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; SUMMARY
\ ‘Experimental and analytical results are presented which show the effect of floor placement on the

structural response and strength of circular fuselage frames constructed of graphite-epoxy composite
material. The research was conducted to study the behavior of conventionally designed advanced composite
aircraft components. To achieve desired new designs which incorporate improved energy absorption :
capabilities requires an understanding of how these conventional designs behave under crash tyg;oadmgs' .
Data are presented on the static behavior of the composite structure through photographs of the J
specimen, experimental strain distributions, and through analytical data from composite structural models.
An understanding of this behavior can aid the dynamist in predicting the crash behavior of these structures
?nd may assist the designer in achieving improved designs for energy absorption and crash behavior of

uture structures.

INTRODUCTION

The Landing and Impact Dynamics Branch of NASA Langley Research Center has been involved in
crash dynamics research since the early 1970's. For the first 10 years, the emphasis of the rescarch was on
metal aircraft structures for both the General Aviation Crash Dynamics Program (R1-13) and the Controlled
Impact Demonstration (CID) Program, a transport aircraft program which culminated in the controlled crash
test of a Boeing 720 aircraft in 1984 (R14-16). Subsequent to the transport work, the emphasis has been on
composite structures. Currently, efforts in crash dynamics research are being directed in three areas: (1)
developing a data base for understanding the behavior, responses, failure mechanisms, and general loads
associated with the composite material systems under crash type loadings; (2) analytical studies/development
relative to composite structures; and (3) full-scale tests of metal and composite structures to verify
performance of structural concepts.

Considerable research has been conducted into detetmm:ilj' i Fthe encrgy absorption characteristics of
composites (R17-20) which indicated that composite structures, if | rly desi can absorb more
energy than comparable aluminum structures. Because of the e nature of the composites, however,
attention must be given to designs which will take advantage of their powerful energy absorbing material
properties while providing desired structural integrity when the ites are fabricated into aircraft
structural elements and substructures. To achieve the desired new designs requires an understanding of
how the more conventional designs behave under crash loadings. ‘

The purpose of this paper is to present experimental and analytical data from a study of the effect of
floor placement on the structural response and strcngh of conventionally designed circular fuselage frames
constructed of graphite-epoxy composite material. nse of the composite fuselage frame structures for
different floor locations is illustrated through photogram experimental results, and through analytical data
from finite element structural models. The determination of the effect of the floor location on the structural
response of fuselage frames will aid in the understanding and prediction of full-scale subfloor or fuselage
response to crash loading. Consequently, data from the present study are also compared to experimental

443



https://core.ac.uk/display/42780905?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

dynamic strain measurements on two previously tested composite subfloor structures (R21-22). Utilizing
such data to gain an understanding of the fundamentsl behavior of subfloor structures may lead to
improved designs for better energy absorption under crash loading conditions.

TEST SPECIMENS
I-, J-, Gmdbmswﬁmsmoﬁdn,wdforﬁmehge&minmeglairasﬁmdhavealm

bempmposedforcompomteamftsmmm cause of their structural efficiency. Several circular

frames with these cross-sections (FF1) were fabricated for testing. Earlier rescarch with a Z cross-section
circular frame (R23) indicated that failure of the anti-symmetric Z-frame without skin was initiated by a
difficulty of testing and analyzing the section. Consequently, a 3.5 inch wide skin material was added to
the I-, J-, and C- frame concepts which increased the torsional stiffness of the cross-sections and limited
out-of-plane rotations and ions, as does the actual skin material in a fuselage structure. The skin,
a [+45 ]2s Iay-up sixteen ply (.08 inches) thick, was cocured with the 6 foot diameter frames. Lay-up
of the frame was [+45/%45/90/03]5 . Both the skin and the frame were fabricated with AS4/5208
graphitc-cpoxy material. Only the I-frame is used in the study reported in this paper.

TEST APPARATUS AND PROCEDURE

F2 shows a typical sct-up of a composite fusclage I-frame in a 120 000-Ibf loading machine prior
maqum-mﬁcmAsde&mmmmﬁhgnmﬂymm frame at the diameter
position to simulate the floor. 'Ihehonmﬂﬂﬂeorpo&ﬂomwercdedpu&d y the included
measured between the ends of the floor attachments about the center of curvature of the frame. For
example, the frame with the floor at the diameter is designated the 180° floor since the arc is 180° between
the attachment points. A vertical compressive load was applicd to the composite fuselage frame through
the simulated floor beam and the lower platen of the load machine. Spedﬂdm(SeeFR‘hdg)wmused
to bolt the I-beam to the composite frame and a 170° F melting point metal was poured into the small
betweentheclampindm’ﬁamemeliminatemﬁlemoﬁonnnﬂ:&'oim As shown in F2(b) and 2(c),
additional tests were conducted wherein the floor location was mo to produce 120°, and 90° arcs. In
cach test the specimen was loaded at a rate of S00 Ibf/minute up toa maximum of 1000 Ibf. Upto 64
channcls of strain (for the 180° floor) as well as vertical load and vertical displacement were recorded at a
rate of 8 sample/sec (initial test was 16 samples/sec) using a PC-based data acquisition Details of
strain gage lay outs on the compositc I-frame are shown in F3 and TI. A commercial
was utilized to condition, convert data to engineering units, filter, and process the data for display.

ANALYSIS TOOLS

To gain an understanding of the physics of behavior, the experimental rescarch of structures under
cmhlondmpmmaﬂymmpamedbamﬂyﬂmlpe@mmmh@%wbmwuﬁaﬂbh
Thus, various finite clement codes which have capabilities for handling dynamic, large displacement, non-
linear response problems of metal and composite structures were used as tools in the research efforts.

DYCAST Computer Code

The analytical results ted in this were generated with a nonlinear finite element
computer code called DY (DYnamic Crash Analysis of STructures (R24) de by Grumman
AcmspaceCorpmutimwithprincipdsupponﬁomNASAandﬂxeFAA. The basic element library
consists of (1) stringers or rod clements with axial stiffness only; (2) threc-dimensional beam elements
with 12 fixed cross-scctional shapes typical of aircraft structures with axial, two shear, torsional, and two

bending stiffnesses; (3) isotropic and orthotropic membrane skin triangles with membrane stiffncsse s (4)
translational or rotational clements that provide stiffness with user-specified force-displacement or

moment-rotation tables (picce-wise linear). The spring clement can be either elastic or dissipating. The




springs are useful to model crush behavior of components for which data are available and/or whose
- behavior may be too complex or time consuming to model otherx%cuwed composite beams,
composite plate and curved shell elements were not available in the DYCAST clement library at the time of

this study.

In the present study two different analytical models, both with straight beam elements, were used
for predicting response of the composite fuselage I-frame. One model designated as the compound beam
was somewhat more detailed than the second simpler I-beam clement model. F4 illustrates cross-
sectional details of each of the two analytical model formulations.

Compound Beam Modegl.- Since the skin portion of the fusclage frame had a different lay-up and hence
had a different stiffness from the I-frame, a compound beam approach was used to represent the frame in
modeling the composite fusclage structure. In the co: tgouud beam model (See F4(a)), the I portion of the
frame was modeled using a straight I-beam (ISEC) with appropriate material properties; whereas, the 0.08
inch thick skin was modeled with the solid rectangular beam (SREC) with appropriate but different
material properties. The program allows these two different sections to be combined to act as a unit
where specified geometry locates grid points, shear centers and centroid points at the appropriate location
in the cross-section of the combination. A total of 78 elements (39 I-beam and 39 rectangular beam
elements) were used in the model of the 180° fuselage frame. Symmetry about the ground contact point
was used, thus only half of the 180° frame segment had to be discretized in the L. For the other floor
positions, the model was reduced by the appropriate number of elements to represent the shorter frame
segments.

I-Beam Modéel.- In the case of the I-beam model (See F4(b)), the combination of skin and I-frame were
modeled with only I-beam elements. Since the skin lay-up provided less stiffness than the lay-up of the I-
frame, the skin width was reduced by the ratio of the computed stiffnesses of the skin to the I-frame. As
a result, the 3.5 inch skin width was reduced to approximately the same 2.5 inch width as the bottom
flange of the I-frame itsclf. Thus, the resulting model consisted of straight ISEC elements wherein the
bottom flange and skin were combined to be 0.16 inches in thickness with only the material propertics of
the I-frame being used in the model. Only half as many I-beam clements were needed as for a comparable
compound beam model. The analytical results of the two different models are compared to each other and
to the experimental data in the following section.

RESULTS AND DISCUSSION

F5-9 present results from studies with composite fusclage frames under static loadings for
different floor locations. Analytical results are compared to the experimental behavior of the composite
frame structure. The behavior of these standard frames with different floor locations under the same
loading condition is considered as a first step in the design process of new frame structures for improving
energy absorption and crash behavior.

Smn'u%[imgm.- F5(a) presents a typical static strain distribution from tests of the composite I-frame
used in the nt study with a simulated floor fabricated from a stee! I-beam located at the 180° floor
position. Strain as a function of the circumferential position in degrees is plotted for the outer skin, the
center of the web, and the inner ﬂange of the I-frame under a load of 1000 Ibf. It should be noted that the
outer skin exhibits a distribution which resembles a "sea gull” shape. This shape occurs because of the
maximum compressive strain is at the contact region of the bottom of the frame with the platen (0°

ition), and two tensile strain maximums occur at + 60° from the contact region. Strain in the web and
nner flange is reversed relative to the skin. Near the contact region the strain is tensile and is higher in
magnitude than the compressive strain in the skin. :

A comparison 6f the strain distributions in the outer skin of the composite I-frame for the 180°, the

120° and 90° floors are presented in FS(b). The strain distributions for the 120° and 90° floor positions are
similar to the 180° floer results. The constraint of the floor for the 90° and 120° has compressed the "sea
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gull"stramdisuibtmonshapemtoﬂ;emarclength ommpmmlshapesﬂllhasthemmmum
strain at the 0° contact region and the two maximums at s itions. Additionally, for the given
IMOIMbadmem@xMOfmeMchcﬂmpsmdshn(w )hrcachoftlwlowcrﬂoor
positions was less than the 180° floor . 'l‘hcstzamarelowcrbeumcthcbendmgmomcntsmdecreascd
and the effective global structural stiffness is increased as the structural frame arc length is decreased for the

lower floor positions.

Static analytical studics.- To analytically demonstrate the behavior of the frames under load, two DYCAST
ﬁmteelemcntmodehwercoomtrmdﬁoamlyzememuham The frame model was loaded at the
top node and a simulated d plane modeled by ground contact springs resisted the vertical movement of
the frame during load application. Boundary conditions were imposed at the bottom node of the model to
account for the , mlmuan,&moal half the frame had t0 be modeled. The top node was
muaﬂyconstrunedtoanowonlyvemcai simulating the effect of a very stiff floor across the
frame diameter. The static analytical load was increased linearly to 1000 Ibf in 50 pound increments.

Evaluation of the analytical strain distribution on the frame for the 180° floor position shown in
F6(a) indicates a number of important wngnmwﬁchm,(a)mﬁmnmmimfwthelowlbfbadwm
at the 0° or ground contact location Iaximum VWMMMbem
45°-55° from the bottom contact arca; (b) the p outer skin sirain exhibits the same "sea
gull" shape as measured in the experiment; and (c) similar inverted circumferential strain distributions were
noted for the center of the web and for the inner flange of the frame as occurred in the experiment.

)prcscntsacompamonoftheupuimcn&lm&rshnsﬁamwntbthepredxcwddmmbuuonmm
the original clamped boundary and vertical force loading on the analytical model. ~ As may be noted, initial
model results are similar to the acntal distribution ; however, the position of the maximum strain at
approximately +45° is lower than the experin talmmnnmmwlnch(x:c:ursatapproxnmtc:ly::GO° Asa
consequence, the agreement betweenthcexpenmentalandanalyumlstmmmagmmdeslssubstannally
different . Carefuleomgmonoftheé_; sct-up and the analytical simulation was made. It was
noted that e attachinen donotphyuedly sermit the load to be applied through the
skacenteroftﬁcmpositcl— ra ywever, the load was applied

through the shear center. Consequcnﬂy the model was altemdtoallow m-plane rotation at the loading point
and a load with an off-set (load and moment) was applied at the top node point. The off-set distance was

varied from 1 to 3 inches.

The effects of the boundary (pinned and clam ) and load application changes on the predicted
strain distribution with the I-bcam m(gdel are shown i lgeg«c) A comparison of the analytical cases
indicates a substantial effect of the new load introduction and boundary change on the behavior patterns of
the strain distribution. The major effect on the distribution is the shift of the r maximum strain Jocations
from +45° to approximately +60°, and to increase the magnitude of the strain ghout all circumferential
locations. Anmalyhmlasewasdmmn&wtedmﬂxﬁelo&dappliedthnugh&emmrwhemmem
was no off-set and in-plane rotation was allowed at the load point. As shown in F6(c), allowing the
rotational degree-of-freedom at the pinned end load point produced the largest effect in the analytical results.
As previously noted, two analyucal models were fonnulated in the study, the compound beam and the I-
beam models. Fﬁ% tyglca.l comparison of the predicted strain distributions with
the two models (off-set = 3 mch&s with the experimental outer skin distribution. Results of the two
analytical models are essentially the same with some small differences in the magnimdeofthestram at the
maximum compressive and tensile strain locations. The I-beam model appears to agree better with the
experimental results. Therefore, for ease of com tations, the remainder of the analytical results presented
mthepaperarefmmthesmplerl—beam model.

Once the effect of the loning and boundary application was established, more comprehcnsivc

compansomofthc aml results were made. Forexam , F7(a) to 7(c
ical comparisons } ofsminwithﬁ:e pledlst(ri{)ut:o:(m)é thc180°

120°, and the 90° floor pomtlons, respectively. The agreement in magnitudes of the analytical and
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experimental strains and the shape of the distributions are emeellerg.
In addition to the circumferential strain distributions, comparisons were also made, as shown in

F8, between the predicted radial strain which is measured through-the-section and the experimental data for

the 180° floor. Strains on the inner flange, the center of the web, and the outer skin at three circumfereatial

locations of 7.5°, 17.5°, and 37.5° are presented. It may be noted that the analytical and experimental radial

distributions are in excellent agreement for all three circumferential positions. ‘

Comparison of Frame Behavior with Subfloors

The determination of the effect of the floor location on the structural response of fuselage frames has
aided in the understanding and predicting of full-scale subfloor or fuselage response to crash lo . For
example, F9(a) shows two composite subfloor specimens, skeleton and skinned, (See R21-22) which were
statically and dynamically tested. F9(b) shows a com n of the normalized imental dynamic strain
distribution on the flange of the skeleton subfloor and the skin location ¢ to the ﬂange position
of the skinned compostte subfloor specimens with the analytical I-frame strain of the preseat study. The
resultsfromthesimpleﬁameshowamongsimﬂnﬁtymmempomofﬂwmommgxmbﬂoors
structures. The structures share in common the generally circular or cylindrical shape, the vertical loading
situations, and under vertical loads have strain (momcnt;distributiom which have maximums at the point of
loading and at zpptoximately +45° to +60°, depending on bou  conditions, around the circumference
from the ground contact point. Analytical results show the same distribution with maximums
to the experimental locations. Failures of the subfloor structures were noted between these same 45° to 60°
circumferential locations in the dynamic tests (Sec R21). ‘

Lessons Relearned

Oftentg:ﬂ’ortsmbt:lcziawmdmwmeyvgmngamwhmmsg:gmhﬁonhobhmedgg&nimm ll
comparison of experimental data with analytical predictions. Several important lessons, rimentally
andandyﬁcaﬂy,wemmlemedinmecumntstudiespmdmwhiehshauld be emphasized when ana and
testing both composite and metal structures. The lessons are: (1) ‘boundary conditions, such as
fully clamped, are difficult or im le to achieve in real structures, (2) systematic variations of the

an yticall andlo:ida mw#ﬁ:mm«mmﬁrwmm%mdcﬁe%m
e correlation prior to any large s o ytical or experiment; ar experimen
and analytical personnel shonﬁ oouaboratcgcefosely in their ¢fforts. Being reminded of such lessons can help
dynamists gain a better unde ing of what to expect from such structures in crash-loading situations,
and can guide analysts to formulate adequate analytical models for predicting structural response under crash
loadings. The latter task is a difficult one for composite structures as well as for metal structures.

CONCLUDING REMARKS AND OBSERVATIONS

Some unique smammmmmmmmmmomm ' hﬁ:frames
have been presented and discussed and analytical results have beea included to help explain the behavior
noted. From the observations made in the present study, the following conclusions are made:

(1) The effects on the response of the com ’wﬁ'ameﬁ'omchlnging the floor position 'theoom!:osite
frame were: (a) to alter the magnitude of mem;am (moment) but not the common, general "sca gull” shape
of the distribution under vertical loading; (b) to constrain the general *sea gull” shaped strain distribution to
occur in the frame segment below the floor attachment locations; and (¢) to increase the effective global
structural stiffness of the frame as arc length of the frame was decreased.

(2) Correct simulation of the experimental boundary/load application to the frame was critical in obtainin
good correlation between the analytical and cxpe;i“gentll results. ¢

(3) Analytical finite element models of the frame predicted the circumferential and radial strain magnitudes
and distribution.
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(4) Correlation of normalized experimental strain distributions for floor structures and the composite I-
frame indicated that the behavior of the simpler structures embodied the behavior of the more complex
structural components.

(5) Knowledge of unique and predictable strain responses of composite fusclage frames will be used to
achnevebeuamwedmgnsforenergyw@mentmaaashmuon

(6) Important lessons relearned in the smdywerethat(a)nmphbomdarycondmons,suchas
full are difficult or i ble to achicve in real structures, (b) systematic variations of the
anar' ication should be examined carcfully to assess the influence and effects on
the correlation usxnor large scale of the analytical model; and (c) experimental and analytical
personnel should llaborate cloxly in their efforts.
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I-SECTION ' JSECTION
Figure 1.- Typical cross-sections of composite fuselage frame concepts.
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(b) 180°, 120°, and 90° floor positions.

Figure 5.- Typical experimental strain distributions on composite I-frame.
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Figure 8.- Typical experimental and analytical radial strain distributions on I-frame with floor location at 180%
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a) Skinned and skeleton composite subfloors. (b) Experimental normalized strain distributions.
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Figure 9.- Typical composite structural specimens.
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) - — il
TABLE 1-6TRAIN GAGE LOGATIONS FOR COMPOSITE FRAME

) R_INCHES | THETA DEG. | @ INCHES | b.INCHES | CONNENT
1 a6 75 4.7 (5/8)

2 36 12.6 7.85 (78)

3 36 17.6 11 (578)

4 36 22.6 14.1 (718)

5 36 276 17.3 (578

0 36 325 20.4 (578

7 36 37.6 236 (578

8 36 25 26.7 (78)

o 36 50 314 (5/8)

10 36 86 34.6 (578)

K 36 65 408 (678)

12 36 72.5 45,6 (678)

13 36 80 50.3 (578)

14 36 7.8 471 (578

15 36 7.6 XT] (78)

16 36 27.6 17.3 (78)

17 36 -37.6 23.6 (678)

18 36 -50 31.4 (678)

19 36 “e5 ~40.8 (s78)

20 36 “80 -50.3 (578)

21 BTB Wi
22 BTB Wie2
23 36 76 a7 58]

24 36 12.8 7.85 ~(5/8)

26 36 o 0 3/8)

26 36 78 a5 3/8)

27 34.6 12.6 7.6 (376

28 34.5 17.6 10.6 (378

20 34.6 22.6 13.6 (378)

30 34.5 27.6 16.6 (378)

31 34.5 326 19.6 (3/8)

32 34.6 37.6 22.6 (3/8)

33 34.5 42.6 26.6 (378)

34 34.6 50 30.1 (378

36 34.6 76 4.5 (318

36 34.6 7.5 0.6 (378

37 346 27.6 6.6 (378

38 34.5 7.6 -4.5 -3 |

39 BTB W25
40 BTB Wi#26
Y BTB Wr#27

42,4344 | 36.26 L o 0 |ROSETICLWED

a5 36.26 78 X 0

a8 36.26 17.6 10.8 0

a7 35.26 27.6 16.0 0

a8 35.26 37.6 23.1 0

9 35.26 80 30.8 o

50 35.26 7.6 4.6 0

51 36.26 7.6 0.8 0

52 36 18 042 5/

53 36 -30 -18.86 5/8

54 345 18 9.03 (378

56 34.6 -30 -18.06 (378)

56 35.25 =T 9.23 0

57 35.25 30 -18.46 0

457




THIS PAGE INTENTIONALLY BLANK




o222 7

SESSION IV
DESIGN CRITERIA, RELIABILITY, SUPPORTABILITY

PRECEDING. PAGE BLANK NOT FILRIED |



THIS PAGE INTENTIONALLY BLANK




A Critical Review of Evolving Qualification Approaches
for Contemporary Composite Airframes

Keith R. Kedward
University of California

John C. Halpin
Wright Aeronautical Systems Division

John E. McCarty
Consultant

PRECEDING. PAGE BLANK NOT FILMED
. 461
Mee 700wy oy



THIS PAGE INTENTIONALLY BLANK




