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SECTION 1
INTRODUCTION

Since 1983 there have been nine reported bird impacts on
the F-18 windshield, see Figure 1, resulting in one penetration.
Associated with this penetration was an injury to the pilot. The
number of penetrations can be expected to increase as the F-18
fleet size increases. There are approximately 270 aircraft in
the fleet (mid-1986), with 84 aircraft being added per year to
achieve a total fleet size of 1300 aircraft.

The Improved Windshield Protection Program Office
(AFWAL/FDER) of the Air Force Wright Aeronautical Laboratory was
contacted by NAVAIR to evaluate the F-18 windshield system and
recommended an improved system having a birdstrike resistance
capability consistent with the current and expected future
mission requirements. FDER contracted with the University of
Dayton Research Institute (UDRI1) to conduct a seven-part study to
develop and evaluate alternate transparency system concepts and
to recommend a system which will provide the most cost effective
approach meeting the design requirements and goals. The seven
tasks which were considered in this transparency
development/evaluation program are outlined in Figure 2 and
listed below.

o Define the requirements/goals, guidelines, criteria, and
constraints
Identify alternate transparency systems
Conduct a parametric analysis of the alternate systems
Define the baseline bird impact capability

0O O O O

Evaluate manufacturing, optics, cost, maintenance, life
cycle cost
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o Conduct a birdstrike probability risk assessment on the
alternate systems
o Conduct baseline bird impact tests

The following paragraphs discuss the results of each of these
tasks and integrates the findings into the design
recommendations.

"“he primary purpose of this study was to evaluate
transparency systems with increased bird impact resistance
capability. Because of the limited frontal area of the canopy,
the threat of bird impacts on the canopy was not considered
critical to aircraft survivability. As a result, this effort was
limited to evaluating windshield systems; the canopy was not

considered for redesign.




SECTION 2
DESIGN GUIDELINES, REQUIREMENTS AND CONSTRAINTS

The UDRI, in conjunction with the AFWAL Project Engineer,
defined the guidelines and constraints that governed the design
of the alternate windshield systems, as well as the evaluation of
each of the design concepts. Similar programs have been
conducted on the T-38, F-4, and A-7 aircraft, and the experience
and knowledge gained in these programs were used to make critical
decisions relating to optics, fabrication, maintainability, and
life cycle costs. The design guidelines used to conduct the
feasibility study are listed below.

(a) Maintain nominal 5-year windshield life.

(b) No decrease in maintainability with respect to existing
transparencies is to occur.

(c) Maintain interchangeability with existing
transparencies.

(d) Provide simplification of fleet retrofit.

(e) The capability to withstand hot gases from aircraft
cannon is to be equivalent with current transparency.

The governing constraints were subdivided into
requirements and goals. The requirements are those which must be
totally satisfied and include:

o Birdstrike protection must be consistent with current and
expected future mission requirements.

o The system must be producible using existing technology.

o Maintenance of alternate systems must be consistent with
current practices.




o Optics must meet current and expected future mission

requirements including compatibility with night vision

and HUD requirements.

The selected design must satisfy the above requirements and

will consist of compromises between, and the optimization of,

remaining design

goals according to their relative importance.

These other design goals are in the form of performance in

certain key areas, namely:

o Minimize
Minimize

(o]

weight
possibility of catastrophic failure resulting

from birdstrikes above threshold capability

Minimize
Minimize
Maximize
Maximize
Maximize

0O 0O 0 0 o O

Minimize

cost of ownership

technical risk

visibility

durability

thermal integrity

changes to exterior moldline, fairings, and

associated hardware

o Minimize

spall during bird impact event.




SECTION 3
ESTIMATED BASELINE BIRDSTRIKE CAPABILITY

The F-18 windshield system consists of a 0.6-inch-thick
monolithic stretched acrylic panel mounted to an assembled
aluminum frame, fastened to the aircraft at six locations (see
Figure 3), and is hinged at the forward edge. Baseline
birdstrike test results were not available during the initial
phase of this program, so the baseline birdstrike capability was
estimated from parametric equations and test results on similar
systems. These estimated capabilities were experimentally
verified later in the program. Bird impacts above threshold
capability may result in loss of pilot and/or aircraft.

The estimated current F-18 birdstrike resistance capability
is summarized in Figure 4. The critical impact location is just
forward of the aft arch along the aircraft centerline. The
capability at this location was estimated to be 265 knots with a
4-pound bird (all capabilities are quoted for using a 4-pound
bird). The transparency impact capability is generally lower
near the support structure because of stress concentration at the
interface. The 265-knot capability also represents the estimated
capability of the aluminum aft windshield arch. The capability
just aft of the forward arch is estimated to be 300 knots,
increasing to 340 knots for a center-center impact. The
capability increases outboard from centerline toward the sill
because of the decreased bird impact angle.

The estimated capabilities for the stretched acrylic
transparency were based on test data for similar systems and
parametric equations, see Figure 5. Test results on the T-38
student windshield showed that the 0.6-inch-thick windshield has
a capability of approximately 210 knots just forward of the aft
arch, and 320 knots at the center-center impact point. It was
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Figure 3. Windshield to Fuselage Interface
(Ref. T.0. Al-F18AC~120-300).
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estimated that the F-18 would have a higher capability than the
T-38 because it has a lower bird impact angle (24° versus 27.5°)
and a more continuous transparency edge attachment (the stretched
acrylic T-38 transparency was mounted to a nylon attachment which
bolted to the frame, Reference 4) whereas the F-18 acrylic
transparency was bolted directly to the frame. In addition, the
7075-T6 aluminum F-18 transparency frame is stronger and stiffer
than the cast magnesium T-38 frame, thus providing better support
to the transparency. The 7075-T6é Al is more than twice as strong
and the modulus of elasticity is 60% greater than the magnesium
casting.

It was estimated that the 3.5° decrease in the impact angle
over the T-38 resulted in an increase of 20 knots in the impact
capability:; the remaining difference was expected as a result of
an improved edge attachment and arch design (Reference 1).

The current F-18 production aft arch is fabricated from
7075-T73 aluminum and has the section properties shown in Figure
6. The birdstrike resistance capability of this arch was
estimated by comparing it to the T-38 and F-4 test results
(References 2 and 3). Figure 7 shows a plot of stress (measured
using strain gages at the failure location) versus velocity for
various tests conducted on the F-4 aircraft. AEDC test numbers
have been shown for each F-4 data point. A curve, based on the
structural and geometric properties, was fit to the test data
points. Using the structural and geometric properties for the T-
38, another curve was generated. This curve passes through the
point which corresponds to failure of the arch as determined from
birdstrike testing.

Because of the similarity between these transparency
systems, a high level of confidence was placed on the estimated
birdstrike capability of the F-18 windshield frame. An F-18
curve, based on its structural and geometric properties, was

11
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plotted as shown in on Figure 7. At approximately 265 knots, the
stress in the arch was estimated to be equal to the ultimate

strength of the material and is, therefore, the predicted
capability.

A major problem with each of these production windshield
frames (F-4, T-38 and F-18) is that the transparency support
structure lacks sufficient toughness which results in the system

failing catastrophically when impacted above the threshold
velocity.

14




SECTION 4
IDENTIFICATION OF ALTERNATE WINDSHIELD SYSTEMS

Alternate windshield system designs were selected by UDRI
in conjunction with AFWAL/FIEA. In past programs, UDRI had
worked in conjunction with major transparency suppliers to select
alternate transparency systems. Now, however, because of the
experience gained from these past programs, UDRI and AFWAL have a
considerable database from which to select alternate systems.
Alternate systems were based on this combined experience of AFWAL
and UDRI, and on the guidelines and constraints which governed
this study. The current monolithic stretched acrylic
transparency provides good serviceability and life; however,
increased bird impact resistance results in an increase in the
acrylic thickness, resulting in a relatively heavy transparency.
When impacted only slightly above the capability, acrylic
materials tend to fail catastrophically (References 1,2,3,5,6).

The McDonnell Aircraft Company proposed a 0.94-inch thick
stretched acrylic windshield with a redesigned frame which was to
have 500 knot capability as a developmental goal (Reference 7).
This was the thickest monolithic stretched acrylic transparency
that could be formed and still meet the optical requirements. It
was believed by UDRI that the highest capability that could be
attained with this system would be about 475 knots (reference
Figure 5) and that considerable development effort would be
required to attain this capability at the critical locations.

Monolithic polycarbonate has been used in the past on the
F-16 aircraft. Bare polycarbonate cannot be used because of its
low durability--being susceptible to surface abrasion and
UV/environmental degradation. To date, there have been
durability problems with the coated polycarbonate materials

15




(Reference 8). New generation coatings, currently being flight-
tested on the T-38 aircraft, may provide adequate durability:
however, these materials must be thorcughly evaluated and tested
before they can be put into production. Another problem with
monolithic polycarbonate is the embrittling effect of minor
surface imperfections (Reference 9). Small imperfections can
result in a catastrophic failure of the transparency at
velocities much lower than the established capability. Multiple
plies of polycarbonate minimize the possibility of a single flaw
resulting in failure, which in the case of a monolithic
polycarbonate ply would be catastrophic.

In general, available test data indicates that laminated
polycarbonate panels, combined with an acrylic outer face ply and
separated by low modulus ductile interlayers, offer high
strength/weight performance for bird impact. The opportunities
to vary stiffness and strength and thus performance are almost
limitless. One may depart from symmetric laminates and vary the
thickness of the structural plies and the thickness and material
properties of the interlayers. Laminated configurations also
facilitate the incorporation of electrically conductive coatings
for deicing and threat suppression capability. Laminated
acrylic/polycarbonate transparency designs can provide an
increased level of bird impact resistance over the current
stretched acrylic windshield system without an increase in
weight. The acrylic surface plies provide protection for the
polycarbonate, the main structural ply of the system.

Maintenance of the outer acrylic surface would be the same as the
current transparency. A range of thicknesses, corresponding to a
range in bird impact resistance, of the laminated transparencies

were evaluated.

In all transparency systems, the edge attachment is
critical for bird impact occurring near the panel edge. The

16




importance of considering total system response, edge member
cross-section, and the details of edge member attachment are
clearly demonstrated in References 1 through 6 and 10 through
15.

Seven transparency alternatives and four frame alternatives
were identified; each representing a major trade—of@ between
birdstrike protection, weight, cost, visibility and durability.
Below are listed each of the transparency and frame alternatives.

Transparency Alternatjves

o Coated monolithic polycarbonate - total thickness
0.6 inches.

o Two plies of laminated polycarbonate separated by a low
modulus interlayer and coated on the interior and
exterior surfaces - total thickness 0.6 inches.

o Two plies of laminated polycarbonate with an exterior
ply of acrylic and an interior coating; plies to be
separated by a low modulus interlayer - total thickness
0.6 inches.

o Monolithic stretched acrylic - total thickness 0.94
inches (Reference 7).

o Two plies of laminated polycarbonate with an exterior
ply of acrylic and an interior coating; plies to be
separated by a low modulus interlayer - total
thickness 0.66 inches.

o Two plies of laminated polycarbonate with an exterior
ply of acrylic and an interior coating. Plies to be
separated by a low modulus interlayer - total
thickness 0.73 inches.

17




o Two plies of laminated polycarbonate with both an
exterior and interior ply of acrylic; plies to be
separated by a low modulus interlayer - total thickness
0.84 inches.

Frame Alternatives

o Current aluminum frame with new composite aft arch.

0 Current aluminum frame with new titanium aft arch.

o0 Current aluminum frame with reinforced aft arch.

o0 New redesigned aluminum frame for the 0.94-inch-thick
acrylic transparency (Reference 7).

18




SECTION 5

ESTIMATED BIRDSTRIKE CAPABILITIES OF
ALTERNATE WINDSHIELD SYSTEMS

The alternate transparency systems were evaluated to
determine the bird impact capabilities of each system. Each
estimated system capability was based on the estimated capability
of each transparency (this assumed that the transparency support
structure would be designed to optimize the transparency
performance). The bird impact capability of each alternate
transparency was estimated using parametric equations in
conjunction with the results of bird impact tests conducted on
similar transparency systems. As part of this effort, the
strength of the fuselage structure which supports the
transparency was also evaluated.

The analysis of the F-18 critical windshield system support
structure is contained in Appendix A. This analysis evaluated
the fuselage structure which reacts the loads resulting from a
birdstrike on the windshield. The analysis included the
following structure: upper longeron, ribs at station 233.7 and
240.2, effective skin, and critical fasteners. The most critical
component was found to be the rib at station 240.2. The three
possible failure modes and corresponding loads are shown in
Figure 8.

The fuselage station 240.2 rib was analyzed as follows to
determine the peak vertical (axial) load carrying capability. A
constant 500 ft-1b moment was assumed at the ends of the rib when
the axial load capability was calculated. This moment would be
applied to the upper longeron and rib through the base of the aft
windshield arch. The magnitude of the moment was based on finite
analyses of birdstrike resistant transparency systems having a
similar geometry and a bird impact capability of about 500 knots.
Crippling failure of the rib occurs at just over a 5,000 1lb axial

19
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load. This failure was not considered critical because at the
onset of crippling the load would redistribute into adjacent
structure, minimizing damage. This type of damage would not
prevent the aircraft from returning to the base.

Bearing failure of the fasteners which connect the rib to
the upper longeron occurs at a load of about 7,000 pounds.
Failure of these fasteners results in loss of the applied moment
(500 ft-1lbs), and without this moment the rib would buckle at a
2,000 to 3,000~-pound load. This failure could cause loss of
aircraft control if critical aircraft flight controls were
located in this area. This was discussed with NAVAIR and it was
concluded that no critical flight controls were located in this
area and therefore this type of failure would not pose a flight
safety risk.

In order to determine the velocity at which fuselage
failure could occur, a family of vertical sill load versus
birdstrike impact velocity curves was generated for various
fighter aircraft (reference Figure 9). The failure points for
the F-4 and T-38 aircraft were based on experimental test results
and were used as input in generating the curves.

Since these curves were tightly bounded, a relatively high
level of confidence was placed on the sill load that was
predicted for a given birdstrike velocity. The F-18 curve
predicts a 7,000 1lb sill load at about 475 knots. A transparency
system for the F-18 having a birdstrike capability higher than
475 knots may result in damage to the fuselage or require some
fuselage modification to prevent failure of the fuselage.

The transparency capability for each alternate transparency
system was estimated using parametric equations and experimental
test results from aircraft with similar transparency systems.

The results of the parametric equations for a 4-pound bird
impacting a center location at 24° have been summarized on Figure
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10. This range is based on curves by Ingelse & Wintermute (Ref.
6), Bosik-Bolted Edge Attachment (Ref. 1), Rockwell (Ref. 1),
Goodyear Aerospace Corp. (Ref. 1), and West and Clayton (Ref. 4).
The predicted penetration velocity for the various equations
diverge at higher velocities (greater thicknesses). Several
reasons for this divergence are as follows:

o First, the transparency edge condition becomes more
critical at higher velocities making it difficult to
accurately predict the birdstrike capability.

o Second, the thicker the transparency, the more the
transparency cross section can vary, which further
increases the range of capability.

o Third, variations in the overall windshield geometry
(i.e., overall size and single or double curvature) can
have a significant effect on the birdstrike capability.

Confidence in, and accuracy of, the estimated capabilities
were increased by using the birdstrike test results from similar
aircraft systems; actual capabilities being compared to the
estimated capabilities. Experimental birdstrike test results for
various aircraft transparency systems have been summarized on
Figure 11. These actual capabilities were used to substantiate
and make adjustments for overall geometry, edge conditions, etc.
to the parametric equations (Figure 10) to more accurately
evaluate F-18 alternate transparency systems. For example, the
T-38 windshield has about the same thickness and impact angle as
the F-4 side panel; however, the T~38 capability is about 400
knots where as the F-4 side panel has 500-knot capability. This
is a significant difference due entirely to panel geometry--not
accounted for in the parametric equations. This example

23
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demonstrates the need to include available relevant experimental
data when evaluating system birdstrike capability.

The estimated capabilities for the F-18 alternate
transparency systems have been summarized on Figure 12, 13
and 14. Figure 12 shows two 0.6-inch-thick polycarbonate
transparencies with a coated interior and exterior surfaces.
These *ransparencies would weigh about the same as the current
system and increase the birdstrike capability by over 60 percent.
In the past, materials with outer surface coatings have exhibited
durability and maintenance problems (e.g., embrittling the
polycarbonate, loss of coating adhesion, difficulty to repair in
the field, etc.). New coatings, yet to be used in production,
may prove to have much improved durability over currently used
materials. At this time, new coatings are being evaluated in the
prototype stage but are yet to be qualified in production.

Four laminated acrylic/polycarbonate transparencies were
evaluated (Figures 13 and 14). These transparencies offer
different levels of bird impact resistance capability. This
basic design has been proven in service for over nine years. A
0.6-inch-thick transparency would provide 450-knot capability; a
0.66-inch-thick transparency would provide 475-knot capability,
and 0.73-inch-thick transparency would provide 500-knot
capability. The 0.84-~inch-thick design has both exterior and
interior acrylic plies and a bird impact capability of about 540
knots.

A 0.94-inch-thick stretched acrylic transparency is shown
in Figure 14, This transparency would require an R&D program to
achieve this level of protection (Reference 7). The best acrylic
windshield edge attachment design would allow the transparency to
have a capability near the forward and aft edges to approach the
capability at the center of the panel. An inherent problem with
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acrylic transparencies is that impacts above the threshold
capability result in catastrophic failure and potentially lethal
spall enters the cockpit (References 12, 13).
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SECTION 6
BIRDSTRIKE RISK ASSESSMENT

The birdstrike probability risk assessment was conducted to
provide statistical data concerning the effect of alternate
levels of bird impact resistance on the number of penetrating
birdstrikes. Six models, representing the six alternate
transparency capabilities (see Figures 12, 13, and 14) were
constructed and analyzed. The aircraft history, see Figure 15,
is used to validate this analysis. The analysis predicts the
number of penetrating birdstrikes over a réwyear:period.

Because of unknown future changes in the number of in-service
aircraft and mission profiles, the analysis may not accurately
represent the total number of penetrating birdstrikes. However,
the predicted percent reduction in the number of future
penetrating birdstrikes per low level flight hour for an
alternate windshield system will be representative of the actual
reduction.

The birdstrike probability program has been used to
evaluate the relative performance of aircraft transparency
systems in terms of birdstrike resistance. The probability of a
birdstrike causing damage (penetration) on a system can be
evaluated and the total number of birdstrikes and penetrations
for a given number of flight hours can be calculated. This
program is most useful as a tool for comparing relative
performance of different transparency systems for a given
aircraft. Because of the uncertainty involved in the input data,
the penetration numbers generated by this program should not be
considered in any way absolute and are only as good as the input.
A complete description of the mathematical theory is contained in
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Reference 16 and a detailed description of how to use the program
is contained in Reference 17.

The Birdstrike Risk Assessment program mathematically
models the real world by using a given bird density per cubic
mile, determining the volume of space swept out by the aircraft
windshield using the windshield frontal area, time in the bird
environment, and mean velocity in the bird environment, and then
calculating the total birdstrikes. The number of birdstrikes, N<
is calculated by

N = pa Gavg Te000 Reference 17 (1)
p = bird density/cubic mile
Vavg = average aircraft velocity in the bird
environment
T5000 = time spent below 5000 ft AGL (in the bird
environment

The average aircraft velocity and time below 5000 ft was provided
by NAVAIR, and the frontal area (485 in?) was determined from the
design drawings. 1In past programs, the bird density was
estimated by the size and types of birds that impacted the
specific aircraft. However, in the case of the F-18, which has a
relatively short in-service history, this was not possible. As a
result, the bird density for the entire F-4 fleet (2.862
bird/miles3) was used (Reference 3).

The analysis was conducted for F-18’s using an average of
360 flight hours per aircraft per year with 35 percent of this
time, or 126 hours, in the bird environment. An average fleet
size (over the next 10 years) of 683 aircraft was used. The
predicted number of penetrations is obtained by multiplying the
total number of birdstrikes by the probability of damage.
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The probability of damage is calculated as follows: The
unconditional probability that a random birdstrike will be
damaging can be expressed as:

P(D) = [oh(K) P(D/K) dK Reference 17
(o]

where h(K) is the probability density function of impacting
kinetic energies which is based on the birdweight distribution,
aircraft velocity profile. P(D/K) is the transparency strength
distribution function.

Birdweight distribution is obtained from Norton or BASH
birdstrike data files for the particular military aircraft, or
from specific studies of bird population weight distribution.
From this data a birdweight cumulative distribution curve given
by

P(w) = 1.0 - exp(-w/BZ)A2 Reference 17

is developed. The birdweight cumulative distribution curve used
for the F-18 is shown in Figure 16 and is the same as that
developed for the entire F-4 fleet.

The aircraft velocity profile in the bird environment can
be obtained from projected or actual mission profile data, or
from service life data. Note that only data from below 5,000
feet AGL should be used, because the bird population above 5,000
feet AGL is minimal. The aircraft velocity used for this
analysis is shown in Fiqure 17 and was obtained through NAVAIR.
Transparency strength distribution can be obtained from either
birdstrike tests or it can be estimated. The estimated
transparency strength distributions for the alternate windshield
systems were used and are shown in Figures 18 through 25.

The results of the birdstrike risk assessment are
summarized in Table 1. With the current monolithic acrylic
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CUMULATIVE PROBABILITY OF PENETRATION

CUMULATIVE PROBABILITY OF PENETRATION
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system, 15.8 penetrations were predicted in 10 years. The 0.6-
inch-thick bird proof polycarbonate transparencies increase the
birdstrike resistance capability, lowering the expected
penetration by over 60 percent without significantly increasing
the weight. The 0.94-inch-thick stretched acrylic transparency
has the same minimum capability (475 knots) as the 0.66-inch-
thick laminated acr lic/polycarbonate transparency; and results
in a total of about three penetrating birdstrikes in a 10-year
period.

Two transparency alternatives were evaluated which have
greater than 475~ knot capability and these may require some
fuselage modification to support the impact loads. The
transparencies would provide 500 and 540-knot capability and
further reduce the number of expected penetrations to about 15%
and 10%, respectively, of the current windshield system.
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SECTION 7
PRELIMINARY TRANSPARENCY DESIGN/CROSS-SECTION EVALUATION

A method of rating the various transparency design cross
sections was devised to systematically evaluate the variables
involved in determining the best transparency configurations for
further consideration. Nine categories, which included initial
cost, life cycle cost, weight, producibility, durability,
maintainability, optics, visibility, and birdstrike resistance
were evaluated using a matrix evaluation technique. Note that an
in-depth evaluation was not performed in each of the above
categories; all ratings were relative to each other and not
absolute. Seven transparency cross sections were evaluated.
These candidate cross sections resulted from transparency
configurations that have been used in the past on similar
aircraft or that have been suggested as alternate designs by
industry.

The transparency evaluation represents the combined rating
of UDRI and AFWAL/FDER and were based on their experience gained
in past programs. The rating or weighting factors were assigned
in each category after considering the explanations listed in the
following pages.

o The "design requirement weighting factors" are a rating
of the categories relative to each other based on the
projected Navy requirements. For example, bird impact
was rated higher than weight or cost. The most
important category was assigned a "10"; other categories
are rated according to the relative importance.

o The "“transparency rating" prioritizes each transparency
cross section in a given category. The best material is
given 10 points. All other cross sections are to be
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rated relative to the best, on a scale of 0 to 10.

Listed below is an explanation of each category.

- 1Initial Cost - initial cost of making the retrofit
(cost of all hardware and the work required for
installation, reflecting any development cost).

- Life Cycle Cost - cost of replacing transparency on
an annualized basis.

- Weight - relative weight of the windshield assembly.

- Producibility - rating should reflect the development
time required and potential production difficulties
(proven vs. new technology).

- Durability - if possible, should be based on the
actual service life of similar transparencies.

- Maintainability - any maintenance required on the
windshield systen.

- Optics - rating reflects expected optics which could
be achieved and maintained during production and
service.

- Visibility - rates the relative visibility between
designs.

- Birdstrike Resistance - rates the relative birdstrike
resistance of each design.

o The "Overall Windshield Rating" is the summation of the
products for each category of the "Design Requirement

Weighting Factor" times the "Transparency Rating."

All transparency designs a;e‘a compromise of many different
and sometimes conflicting design requirements and goals. This
evaluation is an attempt to gquantify these requirements and goals
in order to objectively select the best alternative. AFWAL/FIER
and UDRI conducted this evaluation as objectively as possible
based on their combined experience in aircraft transparencies.
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The evaluation has been summarized on Table 2. The design
requirements weighting factors are summarized in the first line
of the table. The transparency rating factors are summarized
next, followed by a summary of the overall ratings.

The results of this evaluation are as follows: The 0.6
through 0.73-inch-thick acrylic faced polycarbonate
transparencies had the highest overall rating. The 0.94-inch-
thick stretched acrylic transparency followed--this design was
negatively impacted by weight. The transparency designs with an
outer surface coating had the lowest rating.
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SECTION 8
BASELINE BIRDSTRIKE TEST RESULTS

Baseline birdstrike tests were conducted at Arnold
Engineering Development Center (AEDC), Arnold Air Force Station,
Tullahoma, TN, during August 1987. The results of these tests
are contained in Reference 18. Figure 26 shows the two impacted
points on the transparency. Table 3 presents a summary of the
birdstrike test results. All tests were conducted using a 4-
pound bird. Two impacts were made at the critical location
(along the aircraft centerline just forward of the aft arch), a
225-knot pass and a 269-knot failure. Four birdstrike tests were
conducted on the center of the windshield resulting in a pass at
309 knots and a failure at 330 knots.

Twenty-one strain measurements were made on each shot for
shot numbers 975 through 978 and 980. Figures 27 and 28 show the
strain gage locations, and cross section properties.

The strain data from test no. 975 was used to validate the
windshield support structure analysis contained in Appendix A.
This was the only shot on impact point 1 (the most critical loca-
tion) which passed--loads in the aft arch would be lower for
shots at other locations, and strain data from a shot which fails
cannot be used for validation calculations because the amount of
energy absorbed in the system would be unknown. The strain gages
on the aft arch showed the arch began to yield during this 225
knot test.

The strain data for three points on rib 240.2 are shown in
Figure 29. Peak strains occurred at about 1.74 milliseconds into
the impact event. Using the stress equation shown in Figure 30,
a static load on the rib was calculated which would result in the
measured strain (averaged strains were used from the left and
right sides).
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Impact Point 1

Impact Point 2

Figure 26, Bird Impact Test Points.
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Figure 27. Summary of Strain Gage Locations and Cross Section
Properties on Rib Y240.2.

50




Looking forward

| & Strain gage locations

Section A-A GAGE TYPE: CEA-13-125UW-350

ARCH SECTION PROPERTIES

X, = 0.14 in. Y, = -0.89 in. I, = 0.07 in?
X, = 0.01 in. Y, = 0.31 in. 1, = 0.04 in?
X, = 0.31 in. Y, = 0.71 in. A = 0.37 in°

lO.6xlO6 psi

m
"

e = 0. in.

Figure 28. Summary of Strain Gage lLocations and Cross Section
Properties for Windshield Aft Arch.
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Where: My = Bending moment about the x-axis.
My = Bending moment about the y-axis.
P = Axial load.
A = Cross-sectional area.
E = Modulus of elasticity.
= Eccentricity of the axial load.
Ix = Moment of inertia about the x-axis.
Iy = Moment of inertia about the y-axis.

Xi = Distance measured from gage i to the
neutral x-axis.

Yj; = Distance measured from gage i to the
neutral y-axis.

0j = Stress calculated in gage 1i.

€j = Strain measured in gage 1i.

Figure 30. Stress Equations for Reducing Strain Data.
(Reference 19)




The average peak load on the rib at station Y240.2 was 1170
lbs. downward force with an outward moment of 380 ft. 1lbs. The
actual load in the arch at the sill was then calculated as shown
in Figure 31. This resulted in an applied down force from the
arch to the sill, of 1680 1lbs. The compares favorably with the
estimated load (1590 lbs.) predicted from Figure 9.

2s a result of these birdstrike tests and structural
analysis (Appendix A) it was estimated that some fuselage damage
could occur in the 450 to 470-knot velocity range. Damage to the
fuselage in this area as a result of birdstrike would not be
expected to prevent the aircraft from returning home, based on
discussions with NAVAIR concerning the location of critical

flight control components.
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1.275y 2.765W

P = 2.765y Ps = 3.99y

C0s 13°

Where: p . Axial loading n rip Y240. 200
p

= Birdstrike arch Joad on sily

W = Distributed arch Joaq on sily

Figure 31. Calculation of Load at Sill,
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SECTION 9
CONCLUSIONS

The windshield system alternatives have been summarized in

Table 4 along with information in eight key areas. These areas

include birdstrike capability, predicted number of penetrations,

weight change, optics, peak deflection at design capability,

technical risk, durability and life cycle cost.

The following paragraphs summarize the various windshield

alternatives and present the trade-offs that each represents.

o

The 0.6-inch-thick coated monolithic polycarbonate
transparency would provide a capability of 425 knots,
reducing the number of penetrating strikes from 15.8 to
5 in a 10-year period. There is no weight change for
this alternative (a new aft windshield arch could add
several pounds). All of the existing windshield frame
could be used except for the aft arch, which would have
to be redesigned. Optics would be slightly degraded
trom the current system (a result of the coating) and
peak deflection from birdstrikes would be about 4.5
inches. Technical risk is high because new coating
systems which provide adequate durability have yet to be
proven in production.

The 0.6-inch-thick coated laminated polycarbonate
transparency is very similar to the monolithic
transparency. However, the laminated transparencies
facilitate the incorporation of electrically conductive
coatings for deicing and threat suppression. There is a
reduction in optics due to laminating the material. The
bird impact resistance would be about 450 knots--again,
the coatings represent a higher technical risk.
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The 0.6-inch-thick acrylic faced laminated polycarbonate
transparency is similar to the other two 0.6-inch-thick
transparencies; however, this type of cross section
design has been proven to have adequate durability on a
production basis on other aircraft and represents a low
technical risk. Optics would not be as good as
monolithic designs; however, they should be adequate to
meet mission requirements.

The 0.94-inch-thick monolithic stretched acrylic
transparency could provide up to 475-knot capability,
but may require a substantial development program making
it a high technical risk. When developed, peak
deflection would be only about an inch reducing the
possibility of damage to the HUD. The potential exists
for catastrophic failure of this transparency system
when impacted at velocities slightly higher than the
threshold velocity. It provides good optics and
durability:; however, the weight of the windshield would
increase by 26.4 pounds. This transparency would
require an all-new, completely redesigned frame.

The 0.66-inch-thick acrylic-faced laminated
polycarbonate transparency is essentially the same as
the 0.6-inch-thick acrylic-faced laminate. The
difference is a slightly higher bird impact resistance
at a slightly increased weight (about 5 pounds).

This transparency has the same minimum capability (475
knots) as the 0.94-inch stretched acrylic windshield,

and represents a low technical risk.

The 0.73-inch-thick acrylic-faced laminated
polycarbonate transparency is the same cross-section
that has been used on the USAF F-111 aircraft for the

past 8 years. This alternative would provide 500
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knot birdstrike protection (may require some fuselage
modification) and would weigh 12 pounds more than the
current transparency. Also, the entire windshield frame
would have to be redesigned because of the additional
transparency thickness.

o The 0.84-inch-thick acrylic-faced laminated
polycarbonate transparency would provide 540-knot
birdstrike protection (may require fuselage
modification) and reduce the predicted number of
penetrations by 90%. This cross-section alternative is
similar to the 0.73-inch-thick transparency except it has
acrylic face plies on both the inside and outside
surfaces and would result in a weight increase of 19
pounds over the current system. !

Four aft windshield arch design concepts (see Figure 32)
were evaluated. Each arch was designed to support a transparency
having a 4-pound, 475-knot-birdstrike resistance capabilitv.

The aft arch is the most critical (in terms of the bird impact
performance) to the overall performance of the windshield system.
The composite, titanium, and reinforced aluminum arch designs can
be used with all of the transparency alternatives except the 0.94-
inch-thick monolithic acrylic, which would use an aluminum
design.

o An all-composite (glass/Kevlar/epoxy) aft arch has yet
to be demonstrated in service but has the advantage
(over a metal arch) of rebounding back into its original
shape after being bird impacted.

o A titanium aft arch has been used on the USAF F-111 BIRT
and ADBIRT windshield systems. This type of arch may
plastically deform leaving an air gap between the
windshield and canopy. This design, however, may have
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the lightest weight and provide the greatest
visibility.

A composite reinforced aluminum arch would be similar to
what has been developed for the USAF T-38 aircraft.
This design provides a compromise between the all-metal
and all-composite arch designs. A prototype design for
the T-38 is being flight tested; however, there is no
long-term in-service history. The advantage of this
design is that on a retrofit, the original arch is
reinforced and incorporated into the new windshield
system, minimizing the amount of new structure that has
to be designed and requalified.

The aluminum frame design for the 0.94-inch-thick
transparency was conceived by the McDonnell Aircraft
Company. As shown in Figure 32, the visibility would be
degraded compared with the titanium arch. This arch
would have to be developed to provide support to the
transparency without degrading the system impact
performance. The adhesive/sealant used between the
transparency and arch would be critical to the overall
system performance.

61




SECTION 10
RECOMMENDATIONS

The following recommendation, summarized on Figure 33, was
presented as a result of this study.

The existing 0.6-inch-thick monolithic stretched acrylic
windshield should be replaced to reduce the risk of penetrating
birdstrike. A 0.66-inch-thick laminated acrylic/polycarbonate
transparency is recommended because it significantly reduces the
birdstrike hazard (by over 80%). Similar transparency designs
have been used on USAF high-performance fighter aircraft (F-16,
F-111, T-38, and F-4), resulting in a low technical risk. Also,
laminated designs facilitate the incorporation of coatings for
deicing and threat suppression.

The 0.66-inch-thick laminated acrylic/polycarbonate
transparency was selected for three reasons. First, it would
provide a level of protection that would minimize the possibility
of damage to the fuselage while significantly reducing the
birdstrike hazard. Second, initial cost and development time
would be minimized by using the existing windshield frame (except
for the aft arch). Third, weight increase over the current
system would be minimized (about a 10% increase).
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APPENDIX A

STRUCTURAL ANALYSIS OF CRITICAL
WINDSHIELD SYSTEM SUPPORT STRUCTURE




SECTION
1

TABLE OF CONTENTS

UPPER LONGERON ANALYSIS

1.1 Bending Analysis - Sections Y236.940 (Least Load
Carrying Capacity)

1.2 Shear Analysis -~ Section Y236.210 (Weakest Cross-
Section)

Shear Analysis - Section Y240.200 (Position of
Maximum Shear)
BUCKLING ANALYSIS
2.1 General Information
2.2 Calculation of Approximate Lengths of Column
2.3 Calculation of Distributed Arch Moment

2.4 Buckling Analysis Including Effect of Arch Moment

CRIPPLING ANALYSIS

3.1 Crippling Analysis as Explained in "Aircraft
Structures," Sections 14.12-14.14

ANALYSIS OF FASTENERS AT Y233.70 AND Y240.200

4.1 Shear Analysis at Y233.700 and Y240.200

4.2 Bearing Load Analysis at Y¥233.700

4.3 Shear Analysis at Y240.200

4.4 Bearing Load Analysis at Y240.200

ANALYSIS OF FASTENERS CONNECTING ARCH

- Includes shear, tensile, and bearing load analysis




1. Colum is assumed to take the shape of a circular
a-rc.

2. Colum is assumed to have either a fixed-pinned
end condition or a pinned-pinned end condition.

3. Skin covering colum is assumed to have simply
supported ends, one simply supported side, and
one free side.

4. Arch applies a distributed mament to the column

upon birdstrike. This moment will increase the
birdstrike load.

CRITICAL FAILURE POINTS

crippling failure: Pmax =5540 lbs (pinned-pinned)

me =5690 1bs (fixed-pinned)

buckling failure: Pmax = 9200 lhs (pinned-pinned)
P = 9752 lbs (fixed-pinned)
max

bearing load failure: Pmax = 7620 1lbs

NOTE: Pma.x = the maximum allowable birdstrike load
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AR -

2 =

2h,

69
» . 2% 0 2ha =

A-12

-45 )

%+ (20 )(.21)3] = 0208 in?

Zb".: 2.61.«)\ 2199-:2,00

Zh)ﬁ .21




FIGURE 2 -

CROSS - SECTION AT 37440

Gy QOO0 7 S.S1 D00 e U0
SR000 B D100 o 70000
1.%4000 = 3 X TS0
1.24000 1G L2000 1.4300G0
e 2000 11 L EGO00 1.44000
e 700 12 ATNTN W) e LU

Y DISTANCE TO XX CENTROIDAL AXIS = F4%1

FMOMENT OF INERTIA ABOUT XX CENTROIDAL AXIZ = S e

X DISZTANCE TO YY CENTROIDAL AXIzZ = TEVL

FIGMENT OF INERTIA ABOUT YY CENTROIDAL AXIZ = 0Ll

TOTAL AREA Ay

FRODUCT GF INERTIA A0

FIZMENT OF INERTIA ABOUT THE PRINCIPFAL AXIZ = e Wl

W)

MOMENT OF INERTIA ARLUT THE MINIMUM AXIE

ANGLE FROM XX AXI: Td FRINCIFAL AXIZ <= 11,72 LEOREE:

A-13




AT WORIT CASE: h = ¢

&2V = .4 4,

FOR. PENDING STRESS

o (Mas 1.6°X(1.02) L (Msinn.s19)

2.3832 33177
M = g

CcosH-8X10Y | (sinil. S)CL20
23832

3317
M= .6265 0 b
APPLY MOHR'S ClRcLe  EQUATIONS
-0 ———
= Gx +ON v
Smay —Li-‘u- -* /él(-l-)(d'm" 0}4)‘ T
o
S7000 = Zx /(i‘)(%)”r T
KE - T _Z;r_rb. = @X60m)\I%) - 8502 psi
—, .m ey, . ——
2
<57M "'-?F) - ‘i-a-Kt 4 ('(Bs'oz)t

(5000)* ) s7000) = (18502)*

o = (G700 - (9502)"

s7%00
G T 50994 px

MAK (MUM MOMENT To FAIL

Mamax
LONSER oM

m

(6265 Xy )

[

(6265)(5099¢) * 31 948 inb
MOMENT AT Y237 480
Y236.21

-

NOTE THAT TME MaumuMm MOMENT OCCURS

WHEN THE SHEARZ EQUALS ZERD
1125

l
v [\A USING  SIMULAR TRIANGLES To EAIND A
- \l 25 | _2.7e5
l 2-%% x

r 2.9

L, —— = x = (.15¢
~




MOMENT (s To BE INTEGRATED FROM  Y233.700 to ¥237.364

2.6
M= 3.0l50 + 5 w3735 - ¥)dx
.51

3.6

= 3.076w t w[ 3736« — "2““;.;.

= 3.075w + .48 o
- F.83 o

MAXIMUM  FORCE PER UN(T LENSTH
AT Y 237.3649

M= 383w

383 3.823

w= 8357 (by,

MAGMUM  ALLOWABLE BIRDSTRIKS: Poax = 22202 . 34220 b

cos (A° e

T

A
ty s ‘#;7-




Sechm 2.1

SHEAR STRESS ANALYS|S — Uere conceeon

SHEAR. STRESS WwiLlL B8&E ANALYRED AT TWO CAITICAL POINTS:
I. WEAKEST (ROSS-SECTION OF THE LONGECON
L. PosITION ON LONSERON \AHERE MAXIMUM SHEAR OCCURS ,

NOTSU): SHEAR STRESS 7" uas A PARABOLL. DISTRIBUTION THROUGH
THE  CROSS- SRTiON. THEREFORE WHEN SHEAR STRESS (S A
MAXMUM | THE REANDING STRESS (S BERO AND VICE VERSA.
THUS  SHEAR STBESS IS ANALYRED (WDEPENDENT OF [SENDING

STRESS |
NoTE @) SINKE  (ONGERON HAS UNSYMMETRICAL CeaSs~-SECTION S |
SHEAR. STEELS WL BE ANALVYEED ALONG THE BINUPAL
AX(S.

I. WEAKEST CROSS-SECT/ON- — OCURS BETWEEN Y 236.2(6 AND Y 2320950
THE POSITION WHRERE. THE (ARSEST SHEAR 5
LOCATED  wiw. BT ANAWYRER. FROM  sHEaz /
MOMENT  Diaetar , THS wilL BE AT YZ3e 2o
ve 226 0w b (SEE SEcTION 1. [ )

T = "}':;:'_—OC ~+ m{\;wd\wmo\i‘

Q= FIRST MOMENT oF (NERTIA OF ORXES-3EXTION ABOUT
PRINCPAL  AX(S

I = SECOND MOMENT OF (NEETIA ABWT PRINCPAL AX(S
OF THE WHOLE CRSS-SECTON

1 * THCKNESS OF SECTION WHERE MAX SHEAR
STRESS ACTS

NOTE'  SHEAR 3TEESS DUE 1o THE MamenT (TogavE) MRODUED
N ARCKR WHEN BIRDSTRIKE OCcufS WiLL BE ASSUmMED
TO ADD AN ANPDITONAL SHEAR STRESY Op T >2obop
THIS VALWE WAS MLECTED FROM  PREVIOUS CALLUNKATED
VALUE Fok A CROSS-SECTION oF SIMULAR Swpe (Y236.240)
( cALUATED (N SECTION L-f)

A-16




X X
—1.47 ®)
-, S
-2 (oS
‘|33 SZ

N 24
L ¥C 29
1, s v
1. €7 e}
b D -
e , 357
-l.22 (@)

AREA = 10268 mt

N

CENTROID

&

-y

e b {1

L,

| %

A-17

S’— : ‘je
—

Q= Ay = (-0208)( .25)
t ,304 1}

= lx, |~ hx,| > |-148) = [~1.22

‘t. = o“i'\

Xg kg * (.58 -~ .§
t 5 1.OB (a

X




Yb\m TO XX CENTROIDAL  AXIS
HOMENT OF TWUERTIA ABOUT XX CENTEOIIAL AL
X DSTANCE TO Y'Y CENTROWDAL AXIS
MOMENT OF  INERTIA ARDUT YWY CENTROIDAL AT
TOT &I AREA
PRODULUCT OF WERT
MOMENT  OF  INERTIA AROUT THE PRINCIPAL AXIS
MOMENT  OF INERTIA ARQUT THE M) imun  AxLlS

ANGLE FEOMA X AXS D PRILDOIDAL AL

0.2950
0.034 0
0.0213
(W3 N B B
[. 023
~O. 0%
0,725
D.023 1

= 7.3 DEGREES

72,3




.24

V= lmsw
SEE DiAeRAMS FoRk CALCULATIONS A= .304 n?
4,4t = 1.34in
I = [99/8 in* CALCULATED N
<' SECTION |.L)
dore - T Fom  SECTOM  (Z36. 210 (S THE SAms AS
SECTION  ¥236.940

CREGS-SELTION Wi BE ANALYZED TO AALL. AT THE ULTIMATE
SHEAR. STRESS Fp, (S22 TGLE For PRemEeTIEs OF Y075~ T7351 - SECTION 6)
Fsu = 39000 psi

T= £, = M@ ©oo
-u I‘L+ 21

39600 - 20000 = 2250)C.300) _ (i225.X 300
Croag(t.+&) (9219 ((-34)
W= 29007 [LA,,

MAXIMUM BRD STRIKE (OAD P - 22 (3.9 (29200
e W cas(3®
P - gazcot&
FoSiTioN OF MAXIMUM SHEAR — OCCURS TUST BERRE Y¥240.200
MAXIMUM SHEAR ° Vewx = 2765w

¢-= TE -+ ’r-&n. baf‘d\ Mo"lv\{‘

SEE DRAWING FO2 CALCULATIONS oOF Q,t

NOTE: THE SHEAR STRESS DUE TO ARCH MOMENT WIiLL 8E
ASSUMED TO APD APPBOKIMATELY 1B 5€0 ps¢ (THs

VALUE WAS CALCULATED N SECTIN 1.1 cor

THE SIMULAR CROSISECTION Y21377.440 )

CROSS-SECTICN |S ANALYRED AT ULTIMATE SHEAT STREXS
Fso * 39000 e

A-19




 fz

CROSS~ZECTION OF LUFPER LONGERON ST BEFIRE 240,200

1 Q. Q0000 O QOOOC P 3.51200 . 735000

=z L L4000 2, 00000 7 F I . 75000

] 1.354200 2.00000 = ! 1.44000

4 1.342¢CH 1.37900 = 1.44000

S S L2200 1.3237500 10 o 22000 O, QOO0
Y DISTANCE TO XX CENTR: (DAL AXIS = 1.4172

MOMENT OF INERTIA ABGUT XX CENTHS (DAL AXIS = . 4044
X DISTANCE TO vY CENTRIDAL AXIs = LIS72 ‘

MOMENT OF INERTIA ABOUT YY CENTROIDAL AXIS = Z.l7as

.JTAL AREA = 1.3942

FRODULWCT OF INERTIA = . 35640

MOMENT OF INERTIA ABOUT THE FRINMCIFAL AXIS = 2. 2304

MOMENT OF INERTIA ARCUT THE MINIMUM AXIS = . 3326

ANGLE FROM XX AXI3 TO PRINCIFAL AXIS = 11.2 DEGREES

LS ¥\




t l.z-‘

MEETS 3 SQUARE
HEETS 5 SQuaARE

MELTS A SOuARE

~ POINT x Y
| -1.39 )]
i -, RE Y
3 =)D @)
g -.22 , 51
Z [T Neoz
L [, eo o)
7 S O
/ _]97 JZO
2 ""/\\ 6

Y
AREA = 1.1O0R in*

— e

Q= AG * (1.108X .2672)
L2727 i3

¢, = I¥.l-||‘¥5\ € ‘-l-39|- 1=

t .28 i
*t © Y‘ - t, s 4;69 - O
T (L? jn
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123

Yo
Faur 39000 > I(¢+t) ¥ 18500
(27650277 _  =3000 - (8500
CelmCi-62)
w= 26 162 by,

MAXIMUM  BI2DSTRIKE LOAD -

Py = 39w . @2DCeis2D

ces 3° cos (3°
Prux 2 107093 (b

A-23




BUCKLING
ANAL ¥ SIS
OF
FIBS AT
Y233. 700

AND

y240.200




Seckm 2-1.4

BOCKL//\/G‘ AA/AL }/E/S ~ (olrmns \'2;-33.7oo

Y240 200

WE WILL ASSUME THAT THE GXUMNS
. SIMILAR.  TO THE CoLumN
BEING ANALYICD ALL

AT Y233.700 AND Y240.200 BERAVE
IN THE Diackavt BEWOW . ALTHOWH THE ULUMNS
NITIALLY CUBVED  ThE EQUATIONS ST ANPPLY.

P

WE Wikl USE THE SECINT FORMUA ToO ANAYRE TE MMAXIMUM

GUKLiNG  LOAD /STemsSs . (L FURTAER. DETAILS SEE  MEUANICS QF MATERIAS
pos E41-544 N SECTIN 6 ) .

P - S rmax

A I4-:§7$a:(é§J£§T€§)

P= APruEDd LOAD
AT AREA OF CROSS-SECTION SaNS AWALYZED
€ = EXENTRICITY , CALLKATEP PCBVIOUSLY
C = DISTANCE (Eam MOMENT OF INEETA AMS T0 THE OUMER. EDGE
OF THE CAUMN CRXS-SE&ITION N THE INSIDE LANUI OF COLWMAS
p = RADKS oF GYeaTIoON > NEA
' E

= MODULLS OF QOLUMA|

L' = EFRFECTIVE LENGTH OF COLLMN
Oonax
Fe

MAXIMUM  CAMPRESSIVE STRESS = Fc_y
CRITICAL BIXKUNG STRESS

NOTE: THE ABOVE EQATION MUST BE 3ULVED USINS A TRAL AND ERROR.

SOLUTIOM .

BUCKLING WitL. B8 CALUNLATED For THE WEAKEST ceosSS-ZECTienN
N TRE COLUMMS .,

A-25




2.2.z

HP PROGRAM FOR SOLVING SECANT FORMOLA, ~ NOT (ONSIDECINGe EFFECT of
e —— —— ———— —————aaa

AR mMormENT

L. D "
RCL. O (e) 10
RcL o2 «) -
* T
RCL ©3 \e) -
x* cos
= A%
STo og R 04
RCL 20 (P *
RCL ©B5 &> 1O
= +

RCL o ) Y
= gL o8 (ch))

Vx -

.5 RCL b Aa)
* »
ReL o7 ) RTN

ecL o3 ()

HP _PROGRAM FoR,  SOLVING IEGANT FORMULM — ZANWUDING EFFECT OF ARCH Mo ™
L < = +
ReL O (@ Ix X
e © (W 5 Rl o8 Cf«.y)
* “

xL 20 (P) L o (LY L oo (#)
2 e & (f) *

-— — RIN
RCL o2 (<) »

- §-Yo)
e <3 (el v

X‘I
ST o4 (os

gew 20 (P) Ay

¥er oh (€£) RLL O4

- >

RCL ob  (b) 1o

A-26




£ LD
CRIOZS-ZECTION OF RIB (SECTIGN &A) —= YIIz.700 2 — ASSUMED To gg THE
WEAKEST CROSS~-SECT/ON

.06 |
.06 b o6 | I
L
Mew_ g
Y DISTANCE TO XX CENTROIDAL AXIS = L SE6T
MOMENT CF INERTIA AEOUT XX CENTROIDAL AXIS = N
X DIZTANCE TO YY CENTROIDAL AXIS = L7200
MOMENT OF INERTIA ABOUT YY CENTROIDAL AXIS = L0544
TOTAL AREA = S1evz
FRODUCT OF INERTIA = . 0000
MOMENT ©F INERTIA AEOUT THE FRINCIPAL AXIS = - .0544
MOMENT ©F INERTIA ABCUT THE MINIMUM AXIE = . Q0%
ANGLE FROM XX AXIS Td FRINCIFAL AXIS = .0 LESREES
CROG3-SECTION OF RIE (SECTION EE) -- YZ4o,zoc —— ASUMED To BE Tue
WEACEST (ROSS-SECT o0
1.510._)|
T - ____L__ |~— j‘ LS FULL SCALE
, T
: 0% I l
t
D MR Ty
Ly
Y DISTANCE T XX CENTROIDAL AXIS = . £550
MOMENT ©OF INERTIA ABOUT XX CENTROIDAL AXIE = 0234
X DISTANCE To (Y CENTROIDAL AXIS = LT1SE
MOMENT OF INERTIA ARALT YY CENTROIDAL AXIS = L0731
TOTAL AREA = L 2EEE
FRODUCT OF INERTIA = -, 0011
MOMENT ©OF INERTIA AEOUT THE FRINCIFAL AXIS = L0731
MOMENT OF INERTIA ABOUT THE MINIMUM AXIS = L0234
ANGLE FROM XX AXIS T FRINCIFAL AXIS = -1.2 DEGREES

—
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INYIE D

h\ .

)

s

for Jrde

ENY ©313S1E
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e e Thials

& IT9NY <l>3ck

— )

-9'zr

W ALPNIY Y ﬁ )
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Sectin 2.2.1

BUKLING ANALY IS = % s

T. RIB AT Y233 700

4+ APPecKiMATION OF THE LENGTH OF COLUMN BEING ANALYESD.

S = ARC LENSTH of THE OUTER SURFACE OF THE Couma

8 = ARC LENGTH OF THE (NNER SURFACE OF THE WOWMN

@ : EWENTRIGTY ; DISTANGE LOAD (S OFFSET FROM THE ASSUMED
AXIS o SYMMETRY

¥ >

ANGLE AT WHICGK THE BXKWNG LOADS ACT ON TwE QoLUMN
WITHR  RESPECT T© THE HORIZONTAL AXS,

R = RADIUS TO THE ARC LENGTR S

r = RAQIUS To THE ARG LENGTH S

B = ANLE THAT DEFINES ARC LENGTH S' AT A RADIUS o

d 2 PERPENDICULAR. DISTANCE €ROM THE AXIS oF LOADY T THE ORIGIN

i 4
-
2¢ . ‘Z L4
9 =
AXIS OF [
SYMMETRY 2 e
pe
I
AXiS OF LOADS »
s
"\ d
®KLENTRICITY "g"
,;*L-
A L DISECTS anaLE g
Y 48
i3~
18 -4 Tt { HORBONTAL PLANE
§ - {
'Y
T ——

A-30




S TRACE OF CANOPY SILL REFERENCE PLANE
2 N 3

- . 22. .96
.70 REF sin 24° ~ —-—R—e—

R = 5620 /a

S= R 6 (N EADIANS
s= (B20)(+ )

S 5 23.44 |,

CALCULATING SMALL ARC LENGTIH s/

r= R- 144 NIE: (44> CHANNEL. WIDTH
r = G20 -(.44
r 54.7 ;,
ARC LENGTH  S! - gz S-a- (9%
e > ““/a:s 24° = 23.54 —1.26 - (D5
a= (.in = 20.34 n
CALCULATING ~ ANGLE B ° 3= rB
R CORR
+£¢
CALCULATING THE APPROX(MATE LENGTH { : sin(38) = 2=

4= 2rsin(@d)

= (2(54.76) sinl0.64"
! z 20.2Z2 "

CALCULATING ECCENTRICLTY

cm(tﬁ) = ’él ez €Cr-d) «.72 NIE: T2= 3 CHanNg
d = rces ‘é_ﬂ - (54.7% -53.80) 4+ . T2 Wicms
* 54.% as (964" ek in (cumuc:. s >
= $3.82 SYmmETeIC
CAULULATING AX(IS 6F LOADS 196 2 Re y= (180-20-48) -
- 26 ] - ->
o = (22 X82)- 1 Y= 774
A-31




2.2.3

9. RIB AT Y240.200
BN T
- Qﬁno
r32) 'y
—— -
[Nle) L
AXIS OF
SYMMETRY
‘vﬂ AXIS OF LOADS
i sl
)
1 22“
| )
‘ 1
5 | ECcENTRIGTY e
22.8°
: P
P—
\‘
‘ —d
{ .
! < \q‘\\ -
! BISECTS ANGLE 8
4
.
.——.«j 40
)—1 b’
S
i o (uommu PLANE
3 L . -
DEFRNITIONS | SAME  AS RI® Yz, 700
_ 23.48 .
CALCULATING OUTEL ARC-LENGTH S R 283 S=» RO
B= 60.52 in = (60.52)(22.83 'Tn—ao
= 24102,
' ! = -
CALCULATING [NNER AR(- LENGTH S a= 119 S sS-a
ws 22.63° = 2¢fz- (.02
a ™ 1.19 T 2293 in
A-32




2.2.4

CALCULATING  ANGLE A raR-138 = =rB
r= 5204 m B 3%
- 22.93 o] _ °
NETE: (38 = CHANNEL WIOTH o (?9.—12) G‘g—) s 22
CALCULATING ApPeoxiMaTE cevemH 4 sn(Z4) = %,Q
L= 2rsin i4
’%N\ 1~ X59.14) sin(ti.11%)
35 £ = 227% ia
r
: @0 - % G-d)
CALLULATING ECCENTRICITY ans ~ e= 4+ .b6b
d=vreos 18 e (5214- 5803) + . 66
Ad= 5B.03 a e= 171

NoTE: 993 = DISTANCE 1O IY)'

CALCULATING AXis OF LOADS: Y= 80-®-&48
X = S0-((f(°
Y= 78.9°




. Sechny 2.3.1
BUCKLING ANALYSIS — Ltermining distibuted moment
+rom arch almqg Jongeoon . These

momentls  wall pe dﬁa//'e/ o Columns

Y273.700 AND V240.200

ASIUME  THAT THR ™MOMENT CF
THE ARCH IS APPLIED AT THE
MODLE OF THE FoOT THAT
CONNELTS THE ARH TO THE
LonsERON .

ASSUME THE BOT™M ENOS oF TwWE
LoNGELDN ARE FIXED N THE OLAME
OF ROTATION of THE MOMAENT. TRAOS
WE  HAE A STATWALLY  (NOETEUMINATE
STROCTORE.,

Mg ® MOMENT AT COLUMN Y240.200 (vrEenvAL )
Ma ° MOMENT AT COWMN Y233.700 (INTERNAL J
@ = TOLSONAL REID(TY

T © POLAL MOMBNT OF INERTIA

P, 2 ANENAL DEFLECTON OF LaN&EEoN DUE
To M,

#. * ANGUWAR DEFLECTION OF LONSEEON DuE

TO Mo
Ma L = LENGTH OF (ONGERON BENG CONSICERED

M NOTE-. -TOTAL ANGULAR. DEFWECTIoN (rwrsT) MusT™

EQUAL ZERO SINCE BOTH ENDS ARE
Ma EixeD.
¢‘+¢’;’¢=O ug“(ﬁ:‘ ﬁ-:ML"
J&
pOTE INTEENAL MOMENT ™M, IS EQual. TO Ma

INTEENAL.  MOMENT Ny IS EQUAL To Mes

(M) (459 _ (p)z.2d . o
: 36 %G

NgotE: MINUS  SIGN BECAUSE SECTION AC AND  SECTION CR Aece
TUNSTED IN oMo (TE DIRECTIONS

A-34




(M )4 _ 42.00)
Ja P

Ma = 4_9, 33>Vh

NOTE: 1T~ WILL BE ASSUMED THAT THE POLAR MOMENTS oF (NEETIA
3. AND Ta  ARE CONSTANT THROUGHOUT SELTIONS AC AND C§
ReEsPECTIVELY  (ACTUALLY |, THESE VAWRS VARY ALONG THE LONSSBON ),
THE WoRST ‘T" N SEaN AC AND IETION 3 WML BE ANALYRED.
THESE VALUES UHAVE BEEN CALULATED IN THE FAILUBE  ANALYSIS
OF THE UPPER LonNGELON. (SEE SECTION 1.1)

LR T
W'T FOR SecTion »AC = BETWEEN RS ITIONS Y 236.20
AND Y236 .45
T = 066 n*

WORST ‘T For SECTION CB —= BETWEEN POSITIONS Y237.04S
AND Y238 445

- - .06k
e s GEAEE) e

= .32 Mg

M= Ma+ Mqp
6O in-lb ~ Mas+ Mg
0O = 326 Mp + Mo
— = Mg £ 4525 w: (e
—% (e~ (3DAB28) = (475 in (b

MOMENT A 1ED To COLUMN Y233, 700 = M, = 475 m b

MOMENT APPIZD To OLUMN Y24a200 == Mg= 4425 ,,(b

THESE VALUES witl BE USED TO CALCULATE MAXIMUM
BIRDISTRIKE LOADS FOR COLUMAS YY233.700 ANP VY240.200.

A-35




Sectm 7.4, |\

BUCKLING ANAL Y SLS — Considering effect of monent
produced by arch ypon brrckinke
Calcutated wiout effecd of skin

THE MOMENT PRODUCED @Y THE ARCH WILL DECREASE THE
ECCONTRICITY DISTANCE e AND THUS TINCREASE THE BUCKLING
FAILURE

LeAD REQUIRED FOR
@’ = mpFecTiveE ECcENTRIGTY

r L?
M
€ T CALULATED &LCENTRICITY
= i Pe' = Pae—mM
e' = -
P

M & f

THE  SECANT REMULA WILL BE USEDP To CALCULATE THE MAXIMUM
Wil B8&

THE eFFECTIVE ECccaENTRILTY €’
ECCENTRICITY @ . TN THE

)

BUWKLING LoaDd .
INSTEAD of THE CALLULATED

VSeD
FORMUL A
i . I nax
A e'c 4 /e v
I+ se, —
Fr [2 EA P
NOYEE: IT Wikl BE ASSUMED -THAT A soo (b MovenT
IS APPLIED BY THE ARCH AND (S DISTEBUTED AS
CALCULATED N SECTION 2.4
P Tonay
A (L Ce- e /B L
P ¥|Z{ea p
¢ f
I. For COWWMN Y1233 700
AT .1692 ja* L~ 20.22 i £:= 103400 o
Q2 .66 in T ? 0544 in® Tinag 2 FL’I t 56000 3
C* .72 i Pz -567in Loz 70 % (4. e jn
. My= 475 alb

@ APPLED  ™MOMENT
A-36




B = 7o
9 ¢ e = c[""( £ “4./e
( + (s %Ye)ie92) -56")]

P= 2545 [

F‘a_Aiz %: iS04t p3c

~  ASSUME  p/NNED/PINNED  SonOITioN

II. COLUMN Y240 .200
E*™ 10.3x10% p3(

Az 2238 n* L2 22.71% in
€= [T in 14 TR Gonng > Foy® 56000 p3i
e .66 i e=- 572 i L'= 0L 22209 v

@APPLIED MoMENT Ma < 4525 ia-lb

. S¢o0 0
TS )C“),K[L/—:(___'&)l

2238

.572)*
P 4230 b
— = - 42 - 0.
" -E~ = %8 = (8900 p»

OLUMN Y240.200 — ASUME Eixep / PINNED  CONDITION
PRORERTIES SAME AS ABOVE @ rsPT
L'= L = (6.96 in

e 559
,2238 [ o Q- Css) [ /—/59 ]

¢ 572

p= 4535 b
= P 4535 20265 ps¢
Fe” x 2238 e
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z'+.b

BUCKLING ANALYSIS — Cateufated uf effect of skin
and  jaclading eHect of moment
f"odace/ e A,

THE BULUNG LOADS Wil BE CALCULATED IN THE PREVIOUS AMANNER .
ONLY THE EFFECr OF THE 063 in SKIN Wil BE CALCYLATED
SINCE THIS THWCINET o SKkN ASTUALLY COVERS THE Rig,

k.lo_—;'t—; 3.15 —~

T. Fol COLOMN Y23A 70
Ace (692 4}

Fc.z lg“" ’SL r_]
ALLUME EFECTIE WOTH:  w=got [E . (4063 [E _ = og9 .
Fe 150+
CALCULATE  TOTAL ARSA A= Ae2uwt = (92 +G( V(XY - 224 4}
CMLULATE  COMPRESSIE LoAD R=> RA¢ = (5o d(2x) = 4420
(e suctiine)
p—4g. 25—

I FOR QLUMN Y240.200

A. PINNED/ PINNED CONDCTION
As _ 2228 m™
Fc = 18900 p3l

EFFECTIVE WIDTH we(e)eod) (£ = 882 in
&9

TOTAL  AREA : Ac® A+ 2l = 2238 ¢ CX(B82X.063) ¥ 335 imd
COMEESSIVE LOND BetAFe = (335X 3900) * €330 =
(P Buekung)
8. fFiep / PNNED aWDITION Az .2238 m*
o= w02%S psi

EFCECIIVE WOTH wa cc)(.oca){ E__ - 852 .x
2065

A-38




CFRee. BXELING)

TTAL  AREA Acz .2238 + RX.g52)(%3) = .33

4.4

S

COMPRESSIVE (#AD R=FRA =C331)X0us) = 6710 b




2.4.5

BUCKLING A/VAZ.)/ﬂj = (alcubition of the allowaldle
wirad tad o7 he /Oﬂgeron.
Znccks effect of momeit prodiced
5/ e a@reh.

x. AULLOWABLE VERTICAL (OAD OB BOXELING o ¥ 233 0

RM‘/ z

Frert = Rsin T.4° = 4420 sin T7.4 = 4315 b
Rice = Ras T14° = 4420 ¢cos 774 = 264 b

YERTUAL TERANSM.TTECD SOE CANNOT ExCEeD
(-2
ANias Rert = 435 16
-8

. ALLOWABLE VERTICAL LOAD FOR BUCKLING OF ¥ 240.200

Rt {/ R
wt A. & PiuNeD / PINNED OONDITION
Burt » Rsin 782° = 6330 sin 789° = €2l
Ruee = Beas 782° = €3 s 7.9° ~ (242 b
N 8.5°
/ Z VERTIAL TRANSMITTED &EOREE CANADY Excrad

Zw.‘. = 67—(7.- e

8. e FrD/PINNED CONDITION

Bt = Bun 78.9° = 670 sin78.9° = €585 b
Rier = BRcog78.9° = K710 cos 789" = (292 b

VEETICAL TRANIMAOTED LOAD CANNOT EXCEED
Rt = €585

A-40




2.4.6

BUCLKLING ANALYS!S = Maximom Allonable
Birdstrike road +or buckl

TR EEEE “ SLature 1 colomns Y233 70
1‘ and VZ40.200. Znckeks erfec
- 28 27650 of arch monrl.

€. MAKIMUM BIRDSTRIELE AT Y233.7D0

MAX VELTICAG BOLELING LOAD AT Y2xdeo —» Lt * 4345 b

1225w » Rert » 436 brect T 30w
W e 3522 By, » (399)(3522) » 14055 L
Prax = Daot - (4055 | 4424 i) ‘MAaraom
s B° s B\ —————— MI /

|, MAMIM BIEDSTRIEE AT Y2€40.200
4. Fof PINNED /PINNEO  COMPITION
MAXIMUOM VERTKAL BUCKLING LoAD AT Y240.200 -+ Ruest g2/ ik

2. 75w Ruts (2I2 Prert = 3.2%w
w= 2247 (b/n o (399)(2,247) = So64 b

Frvae.

s  Part 826¢ 200 |b (Mm:wn)

- 22T
as 3 Gar(X* nepsTees

B. ror  FxeD/PINNED  cONDITION

MAY VIRLTICAC BUCKLING LOAD AT YZ40.200 — Rnt > 6585 b

2.7685w = Ret = €585 Peot = 392w
w = 2382 ¥ - (3.92)0R38) T R b
Prug = Dot o 25 . o752 1o (manum )
ces 8° w»i3® _— BiepSreicL




CRIPPLING
ANALYSIS
OF
RIES
Y233 700

AND

Y240.200




Sectiun 3.1.1

CP/PPUAZG ANALYSIS

COLUMNS WL _BE ANMNYIED FOR ([OCAL CRPPLNG AT THE WEALERT
CROSS-SECTION. THE CAWKCULATIONS WERE DOoNEB [RQULOWING THE (NROMIATION
AD EXAMNES QNTAINCD N SECTION 4.4 OF THE B “ARCRAST Smucryees"

WEALEST CEDII-SECTANS ARL THOSE MOOVD (AN SECTIEN! 2.1,
THE FUOWING FGURES Wetk USED TO CALCUCATE CEMPLINS STERSS .

)
HRERERNI
" -+ 2’ XE
o S TS g
\ N ad s L
10 7 40
s nefh) AL,
9 30— Y "&’755'
k]
. s,
N - Clomped sudes and endy 3%
- Fn) s N

" '.;'/ wio —

. ' T

0 (i fomped sides, cimply ryperted ende 0 W W % W 20 W
. chamyped, aks siopy supperied Z Tt

A ]
~PY7i]
&
\ o FISURE 2 — ALLUWABLE BUCKLING
Simply supported sides and ends
3 STRESIES For A FCAT FLATE
2 (N THE PLASTC o SHoer
/”rcbmdmdﬁlm[o o N RANGE
_—
! rantztm' j;uaaumum
— asss ‘
n { TI I l NOIE THE VAWE oF Féq
’ L Y 3 ¢ (or ) CAN 3 OSTAINED
FOR ANY ENOWN VALUE
FURE| - VAURS of K poe vameus oF _tc.b.>
<

SUPPORT LoNDITIONS OF [FLAT
CLATES IN (DM PRESSON/

EAMH COLUMN Wiy, BAE ANALYRED AS 3 FLAT PLATES. TH&E srsscr
OF THE SN witl., ALS®D Be INCLUDED (N THE ANALYILS.

A-43




I For cownanN Y233.700

r—l.ﬂv—‘-‘
PLATE | — ASSUMEO THAT BdaTHd ENDS AND onNE SidE
NN NN S
7 —{, ARE SIMRY SOPEOETES, ONE SIDE FREE
?8 K 3 PLATE 2 — ASSUMED THAT BUTH GANDS AND TIDES Ags

S/MPLY UPCORTESS
PLATE 3 — ASSUMED QBom ENAS AND ONE 3IDF Aee
SmPAY SOPPOETD , ONE vDe Mer

LENGTH of MmN Y233 00 * To.zx.o

1.32

FrOM RGURE ( ¢ peate - B2 -‘,—%;= 191 -» K, =0.57
e 222 - 0 = Ky =z
PLATE 3 -~ -ﬁ-?—“% a 1.9 Ky = 0.57

CALLLKATING  ALONVABLE CRIPAUNG STRESS oL Eacn MATE (Flee z)

PaTE ! - z 4 I 162 % 29000 g5
wE T Tmtee) ™ 4T3 - Gt e

Pare 2 ™ b o [T A3t ) = =3 =2 g 3 32000 psi

PLaTe » T e /[T (62 = — gz ™ 29000 @il
Ve (f—g?Yos> 418 °s

CALLILATING TOTAL SRIPOLING STRESS

T = Zq‘s"u“ - Tec, bt = Teeabaty + Tecea 53
i bt, + byts = byt
- (D29 006X . 62)(.08) + (Z2o0a)(1.32X0 XD
@RX-€2X06) + (i.32X.06)
30467 p3¢

A TElaw SOLOTION WL 8L USED 7To FIND THE CRIPUNG STRESS /NCUWDN
ThE Ecmper OF SLAL. NOTE THAT THE EMIKTNE KN woTH (S A
FINCTION OF THE  COLWUMN STRESS gz AND THE EFRECTIVE SKIN WIDTW

1S NEEXD TO CALLUCATE f oe CaLumAl BEQUATRW,

A-44
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GouaToN Fok EFFIZTIVE SKIN WIOTH - w = .60¢ /E
I
EQUATION Fok THE DcumN STRES - o= = e [,_ e (5 )’?
4n e

ASTUME gz = 35@»,;
ink g
;i we c.@(.«g\/mg cen
35000
PUSPP TR KFFEctE  TEIN ARESA:  Ar = @X.648)(.3) = - 082 2

I o544 »*
CENTI.\DAL PISTAICE § 7= 82752 245, -
D2y, OB

MWIENT  oF NERTIA oF ENTIRE AREA ASDIT THE CENTEIDA AT
Tz 0544 « C@(-750)% — C(eh2 + 82)C2¢6)™

- R-]- 1 'm‘

RADIUS Om SYRATION ABIUT CENTROIDAL. MNAS
= /.-E_c = f__~_ Set = .54,
P Ae (em~+.082) - =

Note . FRoM SECTION 2.3 —e LYz |4 /6

CALLINNTING GatmMNn  STeRsy m
16 2

o 30407 [' _ 304l (%)
(¢Xrr)(/0.3 419D

= 29125 e3¢

RECALLATING W o = Cea)Coez> [OBri0¢
Greenve sts wions) 29125

. 7(l IIH

Ag= ). Koeé3) = 0.0%9 ,, >

(o 752) _ .2603 4,
4692 + 089,




T v .0544 » C.OBQ(TSDE — (1692 +.05%) (1603

= _OB75 th*

P ) %75 _— Y ‘"

2+ om)

30467 Gr “om )? ] .
de = ] - - 91 .
< Sl [ (4 XT* (.3 xict) 290l e

RADIUS oF GYEATION WKL NOT CHANEE THAT MICH
UPON LECALLULATION , THEREROEK

COLLUmN  STeRss (S
g, .= 29111 g

HoTE: CLUMN Y231.7C0 15 QRVED AND Ao HAT A DSTHRUTED MomeN
Mz (475 a-lb ApPLIED TO (T. THE £FPECTIIE LCCENTRIC(TY A3
CACULATED (N THE BUCLLING ANALNXS WiLL BE Connose &=o

’:e_-ﬂ.
e =3

e' = EFF&CTIVE ECCaNTRUTY

€ 3 CALUNATED EXCENTEICTY

ATELS; AT THE CRTICAL CRE3I-JeTioN CANNDT EXceeo
THE <aluMmn STEESS Te OTHEXWAE FAKVRL WoULp
oceue. .

-1
o ~ (CeXd) , Fo AR R < *i;;

I A Te
o f— AS CALLULAIRD ABO\A : LTe = 085
Ae * 1022 « XU X063)= 2588
CRITEAL QL= '-“ )
RO -SETeN

c® e ‘Y. = 0.970 \pn
M = (475 1~
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CALUKATING MAXIMUM ALLOWABLA CRPPLING Lomn
29111 = [WCe)-14wT ) | 5
'°‘75 025?8

fR = 2042 lb

CALLULATING MAGMOM  AlLOWADLE VERTICAL (OAD MOm (RIPPUNG ARLURS, MTE
AT "R 1S MONG THRE AUS o LA A5 SHOWN N SE&TION 2.2
e

MAOMUM VECTRAL L0AD =R

R FfSn77€°
* 20423/~ 774"
* 1992 /4

CALLLLATING MAXIMUM ALLOWAGLE BwDITuck -
2852 R

w = N2 b
*ae = o7

Poax » 329w . B3N | L0 ARgram
g
o 13° s (3° seDSTR! X
vy V240,200
133 -
viame Qave @ — garw ENDS AND ONE JIOE Smfvy TUPYDETEQ

N é N ONE SIPC PekLe.
:b B Pt @D — Borm B, Bore JOET UARLY TUPRORTES

CAMLULNTING ANILSWBAE CRPAING LTRSS

9“@”0 P - W .23 < |.3¢ - K'.K'-O.‘los
b 5t
= O: =k . X2 o 443 = 30 000 @i
P ZtE=G R, =
e D T e . (z.) 23.3 = S 22 000 m<
£y

S
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k A~

PATE @) -i-: l’.% - 1.0 —n Kz » 7.62

b . _II__!:ZZ)-.-ggg -— Tz, * 33C0O0 45
—E:t 362(-"6 2 f

CALLULATING “TOTAL. CRIPPUNG 3STRELS

&z L bt o« o, ht, o Tey Bty 4 Oue,y Bty
Zhe bt, + buty 4 byty

CGoam) C.96X.07) + (33200).23X.06) + (32000) (D48
CoeXoT) + Cr23)ex) + (.2%(e8)

= 21731 psc

THE SAME (ROCEDUBE WL S ONLOMED 19 EndD TRE MAUMUM ALULOVAS.B
BIRLOTRILE (OAD R CRIPPUANG FaliurE OF COUMN Yi0.2¢

ASSMmg Gz 30000 @l = w = (6X.063) }’9_3‘.‘_“" - 0
0o

.17;-7—_{-_—;,_:- EFPECTIVE. SEIN AREA:  (2)(X.063) = 088 '
t + I CENTEODAL DISTNLE ¥ © T+ CRa)X752) . 22 .,
S— 2239 +.089
QA'.‘¢‘13ﬂ in"
ry: K- & 1T MOMENT of WO NBWT CENTEZOAL AXi g
T 2 1t +» (OBCTSV — (.m0t Dt
= 130 in*

OIS oF GYRATON p= I . P’L = .663 i
Ae 2278+ 088)

DINNED /BNNED  coNDITIoN! L'z 22.719 o,

OIKED/ PINNED  CONDITION L'= (595 ..
22. b N
Caan STRETS e = 3i73) [. _ aizal (5B ] (e frnos
AL Go.3eh) = 2830%¢

ls,?/ L
. 3 {' o 31731 % %) 'I CRKED PINNE
T 21731 ! ra)lr (o, Teiet) = 3A019%¢®
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3.L.7

RONLULATING W - (DR PINNEYPINNED  COND TN

&2 (e X-0ed) o3s0" 2 LTS
¢ X 79305 o

As = @IS ).ae3) = 0.690] jn*
— . GOl X2
14 .223¢ +.0%0 /-

Te = o730+ (0% X.76F — (. 22384 00! X2le)™
= 0.1094

P \[_Ts... 01094 | 0.590 in
A (

o098+ .2238)

=0.2l6 i

2 31730 [| _ 3731 (BER)?

1 = 280206
X)) Crazac®)

w = (Y. o%3) [[O3u0* T4
X 23630 =0 -

Ass

XY .0 =.09/3 int
Con3 (. 753)

2 0.218 ¢
2238+ .093 218 im

Tez 0731 » (o3 X —~ (.28 ) C238 +.010)
2 0.1098 4

= / 0. 1098 =
f (239+.0913) 0.590

P IO AOT CHANGE SIENIFICANTLY

Ce 228030 ps¢

ANOYE - THRECEmRE

B. LECALCUNATNG w T

Foe  Pixeo/ PINNED CONDITION

w= (6X.06d) [ RIS 1 0697 in
30298

As » c2CeiT)(ca3) = O0.0878 vt

g = G o818 X.762)

-~ 0.212 N
22| «+ 08718

Te v .ar3l < C.oRIRLTIED* — (2238 + .088)C. 1z )®
- 0.(09,,¢

= - » 0.59
P J(.OWJO-R”) 0.5

A-49




(55 \x
gL= 25520 [( - 25020 C55) 2434 psi

G LA Y7

w o~ (6X3) V/—m - .778 i

£ 346
As = @C778).063) = 028 in*

7= ¢.0%8 S = 222/~

L2238 + .02%
Tc = 0731+ (098)(-752) % — (2238 + .oog)(.22)™

T itz im*
F - /_T‘ - 'm
(0% +.2238)

THEREFDRE &N w= 24346 'sv. Poe

(p DI NOT cHMNGE S(EN(FICANTLY )

CALCULATING MAKIMUM  ALLOWABSLE CRIFPLING  LoADS
AL FoR  PINNED/ BINNED CONDITION

o~ ele-2]c, &

Te At
Te = (11 jn* Az 2238 + (o ™ .326 \*
e= (L7 e 66+ ,233 = 893
M > 4525 -l o = 2B 2L pri

23122 = F_:c__f._'ﬂ"(gﬁ_)](-sas) + Fe
gt 725

Fe = 3637 (b

8. Foe FIRED/PINNED  CONDITION

Ic = .Uz in? Ag = 2238 4+ 028 ~ 322 int
@~ L in €T (66 +.225 = .889 i
M= 4526 in-lb T s 2% 346 poc
£525
24 e 2 Elrr - (B8] (8 | =
S 322

A-50
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CALUUATING  MAKIMUM  ALLOWABLE VELTICAL L0AD Fom. <RIPLNG
A. RE PINNED/ PNNZO (GyNOITION
R* AR s B9° = 33/2 s =~ 374(

8 R Fixep/PINKED Coworrrons

B2 & sin7899°> 315 sin189° = 2942 4
CALCULATING MAXIMUMN, JIRDSTRI &E Loap FaR CRIPPUNG

A. PINNED/PNNED Caa®ifion

2w s R -
e s 24 _ 3534 Prax = 22w (3.2X1353) _ 5540 Ib
2:%5 “in ces 3° @s 3*

B Fixep/ AINNED CoNpiTiON

2765 w0 » R
-« 38%2 > @22(389) = 96 ©
W= 2VIE 1399 b Pemey = N autatd F1- 4 =
2485 391 Tr g ces (3© s
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A/\/AL YS/S

FASTE/\/E/‘?S
AT
Y233 [C0

AND

Y240 200




ASSUME B ACTS THROUGH CENTROD

B8 ar Va3 700

r—-—,-———*—-+~—¢

TO FIND CENT®ID oF THE HOLES

< "
- = A x- —_— SAY,
295 e x = : LKL y . g\l,‘
l 210——0-{ -;'-—A—:' —t e

r-us--

Alz CROSS-SECTENAL AREA oF BOLT ("

‘— .32 < DISTANCE -To A

L——Ll”* YO =y DiSTANEE ™ A
L— X = X DSTANCE TO CENTENID
¥ = Y DSTANGE To cenTeso

NOTE. © Ay » L‘ = C‘G){f) = ‘m;ﬂi-
BerAprAe = Ap = (MR = mim
;:.; é;‘_&)(?-’ﬁ) + CA. 13-24) -+ (Ag)(l.zq) ‘(ADXZ-“) +(‘¢)0-!5) *(APXl-So)
Ap+Ag+ Ac 4+ Apt Ag+4p

x * 2.6 n

T o CARER) v AN ¢« CAXLTD aeX.73) ore: AXD o
AA +Aa vAc » Aps Ag <Ap (M}o)=o
7 = -38 in
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4.12

- F' = LOAD DUE TO QENOING MoMENT OF ARCH
F' - VKRTICAL SHme AT EAcs moct

%%y 1 RADIAL DISTINEES Fom CENTROID TO THE CENTDR

o (A 3T

mr casg
annmo da> V Gos-20)+(R-BW* ~ o .-
d. > | 3.3~ 216D «CB~. W * [ (O
de> V(Zo~2.(c)% (13~ 29)* ~ .36
- 4,

do> | Gee-21c) +C.30)2
N R
VC.somam)t+ (3% = 7%,

BT AT MINT 8"  BouT (S AT FUBMUEST DISrmice.
AUDO HAS THE SMALLEST CLOSS-SErtioNAl AOA
OO

dg* IO in

ANANZIING THE wWoest CASE:

CRCEEY- SECTONAL AREA. &
DISTANCE e2onq CENTROIO 2

MAXIM UM VERTICAC ReLE DUE TO MeDSTR/A

5. £ e-
8 Pl
N * NUMBee. oF @aLrs
E' - Md. M= ARH HOMEAT EQiAc
6 wdg vl P e dy+ di ilp TO THE DISTEIBUTLS MOMEAN
- Cms)(a.m) AT Y237 700 (M=M75 il
(2P« (1) (3P (A% (LoD +C R T
= 2o b

Fa= MAKIMUM ALLOWABLE SHEAR. FOULE N BT 8

® HaAS Tue OLULOWING SPECIFICATION] :
2" L Bar
¢ TITANIVM 6AL~ 4V  NAL €U

MAUMUM AMLOwWanlEs TEae Foa € 400 b

NoTE - 8oLT

USE Law oF CoSINES 1O FIND F' (lEeTrac Svese)

~ (RF+ B~ 2RF ace
o™ = G7)e (320 ~—ch@;ch¢-/:-3./°
(FH ~ 758K - 5843 sk =0
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SAVING USING  QUADRATIC mlﬂu:
Fow IR J TR - @(-15 3¢3 (8D

“2-

,5‘ =z 36/? |6 CHorE : THE ofuce. Boer (s

CAUULATING MAKIMUM VERT AL FOCE PUE TO BIROSTRILR )

Rznﬁ.' 2 (6)(3619) = 25 b

CALLULATING MaximomM BirpsTeice. LOAD

3700
=3 1235w > &

t t we A(UUE - 7727 6
.25« 1.2265

2765w

Prae = 2220 _ (@22(7729 _

cos 1° cas I13°

A-55
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=
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Sechim 4./

EFARNG LOA /) ANALYSIS = Clome Y239, 205

COLUMLS  YZ233.T720  AND  Y2A0LD ARE MAUE ¥ T7075-T735]

Fbru ’.% L PR 4 ks Fdry (%'/“S/ © e kS
Foe B 20) = 137 kse fory (522 ot ks

Fa FoR corumn Y2337 —  wwoesT  witk B8E AT gaT @). T™MCtAxc
THE RACAANG LOAD FoR L7 IMATE FAlLLRE
WiLL B ANALYZED AT TMS POINT  aN THE COCL My

Fp > BEARING LoAD o - S
= THICKVESS ¢d
d: DIAmErNe - ,1563iA o

vok.  BrAaRiNG TTCLSS  ON  QUTErRR SEUN AAD

COLUr N, NOTE  THAT gouT 1S (N DOoBLC

LonuEein (.25 A Tk ) SUFAR
)l |Fu
I { L
o BT ot Fbe = M
-\ 4+ = M
SKIN Cr pers = a;‘{,_d
J V)
SUTEL SN COWMN ¥232.700 F1 }" Thy * BEAL o S7EES oF M
o in e ) (-060 in ™HICK) I T BEAK, >TEISH OF Cauwy
ot

1g = THIKNES o san

4te ¥ THICENGSS OF (Dl

PEAGIANG STRRiS CAM BE AIUNWG IV INTERZPLaTsd | NOTE  THaAT TRE Skiw
AND  THE o uma ALE MADE OF  samé Mati« L TO75-TT381,

Foe flss: L. . PR . 768 — O'N = 00 020 psi
o d L1963
e Tt = . £ -9 . 34 —— O, = 36809 psc
a 4 153 )
A-56




42.2

CALLULATING MAX(MUIM ALLOWANILE pErRING LoAD
Gustsd * Tpctcd = Fug
(eoe2aX .X543) + (F6BoX.%X.15¢3) » Fyy
F;ss 1482 i

NOTE @ Fag™ MAXIMUM ALLOWABLE BEACING (omd AT  BoLT
USE  LAW  OF (OYINES To  RIND MaviMuMm  ALLOWBALL VERICAL LOAD (L)

F* = D"+ (R - 2FF) cas®

FI F”

[ » A PLEUOUSLY  CALLILNTED ' 324
\ 8: 183.1°
\

\i
o
(g EIV 4 (326)Y - @ Xf)39<)ces63.1°
Fre (F2" + 758F) = 2032508 =

£’ = - 788 = fC’fs')" - 2(-2934508)

1 3

P~
F" > Itoo (o

R MAYIMUM ALLOWARLE VECT v LOAD AT CQwaN YT/ . T00

R = nF" = @Xnea) * .e0d b

A LuATIde  MAK vy RRDSTeE LD LOAD L

10226 W T R
o 2692 . 5388 -
[P X~
Pm - 3.09;. - \3"9)\5-':3_‘;_ . 22 %3 b (M‘XIN“J‘(
I =

=S 3° BreodTRit,
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Sectim 4.3

SHEAR STRESS ANALYSIS - [«

Dlumrr Y240, 200

_~ (ASSUMED)
.1850 '.;.p’: Oras &/.“

(4 wogd) 7,\?%&

.‘
J“O".g"o‘- DiasA, [2!.

(2 HLES)

ASSUME  THAT “RD AcTS
THROLVGH CENTRLDD

RiB AT Y240.2c0

r—— 28 ——— 4
l [ o 128 ] AzhAur COY(T)» @20t
*' 3 r: L_ Ay nApez>AdgzA = (‘8*)‘(2)’- 2T *

+l_

4t - TR R
! L‘-—I-CZ-—-
——2s —

F——1.08 ——

= (“)(2,81) + CA:.)L&%)-» CA#Q(Z'{‘>¢(A‘)(2_® *CA‘XI-Z‘J')*(&XI.Q)

x
A|+A—,_+A, +Ag. + As-cAg
7= AX22) + (M X3+ (A X.®) +(A (@) pan: AJo)=o
Athys AytAg s Aoy Ag (Ack0) =6
x = Z (4%
7 = O.42 (A

AUUME  THAT THE VEETRAC FOBUE "R" AMD THE ARcw MOTEAr M ACT RO
THE CcENTROL,
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1 ]
" / st CENTEDL\D
(717

ANALY T INa

TaC

4.3.2
F" = LOAD DUE BENMNG MOMENT OF ARIH .
’
F F's rlical SUEAC M CAck COLT [/ s € 3uir COUCLy
"'
NESY  TO  FIND TAOIAL DT Iy TRO™M ENTEU S Ta T=&
ENTTR.  OF CAad- JaLT

el

& j(284-2.~)‘o(.92_.42)1 ~ a4
d, ® J—'(1.°8-2.|¢)1, (35—.41)" . .

JCate=210 « CO- 4™ = .27 .
de * \/(2.43-244')".(0—.42)" = 51
de * [(/,zs-z.w)‘-. (&2-a2)" = P A
PR \/ (L -2 *4 (0~.a42)" = 75 .«

WRST CASE — Bour AT RiNnT @‘ FURTHMEST DISPANCE  AND M ~CLEIT
ceasd —seEcTioNAL  AREA OF BOolT = . 02Q -t cepss- STy
TSTANCE Feom  CRATEOD ' dp 2 2% i

F'’- R =% Re MAK MU (ERTCAL EDe DUE TO RiROSTCed
A R -x
-
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