar
R2 Lower skin FWS 24.8 and 2.5” forward of fwd spar
R3 Upper skin FWS 24.8 on aft spar
R4 Lower skin FWS 38.0 on fwd spar
RS Centered on aft web at FWS 50.44
R6 Upper skin FWS 24.8 and 2.5" forward of fwd spar
R7 Upper skin FWS 42.5 on fwd spar
R14 Upper skin FWS 44.0 and 4.5" forward of aft spar
R15 Upper skin FWS 49.7 and 5.0” on aft spar

B4 Upper skin FWS 44.0 and 4.45" on aft spar

Figure D-22 shows the displacement results for post-DaDT residual strength of STO004.
Displacement gages D1 and D2 indicated that there was a rotation of the test article in the —Ty
direction (reference axis system may be found in figure C-1 of appendix C).
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Figure D-22. Vertical displacements—ST004

Figure D-23 shows the strain gage reading around the impact damage on aft spar (top skin) of the
STOO04 test article during the post-DaDT residual strength test.
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D.6 STATIC STRENGTH TEST DATA FOR ST005

The following gage locations were used for the ST005 DaDT test article (table D-4). They are
shown in figure 70 of the main report.

Table D-4. Strain gage locations of ST005

Strain Gage Number

Axial | Biaxial Ro:ett Location
Al Lower skin FWS 24.8 on fwd spar
A2 Upper skin FWS 24.8 on fwd spar
A3 Upper skin FWS 27.0 on fwd spar
A7 Upper skin FWS 66.5 on aft spar
A8 Upper skin FWS 90.5 on fwd spar
A2l Upper skin FWS 38.25 on fwd spar
A22 Upper skin FWS 38.25 on aft spar
A23 Lower skin FWS 38.0 on fwd spar

R1 Root sib at upper forward corner

R2 Lower skin FWS 24.8 and 2.5" forward of fwd spar

R3 Upper skin FWS 24.8 on aft spar

R7 Upper skin FWS 42.5 on fwd spar

R16 Upper skin FWS 63.0 on fwd spar (2” inboard of damage
location FWS 65.0")

R17 Upper skin FWS 65.0 on fwd spar (2" aft of damage location
FWS 65.0)

R18 | Upper skin FWS 67.0 on fwd spar (2" outboard of damage
location FWS 65.0")

BS Upper skin FWS 50.7 centered between fwd and aft spar
B6 Upper skin FWS 65.0 (2" fwd of damage location FWS 65.0")
B7 Lower skin FWS 65.0 (2" fwd of damage location FWS 65.0")
B3 Upper skin FWS 65.0 centered between fwd and aft spar

Figure D-24 shows the displacement results for the STO05 static test article. Displacement gages
D1 and D2 indicated that there was a rotation of the test article in the —Ty direction (reference
axis system may be found in figure C-1 of appendix C). Figures D-25-D-27 show the strain gage
reading of the STOO05 test article during the state strength test.
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Figure D-24. Vertical displacements—ST005

D-28

6000.0

7000.0



Microstrain

2000 ~

1500 -

1000 |

500 ~

-500 -

-1000 +

-1500 ~

-2000 ~

-2500 -

-3000 -

0 w!oa

—Al
A2
— A3
Al
— A8
— A2l
— A22
— A23

000.0

3000.0 4000.0

Load (1bf)

5000.0 6000.0

AT

A21

Figure D-25. Strains from axial gages—ST005

D-29

7000.0



Microstrain

3000 ~

2000 -
1000 -
0 - _—_—————————— w w
( 10 3000 4000 6000 7000
———
T
-1000 +
-2000 - —RIA —RIB ——RIC
—R2A —R2B —R2C
R3A R3B R3C
R7A R7B RIC
3000 - R16A ——RI16B R16C
R17A R17B R17IC
——RI8A ——RI18B ——RI8C
-4000 ~
-5000 -
-6000 -
-7000 -
Load (1bf)
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D.7 RESIDUAL STRENGTH TEST DATA OF ST006 AFTER 0.5 DLT CYCLIC TEST

Table D-5 shows the strain gage locations of the ST006 DaDT test article. They are also shown
in figure 79 of the main report.

Table D-5. Strain gage locations of ST006.

Strain Gage Number
Axial | Bi-Axial | Rosette Location
Al A1 Lower skin FWS 24.8" on fwd spar
A2 A2 Upper skin FWS 24.8" on fwd spar
A3 A3 Upper skin FWS 27.0” on fwd spar
AT A7 Upper skin FWS 66.5” on aft spar
A8 A8 Upper skin FWS 90.5” on fwd spar
Al5 A15 Upper skin FWS 42.5” on fwd spar
A2l A21 Upper skin FWS 38.25" on fwd spar
A22 A22 Upper skin FWS 38.25" on aft spar
A23 A23 Lower skin FWS 38.0" on fwd spar
A24 A24 Upper skin FWS 53.25" on fwd spar
A25 A25 Lower skin FWS 53.25" on fwd spar
A26 A26 Upper skin FWS 76.25" on fwd spar
A27 A27 Lower skin FWS 76.25" on fwd spar
R1 R1 Root rib at upper fwd corner
R2 R2 Lower skin FWS 24.8" and 2.5” forward of fwd spar
R3 R3 Upper skin FWS 24.8" on aft spar
R16 R16 Upper skin FWS 61.2” on fwd spar
R17 R17 Upper skin FWS 64.4" on fwd spar
R18 R18 Upper skin FWS 68.15" on fwd spar
BS B5 Upper skin FWS 50.7” centered between fwd and aft spar
B6 B6 Upper skin FWS 64.4” (1.67" fwd of damage FWS 64.4")
B7 B7 Lower skin FWS 64.4" (1.67" fwd of damage FWS 64.4")
B8 B8 Upper skin FWS 64.4" centered between fwd and aft spar

Figure D-28 shows the vertical displacement results for post-DaDT residual strength of the
STOO06 test article. Displacement gages D1 and D2 indicated that there was a rotation of the test
article in the —Ty direction (reference axis system may be found in figure C-1 of appendix C).
Figures D-29-D-31 show the strain gage readings of the ST006 test article during the post-DaDT
residual strength test.

D-32



Displacement (in)

6.0

5.0

>
o

@
o

no
o

1.0

0.0

—Dl1
D2
D3
D4
—D5
—D6

0.0

1000.0

2000.0 3000.0 4000.0 5000.0 6000.0 7000.0
Load (1bf)

Figure D-28. Vertical displacements—ST006

D-33

8000.0

9000.0



Microstrain

3000 ~

2000

1000 +

-1000 -

-2000 ~

-3000 -

-4000 -

3000 . 4000 5000 6000 7000 8000

— A21
A22
— A23
A24

A25
A26
A27

Load (1bf)

Figure D-29. Strains from axial gages—ST006

D-34

9000



Microstrain

3000

2000

1000

-1000

-2000

-3000

—RIA

—R2A

—R3A
RI16A
RITA
RI8SA

—RIB
—R2B
—R3B

R16B
—RI17B
——RI8B

—RIC

—R2C

—R3C
R16C
Rl7IC

_n-'-'-'-'-'-.-.-'-'--

2000 8000

Load (1bf)

Figure D-30. Strains from rosettes—ST006

D-35

9000



Microstrain

4000 ~

3000 +

2000 -

1000 ~

-1000 -

-2000 ~

-3000 ~

-4000 -

-5000 -

-6000 -

0 5000 6000 7000

B8-2

Load (1bf)

Figure D-31. Strains from biaxial gages—ST006

D-36

8000

9000



APPENDIX E—FOUR-POINT BEND ELEMENT TEST RESULTS

Static-tested forward wing ST003 was sectioned to machine several four-point bend (4PB)
specimens to determine the severity of the damage and the configuration (i.e., impact with a
knife edge or 1-in. hole to simulate Category 3 [CAT3] damage on the front spar that shifts the
residual strength of the test article to the limit conditions). These 4PB specimens were extracted
after sectioning the article at several stations, as shown in figure E-1.
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Figure E-1. 4PB test specimen extraction

Several 24-in.-long specimens were cut from both top and bottom spar caps (front spar) to be
tested in 4PB test configuration. The web was cut and cleaned to form relatively flat specimens.
Several damage configurations, along with the undamaged 4PB specimens, were tested
(figure E-2). Test specimens were named using the forward wing station (FWS) corresponding to
the center of the specimen followed by “T” or “B” to indicate whether the specimen was
extracted from the top or bottom spar cap, respectively (i.e., specimen name 90.5B corresponds
to a specimen extracted from the bottom spar cap and the center of the specimen corresponds to
FWS 90.5). Two holes, a 1/2- and a 1-in., were drilled at the center of test specimens 66.5B and
114.5T, respectively, while test specimens 90.5T and 90.5B were impacted with a 180 ft-Ib
energy level using a 1-in.-wide knife edge (as shown in figure E-3). Specimen 90.5T was
impacted while resting on two wood bases placed 5 in. apart and lightly clamped. Because the
backside of this specimen indicated significant delaminations, specimen 90.5B was sandwiched
between the wood bases and an aluminum picture frame with an 8-by-8-inch opening
(figure E-3).



e S : e
(c) 90.5B failure mode (d) 90.5T failure mode

Figure E-2. 4PB test specimens (before and after test)

Figure E-3. Impact setup for 90.5B 4PB test specimen
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Damaged specimens were then strain-gaged and tested in 4PB test configurations, as shown in
figure E-4. Strain data from damaged specimens were compared with those of undamaged 4PB
specimens in figure E-5. Next, the stress and strain data corresponding to the onset of damage
growth of open hole and impacted specimens were normalized by the corresponding data from
the undamaged specimens and compared in figure E-6. The 1/2- and 1-in. open-hole specimens
indicated approximately 20% and 40% decrease, respectively, in load-carrying capability,
whereas the strain values corresponding to the onset of damage growth were approximately 10%
and 20% lower than those for undamaged specimens. Both impacted specimens indicated
significant load-carrying capabilities because the damage spread mostly across the width of the
specimen, especially on outer plies.

Figure E-4. 4PB element test setup

Because there were insufficient data to conduct a full failure analysis, the data obtained from the
4PB tests and the full-scale impact trials (shown in table 9 of the main report), along with the
post-impact inspections, were used to determine an appropriate energy level and an impactor
configuration to inflict CAT3 damage on ST005 and ST006 full-scale test articles.
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