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Studies were conducted on the large deformation response of
composite beams subjected to a dynamic axial load. The beams were
loaded with a moderate eccentricity to promote bending. The study was
primarily experimental but some finite element results were obtained.
Both the deformation and the failure of the beams were of interest. The
static response of the beams was also studied to determine potential
differences between the static and dynamic failure. Twelve different
jaminate types were tested. The beams tested were 23 in, by 2 in, and
generally 30 plfes thick. The beams were loaded dynamically with a
gravity-driven impactor traveling at 19.6 ft./sec. and quasi-static
tests were conducted on identical beams in a displacement controlled
manner. For laminates of practical interest, the failure modes under
static and dynamic loadings were identical. Failure in most of the
laminate types occurred in 2 single event invelying 40X to S0% of the
plies. However, failure in laminates with 30° or 15° off-axis plies
occurred in several events. All laminates exhibited bimoduiar elastic
properties. The compressive flexyral moduli in some laminates was
measured 20 be 1/2 the tensile flexural modulus. No simple relationship
could be found among the measured ultimate failure strains of the
different laminate types. Using empirically deterrined flexural
properties, a finite element analysis was reasonably accurate in

predicting the static and dynamic deformation response.
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Chapter |
INTRODUCTION

Fiber reinforced plastic composite materials have seen increased
use in the aircraft industry in the past decade. These materials have
found many applications in secondary and primary structures of military
aircraft. Currently their use on coumercial transport aircraft is
limited to secondary structures. However, the use of composites in the
primary structural design can significantly reduce the weight and
improve the fuel efficiency of an aircraft. So it is likely that
composite materials will see increase usage in the primary structural
design of future commercia’ transport aircraft.

Much of the research in composite materials has been in determining
the structural response ard fatigue life under in-flight conditions.
With commercial air transport an additiona! concerr must be addressec.
This additiona! concern is crashworthiness, Crashwortniness ¢
concerned with preserving the well-being of the crew and passengers
during crashes. The crashworthiness of a structure invoives many
issues. Fuel contaimment, seat design, peak deceleration nreservation
of occupant space, body motion restraint, flammebility, and smoke
toxicity are just a few (ref. 1). However the main requirements of a
crashworthiness structure are to maintain a protectiva shell for the
occupants and to reduce their peak decelerations {ref. 2). Since
crashworthiness deals with potertiaily survivab e crashes, tne impact

velocities considered are relatively sma’l (less than 40 ft/s)
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With

impact velocities greater than this, the chances of surviving are
1



minimal,

Because of elastic-plastic behavior, aluminum absorbs energy when
it yields and fails. On the other hand, fiber reinforced plastics faii
in a brittle manner, thus, in gererai, reinforced plastics have less
capacity to absorb energy. However, the total energy absorbed by the
structure is not necessarily the crucial factor for crashworthiness.
Crashworthiness is concerned with designing failure processes that
maintain a constant load as a function of deformation dyring the impact
event. The constant load minimizes decelerations, yet absorbs energy in
a steady and progressive fashion (ref. 1). Much of the crashworthiness
research of composite materials to date has heen on testing the energy
absorption capabilities of axially crushed tubes and specially designed
honeycomb structures. It has been found that by changirg tne fiber
orientations, material systems, and the structural geometry  the
stability of the collapse can be controlled. Consequently the energy
absorption can be significantly increased with a stable coliapse. These
tests give useful indications of the erergy absorbing capacity for
crushable parts of a structure. However, it is not entirely clear at
this point in the development of composite structures that speciai
crushable structures are necessary c¢n a1l aircraft to meet
crashworthiness criteria. Before designing special crushable structures
it is necessary to know now a composite fuselage, designed for
structural efficiency under in-flight conditions, will respond to crash
loadings. Will the deceleration of the occupants be severe enough to
cause death or injury? Will the dntegrity of the seat area bDe

maintained? Will fuel! leakage be 2 major problem? whal, in gereral,



will be the dynamic response of a composite aircraft ¢
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conditions? Of course the dynamic response of a fuselage will vary
greatly, depending on the attitude and the velocity of the airplane upon
impact, and by changing the structurai configuration of the fuseiage.
One way of understanding and predicting the response of the fuselage
under the many ways a survivable crash could occur would be to perform
large deformation dynamic aralysis using a nonlinear finite eiement
program. However, little is known about the load-deformation behavior
of composite materials under Jynamic loading and large deformations.
Therefore, some of the basic input information for such an anaiysis is
not available.

Very little researcn has been done on the large deformation
response and failure of lamirated composite structurai eiements, whether
static or dynamic, let alcme full composite structyral assemhlies,
Understanding the response of simple structural elements is essential to
being able to perform successful crash analyses of a compiete compoSite
fuselage. [t is certainly the least expensive way to approach the
problem, both experimentally and computationally.

Full scale aluminum fuselage sections of transport aircraft (Soeing
707) have been vertically drop-tested (refs, 3 and 4), The correlation
of test data and the finite-element model was quite good for the global
deformations and the cecelerations. from the resuits of these studies,
it appears that the ‘large deformatiin dynawic bending response of
aluminum structural elements {s well understood. In addition, the
vertical drop tests show that the majority of energy absorbed during &

crash test is due to bending failure of skin, stiffeners and stringers



(ref. 5). Little or no energy is absorbed by the stable progressive
crushing of components.

In this spirit, then, this study investigated the large deformation
bending response of composite beams with a rectangular cross section.
These beams could have represented the fuselage skin, or stiffener
flange, or stiffener cap. The beams were loaded dynamically in bending
to simulate the situations observed in the crash testing of aluminum
fuselage sections. This study is considered to be & first stgp 'n
understanding the dynamic response of composite structures. The overa:’

goals of the study were to:

1. Design a simple test fixture to introduce crash-relatad bending
loads in beams.

2. Determine any difference between large deformation static and large
deformation dynamic response. Specific interest is in the failure
mode.

3. Determine :the influence of laminate stacking arrangements on the
dynamic response and failure mode.

4. Predict the static and dynamic respcnse, using ar existing finite
element progqram.

The majority of the effort in this study was experimental. To
successfully simulate large deformations and failure under crash related
loads, a suitable test fixture was designed anc built. The fixture was
puilt around the concept of a drop tower. The fixture is discussed in
Ch. 2. Next, to determine the effects of dynamics on the large
deformation response, the static response had te be understood, or at
least observed. So, b:  re any dynamic testing was done, three beams of
a given laminate type were tested under quasi-static loads. The load,

deflection, strain, and failure response were obhserved,



To determine the effect of laminate type on the response, twelve
gifferent laminate types were tested. After the static tests were
completed, three more beams of each laminate type were tested
dynamically. The results of the static and dynamic experiments ave
presented in Ch. 3. The differences in the dynamic and static tests,
and the differences in the response and failure modes between the
different laminate types are reported. An unexpected resuit in the
surface strain response of the laminates was observed. Accordingly
additional tests were conducted. In Ch. 4, this test procedure is
presented and the results are reviewed to verify and further understand
the phenomena.

Methods for predicting the response of the beams are explored in
Chs. 5 and 6. Predicting the respcnse of the beam invoives bOth
predicting the on-set of failure and predicting the global deformations
to the applied load history. The strains at first failure in each
laminate and the success of a strain-related failure criteria at
predicting these failures are examined in Ch. 5. An existing finite
element program was used in Ch. 6 to determine the success of predicting
the deformation response of the composite beams. The predicted time
histories of force and displacement response are presented and compared
with experiment, as are the static and dynamic load-displacement
response. In addition the spatial snapes of the dynamic response IS
presented at various times after impact. fFinally, Ch. 7 presents

conclusions and recommendations for further study.




Chapter 2
EXPERIMENTAL SET-UP AND PROCEDURE

The basic lcading configuration used in the study is shown in fig,
2.1. The beam was loaded in a column fashion with a moderate amount of
eccentricity to promote bending. The beams were oriented vertically as
shown. The lower end of the beam did not move while the unper end mcved
vertically. A hinge on each end allowed free rotation of the beam
ends. The static tests were conducted in a displacement controlled
manner in a standard scres driver 10ac frame. The dynamic tasts were
conducted in a specially designed drop tower and the dynamic loadirg,
denoted by F(t) in fig. 2.1, was provided by a gravity criven
impactor. In the unloade¢ positicn the hinge supports were 24.2 in.
apart. The specimens were 23 in. long by 2 in. wide and generally 30

plies thick. At each end 1.5 in. of the specimen was clamped in the
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hinge, leaving the unsuppcrted length cf the . In
static and dynamic tests the deflection of the upper end of the beam was
limited to 16 in. by a bumper. This limit on deflection was irpcsec so
there would not be damage toc the test fixture or related instrumentaticn
due to the metal hinges impacting each otter.

A 4 point bending configuration was originally considered.
However, the eccentrically loaded <coclumn configuraticn was used

instead. The primary reason was that to successfully mode! crash

conditions, large deformations must be irtroduced into tre beams. For

-

large lateral deformations there are considerable axial deformaticns as

well. With a 4-point loading system, the beam zould easily deform o
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such an extent that it would slip through the supports without failure,
as shown in fig. 2.2. With the eccentrically loaded column the beam
deflections were limited only by the ends of the beam touching. In
addition, with the 4-point loading systems the beam ends move relative
to the simple supports. As the beam moves over the support,
considerable friction forces can be generated. These forces are
difficult tc mcde) analytically. On the cther hand the eccentrica
loaded column's simple support moves with the beam end. In this case
the support can be attached to a low-friction linear bearing.

Another draw back of the 4-point loading system is that it can
cause failure at the supports. With a four point bending configuration
the supports impact on the surface of the beam ir the regions of maximum
bending woment. The impact can cause iocai damaje and initiate
failure. W¥ith the eccentrically loaded column the two support points
are on the ends of the beams, regions of minimum berding moment.
Consequently, failure always initiates at the center of the beéam away
from the end. With failure occurring in the center, the complicating

effects of stress concentrations at the supports are not present.

2.1 Beam Specimens

Table 2.1 shows the lay-up and number of plies for each of the
laminate types tested. The laminates were fabricated by tre NASA-
Langley Research Center usirg AS4/3502 graphite-epoxy pre-preg tape.
For each laminate a 24 x 24 in. panel was fabricated. After curing, the
parels were C-scanned to determine if any defects were present. Then,

ten 2 x 23 in. peams were cut fror each panel. Throughcut tnis report
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TABLE 2.1
SPECIMEN LAMINATE ORIENTATION

LAMINATE LAY-UP NUMBER OF IMPACTOR
NUMBER PLIES WEIGHT
(LBS)
1 [0l3 30 48.6
2 [(15/0/-18)gl 30 36.1
3 {(30/0/-30)gl 30 24.5
4 ((45/0/-45)g) 30 24.5
5 [(60/0/-60)gl 30 24.5
6 [(75/0/-75)g] ¢ 30 24.5
7 {(90/0/-90)g] ¢ 30 24.5
{(0/90)g] 32 3€.1
9 [(0g/90g] ¢ 32 36.1
10 {(90g/0g] ¢ 32 36.1
11 [(45/—45/0/90)415 32 24.5

12 [ (0/45/0/-45) 3/90/0/0; /5] ¢ 29 36.1
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each beam specimern will be referred to by its designated number, e.5.,
specimen 2.1. The whole number portion refers to the laminate type, and
the decimal portion refers to the particular beam cut from the panel.
For example, specimen 2.l is beam nc. ! cut from the [{15/0/-15)
panel.

The laminate types were separated into three groups for study. In
the first group, numbers ! tarough 7, the ‘laminates were 2! cof
the ((a/O/-e)Sls family. The angle 3 increased from 0° tc 90° in
steps of 15° to study the effect of increasing the angle of the off-
axis laminae. The second group, numbers 8, 9 and 10, were orinctropic
laminates which all had the same inplane stiffness. The plies were
stacked differently to study the effect of clustering on the failure
modes and response. In the final group, numbers 1l and 12, w~ere
laminates which, according to current design philosophies, might be
found on a fuselace. taminate 11 is a quasi-isotrcpic lay-up and
laminate 12 had 52% O's, 41X 45's and 7% 30's. laminate 12 is much more

orthrotropic than laminate 11.

2.2 Dynamic Test Fixture

Figure 2.3 shows a drawirg of the drop tower fixture used for the
dynamic testing. Two 10 fr. long vertically oriented hardened steel
rods 1 in. in diameter spread 6 ‘n. apart were fasteregd to € channels on
either end. The channels were fixec to the floor and ceiling of the
room used for testing, The slider, which supported the upper end of the
composite beam, and thre mass car, wshich

vravidoed tha im
LIRS L R R V] WLV | i, e

down the rods on low-friction linear bearings. The composite beam
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Figure 2.3 Schematic of Drop Tower
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specimen was clamped tc the tcp and bottom hinges which prcvided <he
simple supports. Figure 2.4 shows 2 detail drawing Cof the uppar
ninge. As shown in fig. 2.4, the rear surface of the specimen was
offset 5/8 “n. from the hinge pivc:, or pir, which was in the plane of
tne vertical hardened steel rocds. Th's offget provided the eccentricity
which promcted the bending. “he tcr hinge was attached to the siider
whereas the bottom hinge, which was identical to tre top ore, was
attached to the lower { charnel. |Heighis were fastened (0 the mass
car. The car was raised 6 ft. above the spherical steel impact point 5n
the slider. A solenoid-activated release mechanism reieased the mass
9

-

car. The mass car impacteg the slider 2a

v

R frile Ac thao ciidav and
eV Vw7 e A JER Tt S SV O & i

the mass car combination move downward, the specimen deflected axially
and lateraily. Figures 2.5 arc 2.6 are pnotographs of the apparazus and

instrumentaticn.

2.3 Static Test Fixture

To conduct the static tests, the top and hottom hin
dynamic test apparatus were attached o the heads of an Irstrcn ‘oad
frame. Figure 2.7 shows spec<men 2.1 partiaiy deflected and faiied in
tne static test fixture. Aga“n, th2 keam wag Clamped to the hinges and
offset from the pivot points by 5/8 “n. As can 2e seen in fig, 2.7, tne
hinges rotated with the enas of tre neam. In tne ‘oad frame the %30
hinge was attachked to the ‘cad cell and was staticrary

Tre hAatesam
LI L

06

hinge was att-<hed to the moving crcsstead.
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2.4 Data Aquisition

for both the static and dynamic tests, end ioad, end displacement,
and surface strains at the center of the bheam were recorded, The
strains measured bending and axial compressive effects in the beam.
Poisson strains were not measured. The manner in which these
measurements were recorded differed in the static and dynamic tests. In
addition to these measurements, for the dynamic tests high speed moticn
pictures of the edge view of the laminate were taken to record the

overall deformations and the failure mcles.

2.2.1 Static Tests

In the static tests the end axial load (F{t) in fig. 2.1} was
measured using a 1000 pound load cell. The end axial displacement was
measured and controiled with the crosshead speed which was set at 5 in.
per min. The load - end displacement relaticn was recorced using the
chart recorder. Back-to-back strain gauges measured the surface strains
at the center of the beam and the signals were conditioned using
amplifiers designed and built at the langley Rasearch fenter. Strain-
displacement relations from the two gauges we~e recorded using a X-V
plotter. A1l data were then digitized manually to faci:itate data

reduction.

2.2.2 Dynamic Tests

The dynamic tests were conducted at the NASA largley Research
Center's Impact Dynamics Research Facility. The ocata aquisition system

trere was designed tc permit the simultaneous recording of 90 cata
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channels on one 28 track magnetic tape recorder using a constant
bandwith FM multiplexing technique. This experiment required the use of
5 data channels. The channels were: twc loads, twoc strains, and cne
displacement.

For the dynamic loading, the axial end load was measured by the two
plezoelectric force transducers shown in fig. 2.4. The transducers were
connected in parallel and placed on both ends of the hinge pin. This
arrangement measured the sum of the slider forces acting on both ends of
the hinge pin and therefore the total axia® force time history at the
upper end of the beam. An identical set of transducers were placed on
the bottom hinge. The signals from the transducers were conditioned by
charge amplifiers. These amplifiers procuced analcg signals that were
recorded by the FM system. Again, two strain gauges were placed back-
to-back on the cen.er of the beam specimen. These signals were
conditioned by amplifiers designed and built by lLangley Research Center,
but different from the ones used in the static tests.

The beam end displacement was measured by an optical displacement
transducer. The optical device did rct regquire any mechanical! lirkage
fastened to the siider. The transducer was designed and built by
Langley Research Center. The transducer worked as shown in fig. 2.8. A
16 in. long tapered bar was fastened tc the slider. Tne outside edge of
the bar tapered from a 1 in. width at the top to a 2 in. width at the
pottom. A laser beam, which was diffracted into a horizontal line of
light, shined on the front of the bar. Directly behind the tape ered bar,
a one-inch long array of :024 light sensitive diodes was mounted

horizontally. When the specimen was in the fully uprignt undefiected
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position, the bottom of the tapered bhar fully shadowed the diode
array. As the top of the specimen deflected downward, more and more of
the diodes became exposed to the light. When the specimen traveied its
full 16 in. of axial displacement, the entire array was exposed to the
laser light. An electronic circuit counted the number of diodes exposed
to the laser light. The counter generated an analog signal proportionai
to the number cf the activated dicdes. With proper calibration; the
optica! transducer provided a signal proportional to the vertical end
displacement of the beam.

As mentioned previously there were five time histories recorded
during the dynamic event. These five dynamic signals were filtered at
1-KHz to remove spurious noise. The filtered signals were connected to
voltage-controllad oscillators where they were converted into descrete
FM signals. The FM signals were then recorded on magnetic tape. After
the testing was completed the macnetic tape was piayed back tarough the
voltage-controlled oscillators and the resulting analog signal was
digitized at 4000 samples per second.

In addition to the digital data, a high speed movie Cameéra ~as usec
to record an edge view of the laminate as it deformed and failed during
the dynamic event. The edge of the laminate ~as painted white to
facilitate viewing. The 16mm camera was set up to take A4ACC
frames/sec. Movies were made for at least two specimens from each

laminate type.

2.5 Initial Measurements

Some initia! measuremerts were taken of the geometry cf the beam
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specimens. The results are shown in Table 2,2, From each laminate tyne
the dimensions of 3 beam specimens were measured and then averaged. The
length and width were measured to assure each was as specified. The
thickness of each specimen was measured at the center and at eacn end of
the beam with a micrometer. As can be seen, there was a variation in
the thickness with lencth. The effect of the uncertainty in tre
thickness measurement on the respcnse of the beams {5 examined ir
Appendix A, The beams were next placed on a flat surface and the
camber, or deviatiorn from prefect straightness, was measured with a

» the bearws. The

]

ruler to determine the initia! eccentricities |

eccentricity would add or subtract to the built-in 5/8" eccentricity of
the test fixture. However, the initial eccentricities in the beams
could not be measured with absolute certainty. The effect cf the
uncertainty in the eccentricity measurement is examined in Appendix B.
Finally the beams were weighed. By knowing the Areal weight of the
prepreg and the fina! weight of the beam, a good estimate of the fiber
volume fractiorn could be made. As can be seen, the fiber volure
fractions were within expectations. it should be mentioned that no

tests were conducted cr lamirate &.
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TABLE 2.2
MEASURED SPECIMEN GEOMETRY

AVERAGE

THICKNESS FIBER

LAMINATE  WIDTH LENGTH fn)  *0.002" CAMBER VOLUME
WMBER + 0.01* FRACT1OW
(in) b

1 2.00 23.00 0.162 0.168 0.162 0.03 69.8

2 2.00 73.00  0.162 0.165 0.162 0.62 69.2

3 2.00 23.00 0.158 0.160 0.1% C.02 69.6

s 2.00 23.00 0.]60 0.165 0©.106 C.C2 69.7

5 2.00 23.00  0.160 0.167 0.160 G.04 69.6

6* 2.00 23.00 - - -- - --

7 2.00 23.00 0.164 0.165 0.163 .06 69.8

8 2.00 23.00 0.178 C.175 0.175 0.0} 68.2

9 2.00 22.00 0.175 C.177 0.176 0.01 68.2

10 2.00 23.00 0.174 0.175 0.174 0.01 68.5
11 2.60 23.06  0.178 0.18C 0.178 0.07 9.1
12 2.00 23.00  0.158 0.156 0.155 0.06 1.2

*not tested
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2.6 Test Procedures

2.6.1 Static tests

Three specimens of each laminate panel were tested statically to
failure. Three were choser simply t¢ determine the scatter in
particularly the failure data. The static test procedure was somewhat
unique and is discussed bhere. First the load frame loadcell was
caliprated. Next, the specimen w~as placed in the fixture such that tae
initial camber in tne beams increased tne Joac eccentricity. Then the
load cell was zeroed, <he strain gauges were connected to the
amplifiers, and the ampiifiers were baianced. The crosshead speed was
set at 5 in./min. To d=termine if renvisible damage 1ike microcracking
and fiber pullo:: was occurring as the beam specimens deformed, the
axial end displacement was appiied in stages. First the end of tne beam
was displaced axiaily 2 in. At the 2 in, displecemert level, the
crosshead motion was reversed ard the displacerert of the beam end was
returnec tc zero. Next the end of the beam was dispiaced axiaiiy 4
in. At the 4 in. level tne crossheac motion was reverseg and the enj of
the beam was returned to zero displacement. This procedure was repeated
in 2 in. increments until “inally tre beam was dispiaced axfaliy io in.
and then returned to zero. If the lpading and unicading load-
displacement curves coincided, then, withir the sensitivity of the
instrumerts, the specimen absorbec no erergy during the Cycia.
Conversely, if the two curves did not coincide, then tae area hetween
the loading load-displacement curve ard the unisading load-displacement
curve w~as the energy absorbec ty tre specimen due to the faiiure

mecnanisms in that cycle.
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2.6.2 Dynamic Tests

Three more specimens of each parel were tested to failure
dynamically after the static tests were compiete. The & fi. drop height
selected for al)l the dynamic tests provided the same velocity of the
mass car prior to impact for each test. However, since the stiffnesses
of the 12 different laminate types w~ere nct the same, the decelerations
of the mass at the top of the beam, and thus the dynmamic fcrce “evels,
would vary from one ‘aminate type to the next. It was felt that it
would be important for comparing the response of the different laminate
types to have the dynamic force levels and the velocities somewna:
similar. To keep the velocity and force levels similar from one
laminate type to the next, the ‘mpacicr mass w~&s Changes for @&sch
laminate type. Tc determine the impactor mass for each larinate type,
the work required to deflect a beam 16 in. was calculatec from the
static ‘oad-displacemert relation. An additisonal 20¥ ~f erergy was
added which wore than acccunted for energy lost due to friction and
during impact of the siider and mass car. Ffrom this desired impact
energy value, the impactor mass was computed, Tre impactor mess used
for each laminate ‘s given in Table 1.

Before any tests were attempted, calibration sfigrals, ccrresponding
to known levels of physical quantities, were recordad on each chanre! 1o
facilitate digitization. With the impactor mass in place, the specimen
was clamped irto the ninges and the ‘rstrumentation ~as connected to the
recorders. Next, a'l the transducers were balanc2d ard zerped, A 10

sec. countdown procedure aas used wherein at 5 sec. the FM :ape
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recorder was activated and at 1 sec. the movie camera waS Started.

Finally, at time zero, tke mass was released and the dynamic load,

strain, and displacer- 1t histories were reccrded.



Crapter 3
RESULTS

As descrided in the previous crapter, beam specimens of eacth
iaminate type were testec guasi-statically and dynamically. The raw
data from these tests were recucec and put in a commer format sc that
easy comparisons of the test conditions arc the beam specmen resporse

could be made. Comdariscns wers Tade between the statd
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tests for each lavirate type. Comparisons were aisdo macde amorg lam'rate
types. This chapter presents a discussicn of these experimental resu ' ts

and related observatiors.

3.0 Jata Reduction

3.1.1 Static Data
“he raws static data were recorded ‘n c¢raphic form, as mertionec

previously, on an X-Y regorcer. ‘he graphic data were corverzes intc
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digital cata was stcred ir comcuter ‘iles to facilitate o otting end
mar ‘pulation., _cad-displacemert ang si-ain-cisgiacement reiaticns were
gererated from the cata to analyzs the tecgts,

3...2 OQynamnic Data

The raw dynamic cata were recoraesd on M raarecic tans Tro M

sigrals were »played back throcugn vo tage-conircile
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retrieve tne cricinal araicg signal. <Ca -“bration sigrals were used tc
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quantities measured by the transducers. The analog signals were ther
converted to digital data at a sampling rate of 40CO points per
cecond. The five digitized dynamic data channels from each test were
then placed in a computer file. Upon initial scrutiny of aii the data,
both systematic and rarcom errcrs in the displacement channels were
found. These data were enhanced to extract usable information as
explained bdelow.

The random errors were believed to he associated with noise from
the electronic circuit which produced the analog displacement signal.
Figure 3.1 shows the displacement time history from specimen 1.4. Note
that in the raw, or unenhanced, signal, aven befcre the impact cccurred
there was cocnsiderable noise. The noise level in fig. 3.1 corresponds
to axial disp acement fluxuations of up to 0.4 in. With the impactor
not in contact with the slider, these displacements are nct possitle,
Therefore this portion of the signal is noise. Unfortunately, this
noise persisted after tne impact and distortec the displacement
signai. To imprcve this sigral, the displacement cata w=as racsed
through a gigita® filter, The filter used was a nonrecursive lcw-pass
filter with a cut-cff frequency cf 5C0 nz. A description of the filter
des‘gn and a ~eview of its performance is given in Appendix [,

In acdition to the random error, a considerable systematic error
was opserved as well. In fig. 3.1, in the raw signal, note the
narmonic-like cscillation in the displacement history scon afier the
impact point. An interpretation of this signal wculd indicate that in
the first 0.01 sec of the event the beam enc¢ displaced dowrward 4 1in.

arg then cowerd 0.5 “r. This behavior wculg nor make pnysical sence,
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The inertia of the impactor mass provided a monotonically increasing
displacement. Upward dispiacement was not possible. To check this, the
high speed films were closely scrutinized. No evidence of the top of
the beam traveling upward soor after impact could be found in any of the
films. The source of this error in the displacement signal s felt tc
lie in the displacement transducer design. Referring to fig. 2.8 and
the tapered bar, in addition to up and down motion of the bar shadowing
and exposing diodes, a small lateral displacement of the sligder or the
drop tower would also expose Or shadow diodes, In fact, with lateral
motions of the slider the transducer would record an apparent axial
displacement 16 times the lateral displacement. A small rotation of the
slider in the plane of the drop tomer would have 3 similar effect.
There were several probabie causes of this unwanted motion of the
slider: First, if the stee' spherical impact points of tre slider anc
mass car were not exactly aligred, a lateral component of force or a
moment would be imparted to the slider. This would cause zateral motion
ard prcbably rotation of the slider. This motion woLld be the resu
tolerance in the bearings or actual flexyral motions of the drop
tower. Also, after the tapered bar of the displacerent transducer was
attached to the slider, the impact force no ionger Jassed through the
center of mass of the slider. This wculd definitely cause & moment tc
be imparted to the slider. Unfortunately, during the design of the
slider, the additfonal mass of the tapered bar was rnot taken intc
account.

To remedy the systematic error, the first 2 in. of each

displacement history was replaced by a straight ‘ine segmert. The
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segment was faired in by hand for each test. Additional harmonic
oscillations in the displacement curve after the failiure point can be
seen in fig. 3.1. These are of such a freguency content thal they are
felt to be caused by the same unwanted motions of the tapered bar.
However, these oscillations were not removed as they had no major
effects on the results. The upper curve in £ig. 3.1 snows the altered
displacement time history used for specimen 1.4. The enhanced time
history inccrporated both the digital filtering and the iritia’ straight
line segment.

Once the displacement data has been enhanced, relations between the
load, displacement, strain, and time data could be meaningfully
plotted. Specifically, for each dynamic test the lcad-displacement,
strain-displacement, lcad-time, strain-time, and disp’acement-time

relations are presentad.

3.2 Experimental Results

To analyze each laminate type, seven relations ~ere studied. These
relations were:
1) static load-displacement
2) static strain-displacement
3) dyramic load-displacement
4) dynamic strain-displacement
5) dynamic strain-time
6) dynamic load-time

7) dynamic displacement-time
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In addition tc these, the high speed movies were analyzed. The
seven relations, the mcvies, and the post-test ohservations were used to
characterize the test corditions and the beam response. The word
'response’ as used here means both the spatial deformations and the
failure modes.

By examining in detail the seven relations for laminate type 2, the
[(15/0/’15)315 laminates, the method of characterizatior of thre test
conditions and the beam resporses will be described, fue to the
overwheiming amount of data from the tests, rot all aspects of the
testing of all the specimens will be described in detail. Laminate 2
«111 be discussed ir detail and tnen a gercral description of the
results common to all the tests will be given. Then a detailed
description of the failure mode of each laminate type is presented. A

-
i
'

comparison of the static and dynamic tesi results will be made.
Finally, a summary cf the observations of all the testing will be
provided.

It should be noted, as previously stated, nc tests were performed
or laminate type 6. In add‘tion, only twd dynamic tests of laminate

iypes 2, 3, 9, and 12 we-e comp’eted because of equipment failure.

(&4

Numerous strain guage failures were enccurters¢ Of the static
specimens. Typically only two siatic strain-disglacement relations were
reccrde¢c and in the case of laminates 5, 7, and 11 only one strain-

displacement relation was recorded.
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3.2.1 Experimental Characterization Method

To characterize the static tests and the static beam response,
relations between the end load and end displacement and reiations
between the Lwo surface strains and end displacement were plotied for
each of the static beam specimens. As explaired in the previous
chapter, the displacements in the static tests were applied in
increasing increments, and then returned to zero, to determine if
nonvisible or nonaudible damage was occurring and dissipating energy.
Figure 3.2 shows the load displacement relation for the specimen 2.2
from the [(15/0/-15)g]; panel. The hrorizonta!l axis shows the eng
displacement and the vertical axis the end load. During the first cycle
the beam was displaced 2 in., then unloaded. This process traced and
retraced the top-most curve. Since the unloading relation retraced the
loading relation within the resolution of the instrumentatior, it was
assumed that no energy was absorbed in the beam during this first 2 in.
of displacement. Again for the second loading and unloading, to 4 in.
axial displacement, the relation traced and retraced the top-most
curve. Ouring the third cycle, to 6 in. dispiacement, a sha~p drop in
the load occurred at about 5.8 in. of displacemert. This sharp drop in
the load corresponded to ply failures in -he beam. These failures were
definitely visible and audible. The ply failures reduced the fiexuval
rigidity and thereby reduced the load required for that disolacement.
The displacement was continued to 6 in. anc then unloaded back to zero
load. With urloading, the load dgisplacement reiation foiiowed the
second curve from the top. As the loading-unloading cycles continued to

increased ‘engths to 16 in., the loading-unloading curves coincided
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except immediately after visible and audible laminate nly failures,

This brittle failure-elastic response was typical fcr all the laminates

except laminate 9. Therefore, it can be concluded that the dominate

[

erergy dissipation mechanism in the beans was associated with the nly
failure events. This is not to say that there was no nonvisible damage
or that it cid not dissipate energy. It is to say that energy
aiss‘pated by nonvisible damage cCuld not Se detected, However in the
scale of energies associated with crash conditions, these nonvisible
mechanisms absorbed negligible energy even {f the mechanisrs did
exist. The unique static lcad-defiectisn behavicr of laminate 9 i
discussed later in section 3.2.3.

For the sake of clarity and simplicity no other loading-unloading
curves are presented in the main text. dowever, the 10ading-unloading
curves for each static tast are presented in Appendix D. Instead, only
the outer most locus generated by the loading-unloading procedure is
presented in the main text for eich test. Figure 3.3 shoss on 3 CoTmon
plct the outer locus of the static ‘oad-displacement relaticns for the
three static specimens 2.1, 2.2, and 2.3. The finite element prediction
for the deformation response is alsc cisplayed on fig, 3.3, That
prediction will be discussed in a later chapter. Note the steep initial
sicpe of the load-displacement relation as the stress state in the beam
changed quickly from primarily column-like and comprecsion 1o
predominately bending. On the load-displacement relation, failure
events are clearly indicated by sudden drops in the load. ODuring a

fatlure event several plies failed simultanecu

[X.]

1v on tha tancion cide nf
- . -

vJ 1 e e W e e W

the beam. The amplitude of the load drop gives a relative indication of
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the number of plies which failed during the event. The similarity of
the response of the three replicate specimens should be noted.

Figure 3.3 also shows the static strain-displacement relaticgns for
the [(15/0/-15)5]; specimens. (Strain gage problems prevented recording
two of the results from the 3rd specimen.) Since it was destrdoyed when
the surface ply failed, the 7jage on the tensign side ¢f the Deam
recorced strair only up to the first failure event. The compression
side guage continued to record. Progressive fai'ures in the beam are
clearly visible in these relaticns. The compressive strains suddenly
drop because the ply failures reduce the thickness of the beam and
thereby reduce the strain required for the curvature corresponding to

->
1
i

that enc displacement.

ne magnitude of the strain levels shculd be
noted; strains in the 1-2% level were common.

The high speed movies provided valuable visua! informat‘on on the
dynamic resperse cf the beams. Ficure 3.4 shows selected frames from
the fi'm of spec’men 4.5, a l(45/0/-45)5}S lamirate. Tre approximate
time, in seconds, after impact is indicated with each frame. The first
frame shown, t = 0.0, was the last frame of the fi'm taker hofora the
impact. Shortly after impact, the shape of tre beam is Juite
interesting, as snown in the second frame of tnhe film, approximately
2.5 milliseconds after impact, In thig frame the heam ic defnormed intc

a noticeable “W" shape. This shape occurs because the center of the

beam has not yet responded to the impulsive loading. The third frame of

film shows the center of the beam as it gnaps trrough the “W", The
frame of film after that shows an acute curvature at trhe center of the

beam. The firal frame of fiim shcws a more obtuse cJrvature n the
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center as the beam snaps back. This 'W* shape and snapping fis
associated with the third vibraticn mede of the beam, The movies show
that ir the test fixture the third mode vibratory response ‘n the beams
was excited and that this response was superimposed on the global
deformation resporse which was similar to tne static respense. The film
of specimen 4.5 was chosen for fig. 3.4 because it had the best visual
informaticn. However, “he third nmode resporse was seen in all the
dyramic tests. [n fact, for all specimerns the spatial cefermations ¢
to first failure appeared similar.

The upper portion of fig. 3.5 illustrates tnhe load-displacement

relations for the two dynamically testec [(15/0/-

Ul
)

specimers 2.4 and 2.5. The end displacement is shown on the hcrizonta®
axis ard the end loac on the vertical. The difference irn sca.e delween
the dyramic and static load levels shcula be noted inm fige, 3.0 and fig
3.3, respectively. The cyramic responses of the two beams were guite
similar. The resoonse curves up tc “ailure are aimost coincidert,
indicating tre righ repeatability of the dy namic exnerimentc Nue ¢n
the statistical nature o failure in cormpcsites, there were scome
differences in the failure everts. As witn the static lcacing, faiiures
are denoted by the sharp drops n tre lcad, There is an initia® high
amplitude load spike in the respcnse as tne initial column configuration
of the beam quickly decelerates the near. AS Lhe beam degins 10 benc,
the spike subsides. The third mcce resporse, ‘ust discussed, is
strongly evident ‘n the lcad resporse. However, this vibratory resporse
dampened as the beam deformed axia’'y and iaterdily. This was evident

in the films, as well as in fig. 3.5.
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Tne lower portion of fig. 3.5 shows the surface strain-displacement

relation for the two dynamic tests of the [{15/0/-15)gi¢ lamin * . ..e
convex (tension) side strain is on the tcp ard the concave {cCw
side stra‘m is on the bhotiom c€ tha: portion of the figure. * .~ (nat
tha ccnzave side (botzom curve) initially starts out in tension and the
convex side, {toD curve) “nitia’ly sta-ts in comoression,  Tnig fnitial
reversal ir strain is due *tc the initial "W" defcrred snape of tn2
seam. Tre fai'ure events are cearly evicent on this ficure.

Figure 3.6 shows <n2 103d ard strain t*me histerizs for the Cynenmic
teszs. Tre <*hird mode osc®':ation can be further stucied from this
relaticr. “he frequency of ocscillation can be determined directly from
this figure and corparsc to the computed 3vd mode ratural frequercy for
the Yeam. As with th2 previous figure, failure events a.e c'ear'y
evident. A&s ir the load-1°splacement re'ation, the load time histcry of

S iddor Arrnce in ho r
LA I B ~ VVJ LN N A

the failure everts are zonoted b o Ne 2ther

. e e

v
'oad time histories are presentel ‘n Tre T3in ‘text. Tre 234 :ime
historiess of a1 tre otnsr dyramic tests are presanted ir Appercir {.

ITne cispiacement time histor;

frr thra tun Adimami~ cnoa-‘merc tactoad
y Tor Ire vl Cynamil spec nert

-~ N w

is disgayed in fig. :.7. Tee diso’acezment ‘s given or i~z veriical

axis ard the < me cn tae ho~izenta’l ax"s. ire enhanced 2arC réw Cat2 are
piotted fcor eacn scecimer anc the resultg from each spaziTen are spaced
vertically “rom eacn otne~ in <he figure., wole tnhe siraignt “‘ne
relation in the enhanced gJaza rear tiTe zerc. ihe end disciacement-t me
relation charac:erizes the cyramic test [t proviges infrematicr or the

total duration of the event and the approrimate chérge “n velccity of

the end of tre beam during tae event.
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By examining these relations, combined with a post-test inspection
of the specimens and examinatior of the films, much about the beam
response and the failure modes can be determined. The next section

giscusses the features which were common to all tests.

3.2.2 Description of Characteristics Common to All Tests

Six of the relations just discussed for tihe |(15/0/-15)5]s are
plotted for eacn of the otrer i0 laminates tested in f’g. 3.8 through
fig. 3.37. Three main features of interest were common t0 all the
tests. They are: (1) A1l the dynamic tests exhibited a third rode
vibratory response; (2) With tne exception of :=wo lamirate types, the
static and dynamic failure modes of the laminates were identical, and;
(3) A1l of the beams exhibited varying degrees of pinodular mraterial

behavior.

Third Mode Response

Analysis cf the taird mode vibratory response is best done through
examination of the strain time histeries, With the exception of
lam‘nates 9 and 10, all the laminates showed similar responses,
qua-itatively. A1l laninates showed the initial reverse vaiue of stra‘n
associated ~ith the ir‘tial "W" shape, Then a vibratory respinse was
superposed on & monctonically increasing strain. The vibratory response
dampened with time and severely dampened after piy failures. The
frequency of the vibratory response was determined from {he experimenta!

data for each laminate type and 1is presented in tadle 3.l. The
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theoretical third mode natural frequency for a simply suppcrted beam is
also presented in table 3.1 for comparison. Reference 6 was used to
compute the theoretical freguency. Table 3.1 demonstrates that the
experimental and theoretical frequencies compared quite well., It is
important to note that even though the initial impact velocities were
only 19.6 ft/sec., the maximum strain rates were on the order of 5
in./in./sec. because of the third mode vibratory response. The maximum
rate occurred during initial snap-through of the third mode "W" srage.
If there had been no vibratory response, the maximum strain rate wiu:d
have been less. Notice that the strain-time response of laminates 5 and
7 exhibit vibratcry frequencies higher than the third mode, in addition
to the third mode.

Laminate 9 failed very soon after impact in the dynamic tests and
no sustained vibratory moction occurred. The failure mcce was unusua’
and will be discussed in the next secticn. However, £ig. 3.28 shows the
characteristic 1initial reverse value of strair indicating that the
vibratory response was excited. Oue to early failure, “t never fully

developed. Laminate 10, figs. 3.30 and 3.31, actually d4id show the 3rd

[ 4]

mode response. However, the surface plies failed soor aFier impact so
the response was not measured by the strain gauges. The vibratory

response is exhibited in the lead-time history shown in fig, [.4 in

~
e

Appendix £ and it is guantified in table 3.1,



TABLE 3.1
COMPARISON OF MEASURED VIBRATORY FREQUENCY
AND THEORETICAL THIRD NATURAL MODE

THEORETICAL
LAMINATE MEASURED NATURAL
NUMBER FREQUENCY FREQUENCY
(HZ) (HZ)
1 227 237
2 223 231
3 205 207
4 176 178
5 155 158
6
7 152 149
8 203 206
9 --* 254
10 112 120
11 172 177
12 187 18¢

*no oscillatory motion observed, immediate failura after impact.
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Failure Modes

From examination of the static ard dynamic ‘cad-disslacement
relations, and from the post-test examination of the specimens, it car
be said that with the exception of two laminate types, the failure modes
of the laminates under static cr dynamic lcading were identical. As hag
beer indicated, the two exceptions to this were the (0g/90g} ¢ and
[90g/0g] laminates, laminates 9 and 10. These laminates exhibited a

different dynamic failure mode thar was observed with ©n tatic

{1
[¥4)

loadings. A detailed description of the failure modes of eacn lamirate

will be presented in the next section.

Stra‘n Response

Examination of the strain response of the laminates revealed that
at a given load level, a given displacement level, or at a given time,
the compressive surface strain was always greater in magnitude than the
tension surface strain. Anmalysis shows that the compression striin due
to the axia! load shouid have been several orders of magnitudes less
than the bending strains and effectively the beam was in a state of pure
bending. With pure bending the magnitude of the tensile and comprassive
strains should have been the same. For example, in the ((90/0/-90)5)S

beam, the compressive surface strain was only 5% greater than the

tension strain, as showr in fig. 3.2C and €i5.3.21. On the othar hang,
fig. 2.11 and fig. 3.12 show that for the {(30/0/-30)g], laminate,
laminate 3, the compressive surface strain was more than 40% greater

than the tension strain. Variation of the tensile and compressive
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strains for the other laminates was somewhere between the 5% agnd the 40%
levels. Understanding this phenomena will be important to deve’oping a
failure criteria. Additional tests were carried out to further

TRE
]

understand this bekavior of the beam specimens and the results wil

[
uc

discussed in the next chapter.

3.2.3 Failure Mode Description

By examining the static and dyramic lpad-displacement and 1oad
strain rvelations, along with observing the movies and the failed
specimens, the failure modes of each laminate can be described. In this
section the static and dynamic failure modes will be assumed to be the
same if nc differences are indicated. Figure 3.38 shows a drawing of
the coordinate system used in the description of the cracking,

delamination, and failure of the laminates.

Laminate 1 [0i3q

The unidirectional laninaze exhibited a single devastating failure
event. Figure 3.39 shows a frame of the failure event under dynamic
loading. Note the simuitaneous failures on the tension and compression
sides of the beam. A similar failure mode was observed in the static
tests. This was the only laminate for which cCompression fa‘ ures were
observed. On the tension side a crack propagated perpendicuiar to the
fibers (the y direction in fig. 3.38), across the entire uwidth of the
laminate, completely failing ter plies. On the compression sice a crack
propagated only partial’y across the width, in the y direction, and 10

plies deep. The center plies cf the iaminate, near the neulra: surface,
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Figure 3.38 Beam Cocrdinate System



Figure 3.39 Fa'lure Mode of Unidirectional Specimen
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had no fiber failures. In the portion of the lamirate which had fiber
failures, the fibers broomed and splintered. In the portion of the
laminate with no fiber failures, matrix cracks in the x-z plane
propagated along the length, presumably initiating on the compression

side of the laminate due to widthwise Poisson tensile effects.

taminate 2 {(15/0/-15)gl

The load-displacement and the strain-displacement relations show

J=

that [(15/0/-15)¢] laminates exhibited from 3 to § failure events.
typical failure event consisted of the simultaneous failure of a group
of 2 to 6 plies on the tension side of the beam. This group of failed
pties would then delaiminate at least 8 in. along the length C°f the
beam. By examining the failed specimens, it appeared that a crack
initiated parallel to the fibers in the outer 15° ply. The crack
propagated along the 15° direction from one adgs of the beam IC tne
other, and it propagated downward in the z direction, to a depth of 1 <o
5 plies, before arresting. As the crack propagated dcwnward, the fibers

in the 0° plies and the -15° plies fractured. S2o

Qhe N mly and tho
L] (Y] ~ Pl‘, AN -t

-15° ply failed on a 15° angle. Exactly how the other failure eveats
jnitiated is not clear. However, it is felt they were similar to the
first failure event. The remaining compressicn side {0.8C in,, :=80%) of

the laminate was undamaged.

Laminate 3 [(30/0/-30)51S
The [(30/0/-30)51S lamirates exhibited 2 or 3 failure events, each

event involving typically § to (0 rlies. These ply garoups then
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delaminated at least 10 in. along the length of the beam. Again it
appeared that a crack finitiated parallel to the fibers in the cuter 30°
ply. The crack propagated alcng the 30° direction from one ecge of the
beam to the other. In some of the specimens the c¢rack turned to
propagate alorg the 0° direction (x direction in fig. 3.38) for a short
distance and tren turres back o tne 207 directicn, The cracik
propagated dow~warc in tne z directicr from 3 to 5 plies, fracturing the

fibers in tae 3 and 30 olies defcre arresting. Tre remaining

comoressicn 3'ce of the lam -ate (.70 fn. 245%) «3s undamaged.
Laminate 4 [(45/0.-35. -1
Aitho.gh <the ucst-fai'ure ‘nspectior of the static and dynamic

[(45/0/-d5/)5l5 "am razes ~ovealec nc ~ifferences in the failure mcces,
the strain rescorses showr in t-g. 3..3 and fig. 3.1 indicated
dif ferent benav-or setWee- t-€ 5$TalC and dyramic specimens. The post
failure inspection of <he stat‘c and cyramic specimens showed many
matrix cracks ir both <he 45° and tre -%45° “amina wnich surrourc tre O
lamina. Fai'ure of tae C° “amina proban’y ‘nitiated neas 3 matrix cracy
in a 45> lamina, but the crack direction in the G° ‘amina followed no
preferred direction. In some of the O laminae tne crack aiternately
followed 45°, -45° and 0O° directiors. In ctharg the crack followed 2
random jagged line across the width. Examination of fig. 3.16 ircicates
a unique dynamic strain response for this laminate. The unigue response
is especially evicdent in the response of specimens 4.4 and 4,6, ard to 2
lesser degree in specimen 4,5. Notice that at the pcint of first ply

failure, when the tensile strain resporse terminatec, there is no sharp
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drop in the compressive surface s:rain, as was seen ‘n the other
lamirates. Instead, the compressive surface strain remained reariy
constant for the rest of the event. This suggests that the failure
mecnarism for this lamirata could 22 d'fferent from the ones descr-bed
to this psint. with zhis laminate, at the initiation cf -ensile size
matrix cracks, «~hicn destroyed the tensile stra‘n guage, tnhe lamirate
did not fail and irmediate’y ‘cse load-carrying iaminiae. Insieag the
tensile side laminae yielded hut rema‘nec “ntact anc continged o carry
some load as the larirae fai'ed prcgressively thrgughout the remainder
of the event. This type of failure mode for a 45" angle-piy iaminate
has been reported ir the literature (ref, 7). This resnorse was not
evident in the static data. However, ir the dynamic case, the yfelding-
progressive failure response las*ed a mere G.08 sec, from tne initiai
tensile side matrix cracks, until the and of the dynamic event. furing
this time interval, tre end of the hHeam gisplaced & in. It is possible
that in the displacemert controiled static tests, zhe fa’iure event
lastecd for a similar fir‘<2 time pe-igd, 2ver thorgh the hear w2:ld have
displaced less tnan J.Cl ir. at the guasi-stat’c cisniaceme~t rate. 3o,
the mocde of failure in <re static ard cynamic tests cou 1 nave peer tre
same, even thcuch the reccrded strair vesponse «as quite differert, fn
identical static and cynavic failure mocde is consistent with tre

information lear-ec frcm (ke posi-Taiiure eramination.

Laminate 5 {(60/C/-6C)ci
Tre {(60/0/—60)5}S ‘aminate exhibited dr writia fa o fal ure

event and a single mingr suhsequert 2vert,  From eximirafion of *re

g P N P—— N o B — e . I B mm -



strain responses, the failure events appear to be instantanecus. In the
single major event, an outer group of glies failed. There were many
parallel matrix cracks occurring in the 60° or -60° plies, and fiber
failures on the 0° plies anc some of the 60° piies. In the subsequent
minor event the plies failed only partially. Thais failure mode 1is

illustrated in fig. 3.40. A matrix crack occurred in the 60° direction

| Y

and then the crack propagated dowrward onily through th

amima Tho
Qi s el o t0c

m

-60° lamina remained intact. The -60° fibers required the crack in the
failed plies to open in extensional and shear mcdes. The -60° lamina
13
13

ol d
€5,

delaminated near the crack but remainec attached tc the fa'ied

bridging the crack.

Laminate 7 {(90/0/90)5is

The [(90/0/90)gl¢ laminate exhibited an initia) major failure event
and a subseguent single minor event. In the major event, the cracks
inftiated parallel to the fibers in the outer G3' piy. Then the Crack
propagated downward in the 2z direction, fracturing fibers in the O°

plies. The failed ply groups then delaminated 5 to 6 in. along the x

direction.

Laminate 8 [(0/90)gl¢

The ((0/90)81S laminate had only a single failure event. The Crack
propogated across the plies ard downward, similar to laminate 7. One of
the static and one of the dynamic specimens had some of the 90’ plies
near the neutral axis damaged w'th matrix Cracks. There the adjacent C°

plies remained undamaged.



Shear and
Extentional Crack
Opening in 60°
Lamina

\ Intact -60°
Fibers Bridging
Cracks

b

Figure 3.40 Sketch of Partial Failure Mcde °“n !(60/0/‘69)5}5
Laminates
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Laminate 9 had a compietely different failure mode in the dynamic
case than in the static case. Statically, specimen 9.1 and 9.2
exhibited fiber failures, anc¢ matrix cracks in the x-z plane, in the
outer 0° lamina groups on the tension and compression sides of ihe
beam. Even though this was a static test, as soon as the 0° fibers
failed, the 90° core Jlamina immediately broke apart in chunks and
scattered about the room. Specimen 9.3, which fail.d at an axiai
displacement level almost 4 ir, less than the others, exhibited no fiber
failures. However, there were matrix cracks, in the x-z plane, in the
outer 0° lamina groups and the 90° lamira again dispersed about the
room.

In contrast, under dynamic loads there was no failure in the outer
0° lamina groups. Soon after the impact event, a deiamination initiated
between the group of 0 lamina on the compression side of the bean and
the 90° core laminae. The delamination propagated along the entirs
length of the beam. The 90* core iaminae remained attached to the G°
lamina on the tensicn side of the beam, The laminate acted as two
separate thin beams. Figure 3.41 shows a seguence of fcur frames at the
init1ation of the delamiration. Notice that the delaminatior initiated
between the center peak of inft.ai “K" shape and the inflection pocint of
that peak, f.e., about at the quarter span near the top of the beam.

s omnaa

The construction of laminate 3 produces interiaminar tensiie ¢, Sireésses

at the free edge when the ‘aminate is placec under tension. These are

caused by the Poisson ratio mismatch of the 93° core and the 0° outer
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Figure 3.41 Oynamic Failure Mode of (0g/90g)
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lamina group. The top half of the plies in the laminate were ynder
tension in the center peak regfon. [n addition, due to the deformed
shape, the 2 stresses reach a maximum at the inflection point of the
center peak. And due to the high amplitude lcad spike shown in fig,
3.27 the stresses are particularly high at tnis time ir the event.
Althcugh the Tz stresses were similar for the other laminate types,
laminate 9 had clustered plies. The interlaminar 5 stresses are much
greater in orthotropic laminates which contain clustered plies. Only in
the dynamic testing of laminate 9 did large values of both
the =, ard c, stresses occur simultaneously. Therefore it was thought
that the combination of the o, and 2 stresses initiated the

delamination in this particular laminate type.

Laminate 10 [90g/0g]
Lamirate 10 exhibited differences in the failure modes between the
dynamic and static loedings. Undar static loading matrix Cracks
appeared in the 90° plys on the tensicr side with spacing of 1 tc 2
inches. However, the 90 lam‘nae remained attached to the 0° core. No
matrix cracks appeared on the compression side. Thus

the compression side contributed to tne laminate stiffness. Nctice the

unusually hi-h strain values of over 2% in fig. 3.29. This exceeded the

£
t

(41

range of the recording ipparatus. However under dynamic 108ding oG
the 90° outer lamina groups separazed in ckunks from the 0° core.
Therefore the beam acted as a single thin undirectional beam. This 90°
lamina separation was probably due tc the irertial force and veverse

curvature from the excited vibratory mction.
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Laminate 11 [(45/-45/0/90)415

The strain-displacement relations for laminate 11 showed that it
exhibited behavior similar to laminate 4. Howeve~ with this laminate
the failure mode was not as distinctive. Some of :the dynamic specimens

had several minor sharp drops in the ccmpressive strain value, in

addition to the plastic hinge behavior.

Laminate 12 l(0/45,’0/-45)3/90/0/01/-2!S

Laminate 12 failed with one failure event, exhibiting instantaneous
ply failures and longitudinal delaminations. The ply failures
propagated more or less in a perpendicular fashicn across the beam, byt
with no preferred direction, similar to a paper tear. Figure 3.42 shows
a frame from the failure event of this laminate type under dynamic

loading.

3.2.4 Comparison of Static and Jynamic Tests

One of the most dramatic compariscns between the static and dynamic
results concerns the end displacement at initial failure. For virtually
all laminaces, the value of end displacemert at fallure was 1ess for ithe
dynamic cases than it was for the static cases. Likewise, the strain
level at failure was always lower in the dynamic cases than in the
static cases. The strains are, of course, related tc the &nd
displacements. Even though inertia and tre third mode oscillation make
the relation less direct for the dynamic case than for the static case,
it is felt to be significant that strain rate or displacement rate

appears to influerce failure strains.
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To further compare the static and dynamic event

Sl oo
s LNEIT ENd

(7]

vs. end displacement relations were inteqrated. These integrated

relations are presented in fig. 3.43 through fig. 3.48. These integrals

are associated with work dore by the force at the top of the beam. This
type of relation was explored as a method of determining if there were
any energy absorbing mechanisms displayed in the dynamic response that
were not evident in the static response. In addition, the integral
effectively smoothed the dynamic load repsonse which allowed for
comparisons to the already smooth static load-response.

On the figures the vertical axis gives the work reguired to
displace the beam an amount given on the horizontal axis. The points on
the work-displacement relation where the slopes abruptly change
correspond to displacement values at which failure occurred. Again
laminates 9 and 10 showed unusual differences in the static and dynamic
responses and will be discussed separately.

As a group, all laminates except laminates 8 ard 10 showsd similav
static and dynamiz end load work vs. displacement relations. However, a
ciose examination of the relaticns reveals there were some differences
between the static anc dynamic responses. This Can be seen 5y examining
fig. 3.43, for example. For the first inch of end dispiacement, the
static and dynamic relations are divergent, The work required to
displace the beam axially through the first 3/4 in. is greater in the
dynamic tests than in the static tests as a result of the inertia of the
beam resisting deformation more in the dynamic case. However, after the
motion begins, it appears that overall, the work required to displace

the beam cynamically a given ‘ncrement is equivalent to the work
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required to displace the beam statica’’
indicates that the displacement rate of doing work is comparable for
poth the static and dynamic events. The other laminates in this group

i3
!

show comparable behavior up to first faiiure.
displace the specimens dyramically 3/4 in. was fairly consistert from
specimen to specimen and was about 400 in.-1bs. The work recuired to
statically displace the beams 3/4 in. varied with beam stiffness.
Therefore, the softer laminates, such as 5 and 7, showed greater
divergerce between the static and dynamic events, as can be seen in fig.
3.45.

An interesting general corclusion concerning work can he made by
further comparing the work for the static and dynamic cases. As stated
earlier, failure of the dynamic specimens occurred at a lower vaiue of
end displacement than failurs of the static specimens, As a resylt; the
static specimens required more work to displace the full 16 in. than the
dynamic specimens did, even though the dynamic specimens required
significantly more work to displace the first 3/4 in,

Finally, fig. 3.46 dramaticaliy shows the differences in the static
and dymamic failure modes for the [08/908i laminates, laminate §. Tne
initial dynamic response of lamimate 9 is comparable to the other
laminates, i.e., requiring 400 in.-1b. of work to move the end 3/4 in.
However, socn after the impact event the beams deiaminated and separated
into two thin beams. The two thin beams required considerably less work
for deformation. There were m.derate differences detween the static and
dynamic faiiure modes for iaminate i0, the {90g/0gig laminate. Storti

y
after impact, the outer pli=s separated from the beam and the heam acted
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as a single thin unidirectional beam. In the static test, the outer
plies cracked but remained intact and contributed to the stiffness of

the laminate. Therefore, the slope of the static work-deflection

relation was different for the static case than for the dynamic case.

3.3 Summary of Experimental Observations

Laminates 9 and 10 exhibited unusuai and distinct failure moces
under both static and dynamic loadings, However, because the laminze in
these beams were clustered, these laminates are not of practical
interest. In fact they were designed to nurture differences in static
and dynamic loadings. In this they were successful. The rest of the
laminates exhibited nc differences between the failure modes under
static and dynamic loading.

The progression of the failure, or the number of failure events,
varied from six events, for specimen 2.3, to one event. Also, in
general, the specimens that were tested dynamically fai.ed at strain
values and axial displacement values less than those of the static
specimens. These results will be explorec further in ch. 5.

Finally, variation between the tensile and compressive surface
strains were observed in the static and dynamic tests. The variations
ranged from an increase in compressive strain of from 5X above the
tensile strain to fincreases of up to 40%. These phencmend wiil be

investigated and discussed further in the next chapter.



Chapter 4
INVESTIGATION OF DIF ERENCE BETWEEN COMPRESSIVE
AND TENSILE MODULI

Examinaticn of the static and dynamic strain response of the 12
laminate types showed that the compressive side surface strain at tne
center o the beam was greater than the tensile side strain, This
difference in t12 surface strains varied from 5% for laminate 7 to 40%
for laminate 4. At first it was felit that the greater compression
strain was due to there being a net compressive axial force on the
laminate. However, calculations show that these compressive strains can
be effectively ignored since they are aiways at ieast 2 orders of
magnitude Tess than the surface strains actually measured, In addition,
there is no shear de‘ormation at the center of the beam due to the
symmetry cf the loading. So, the center section of the beam is
effectively in a state of pure bending, With pure bending and a linear
elastic mazerial, the magnitude of the tensile and compressive strains
should be identical but this was not the case. The observed behavior
was known to be elastic. Recall, it was found in the static tests that
the loadinc and unloading strain response curves were coincident, uniess
there were ply failures. Therefo~e the difference in cofipressive and
tensfle strains was due to eithe~ a nonlinear elastic effect or the
laminates were perhaps exhibiting bimodular elastic behavior.

To determine which of these twC phenomena were GCCurring, 1aminates
1 through 7 and laminate 11 were se"ected for further study. Further
tests were conducted to empirically determine the effective compressive

and tersile bending modyli.

100
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4.1 Experimental Set Up

Since the unusual material behavior was observed under static and
dynamic loadings, for simplicity, these experiments were conducted in 2
static test apparatus. To measure the elastic properties, in addition
to the strain data, krowledge of the internal bending moment is
required. The bending moment at the center of the end loaded beam s
equivalent to the end load times the distance between the 1ine of action
of the end load and the neutral surface of the beam at its point of
maximum lateral deflection. The maximum deflection occurred at the
center of the beam. This is illustrated in fiq. 4.1, D being the
distance of interest. To facilate weasurement of the lateral
deflection, a modification tc the original static test apparatus was
made. A rigid bar was mounted perperdicular to the moving crosshead and
parallel to the undeformed beam. Tnis bar provided a reference from
which the lateral deflecticns could be measured. A1) sther aspects of
the set Lp were icentical to the se:t up for the static tests performed
earlier. However, different strain guage amplifiers and a different

load frame were used.

4.2 Data Aquisition

As in the previous static tests the lgcad was measured by the 1000
pound load cel’ and the end load-end displacement relation was recorded
on a chart recorder. The strain guage signals were conditioned with
signal amplifiers. Strain-lcad relaticns were recorded using an X-Y

plotter. In addition, the axial end load, axial enc displacement,
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center lateral displacement, and the two strain values were manually

recorded from digital voltmeters.

4.3 Test Procedure

First the beam specirmen was placed in the load frame and the strain
guages were connected. Tren the load cell was zeroed and the strain
guage amplifiers were balanced. The heam specimen was displaced axially
and monotonically in 1/2 in. increments up to 85% of the axial
displacement value at which failure was first seen in the previcus
static tests. At each 1/2 in. increment the lateral deflection was
measured by hand with a ruler, ihen recorded. At this time the axial
displacement, the end load and the two strain values were 2alsC
recorded. This procedure was repeated until the predetermined axial
displacement was reached. Then the displacement direction was reversed
and the beam was unloaded until the beam reached the zers displacement
point. The strain-load relaticn for unloading was checked to see if it

was coincident with the loading relation.

4.4 Data Reduction

The data was reduced to determine the tensile and compressive
moduli of the laminate. The reducticn procedure utilized the fact that
the beam was in static equilibrium. In addition, three assumptions were
made. The first assumption was that the materfal properties could be
smeared through the thickness. In cther words, the stress was assumed
to vary linearly from the outer surface to the neutral surface. The

second assump<ion was <+hat there was a linear variation of strain
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through the thickness of the beam, i.e., the Kirchhoff assumption was
valid. This assumption should be valid in that the beam was effectively
in pure bending. Finally, the thirg assumption was that the laminate
was bilinear elastic. This may or may not have been the case. If it

were the case then the determined moduli shculd not vary wita increasing

-

curvature, load, or strain. If the modull did indead vary with
curvature, load, or strain, then it could be concluded that the laminate
was not bimodular but rather exhibited some other form of nonlinear
elastic behavior. However, the precise nonlinear relation Could not oe
determined from the analysis.

From the Kirchnhoff assumption, knowledge of the total beam
thickness and the empirical values of surface strain, the location of
the neutral surface within the crosssection could be found. The

location was given by

I
t, = ———, (4.1)
1 IR
and
c
T
t i —;L-—'— . (4‘2)
2 I ©
where
ty = distance from the neutral surface to the tension surface,
tz = distance from the neutral surface tc the compression surface,
T = total beam thickness, {mid thickness, Table 2.2)
¢ = strain at compressive surface, (absolute value)
t

strain at tensile surface.

™
9
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Figure 4.1 illustrates the geometric quantities involved. By
assuning the net axial stress resultant could be set to zero, and by
using the bimaterial assumpticn, 2 relaticn between the tensile and

comressive moduli could be found. That relation is

Leteten - LESCep (4.3)
where
£l = unknown tensile moculus
€€ = unknown compressive modulus
b = beam width (= 2.00 in.).

Finally by enforcing moment equilibrium for the upper or lower half of

the beam, it is found,

1.t t 2 ‘i € C |
0= (FED) (3] - G PR (3L, (4.4)
where
P = end load
D = moment arm

The values of ty and t, can se determined from eqn. 4.1 and eqn. 4.2.

Solving eqn. 4.3 and eqn, 4.4 for the moduli yields:

£€ - — 23PD } (4.5)
P
£h s —— . (4.6)
3 Ltl + tltZ'b
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Multiplying both sides of egn. 4.5 and egn. 4.6 by ¢ and ct,

respectively, yields equations for the surface stresses, namely,

. ,_EEEEL_~__: , (4.7)
15+ tt,)

I o ol (4.8)
(t2+ tit

The beam curvature can be computed from

t
<= £ (4.9)

ty
Using this procedure <he compressive modulys, the tensile modulus, the
stress at the tensile surface, ta2 stress at the compressive surface,
and the beam curvature w~ers computaed at 2ach displacement <dncrement,

Tne raw data used for the computaticns are presented in Append x G.

4.5 Results

The moduli-curvatu~e relaticrs are piotted “or each laminate tested
and are given in fig. 4.2 through fig. 4.5. The norizontai axis shows
the beam curvature and cthe vertical axis shows the empirically
determined dending tensile arc compressive moduli. A1l the laminates
exhibited an elastic respense. This was known because the graphicailiy
recorded load-strain relatiors were ccincident for loading ang
unloading. The unidirecticral laminate, fig. 4.2, shcwed the
ccmpressive modulus to be 23% lass than the tensiie moduius at nigr

carvature levels. Pubiished values for the fipber direction modulus
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indicate that compressive modulus should be only 9.75% ‘less than the
tensile mydulus. As shown in fig. 4.4 and fig. 4.5, laminates 6 and 7
exhibited the least amount of bimodularity. Aiso, iaminates o and 7
exhibited rnearly constant values of the modulus with curvature, or more
specifically, a linear response of stress with strain. [In the other
laminates the compressive modulus decredsed with Curvature and the
tensile modulus increased with curvature. This is especially evident in
laminates 4 and 1! shown in fig. 4.3, and fig. 4.5, respectively.
Because the mcduli were not constant w~ith curvature thers appears to pe
a nonlinear elastic stress strain resgonse more complex than
bimodular. Laminates 3 and 4, showr in fig. 4.3, exhibited a remarkable
amount of bimodularity. Notice that for ooth of these laminates the
compressive mcdulus was nea~ly S0% less than the tensile mcculus at high
curvature levels.

Effective stress-strain re"ations for the aifferent laminaies were
also determined from the bending tests. Though it is known that the
stresses change value dramatically from one lamina to the next (in
contradictior to cne of the dssumptions used (o reduce tre data), a
stress-strain relaticn for the laminate-as-a-whole in tension and a
stress-strain relation for tne ‘aminate-as-a-whole in compression were
computed. By using the measurad va'ues cf :t dénd ¢ and thé stresses
from eqn. 4.7 and eqn. 4.8, effective stress-strain relations were
empirically determined. Figures 4.6 through 4.9 show these stress-
strain relations. [t is important o review the derivation ¢f eguations
in this chapter to put the stress-strain benavior snown in fig. 4.6

through fig. 4.9 “nto context. However, it appears that, to a first

-
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approximation, the laminates did exhibit bimodular behavior. A close
examination of the figures reveals that the two pertions of the stress-
strain relation are not perfect straight lines. Therefgre, 2 were

complex nonlinear elastic behavior may be the case.

4.6 Error Analysis

The compressive and tensile moduli were determined from 5 measured

guantities. From egqn. 4.5 and eqn. 4.6

EC = EC (P,0,c%,cC.T) (4.10)
and

et - ebp,0,:t,6C,1) (4.11)

Uncertainties in each one of the five independent variabies contribute
to the overal) uncertainty in the moduli, The yncertainty in the ‘pad
was 14 of the maximum value of the load cell, in this case 10 lbs. The
lateral deflection, which was measurec by nand, had ar uncertainty of
0.05 in. There were many factors contributing to the uncertainty in the
strain measurements. They were: (1) The finite distance between the
foil grid of the strain guage and tne surface of the beam; {2} Orift in
the amplifiers, (3) Tre transverse sensitivity of the strain gauae, and;
(4) Misalignment of the guages or the specimen. It was felt that all
these errors together contributed to an uncertairty of .GGGIGC in./in.,
or =14, of the maximum strain measured. Finally the yncertainty in the

thickness measurement was taken to be 0.0025 in. or 2¥. This accounts



117

for the uncertainty in the measurement and the variation of thickness
across the width of the specimen. The way in which each of these
uncertainties contribute to the uncertainty in the computed moduli can

be given by the relatior

3t 2 3k 2 3
XN + (3

1 , L 3E 2, ak 12
'\?ﬁ dP + \?5 HDI W ) \ H i * ‘

aec Bet ¢ T

HE=

(4.12)
where Wc 1s the uncertainty in the moduli and HP, veny Wy dre the
uncertainties in the individual variables.

The uncertainty calculations were performed «~ith each calculation
cf the compressive and tensile moduli. The results of the uncertainty
analysis shcw that the uncertainty in the moduli calculations can be
quite high, 2-3 MSI for the first data points taken at lcw values of
axial displacement and " ad. However, the uncertainty in the moauli is
much lower, 0.5-1.0 MSI, for the data taken at large values of axial
dispiacemen: load. The uncertainty of the moduli were most sensitive to
the uncertainty in the straim measurements. The uncertainty in the
strain measurements were the most difficult to quantify. If a vertical
error bar had been plr- _ed with each data point in the moduli-curvature
relations of fig. 4.2 through fig. 4.5, @ horizontal tensile modulis vs.

curvature relation and a different horizontal compressive modulus vs.
curvature relation could have been drawn within the error bars. This
would mean that the moduli did not vary with curvature, and hence load
or stress level. Therefore, the apparent nonlinear behavior other than
pimodular is not conclusive. However, it appears there is still
substantial experimental! evidence of 2 difference between the tersile

and compressive moduli.
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4.7 Cbservations

Reasons for the nonlinear behavigr are rot entirely clear, It is
surmised that in tension the fibers align themselves with the principle
stress directions and in compression the fibers buckle, or turn away
from the principle stress directions. These twe tendencles result in
different stress-strain behavior in tension than in compressfon in a
bending situation. This behavior was entirely unexpected and the
thorough examination of 't «aS ngt with in the overall Goals of this
study. However, the flexural moduli empirically derived here will be
used in ch. 6 with a finite element program to predict the deformation

resporse of the beams.



Chapter 5
INVESTIGATION OF THE FAILURE RESPONSE

Predicting the response of an aircraft fuselage to crash conditions
involves both the prediction of the dynamic deformation response of the
structure, and the prediction of tte on set and extent of failure in the
structural elements. This chapter focuses on tne later by investigating
the experimentally recorded ultimate surface straing in eack cf the
laminates. Because of the uncertainty of the material behavior, i.e.,
bimodular vs. some other form of nonlinear elastic behavior, the onset
of failure in the laminates was investigated uging emnirically measured
strain values. This is in contrast to using stresses. The static data
was studied to investigate the dependence of ultimate strain vaiues with
the laminate type. Then the static data were comnared ¢o the dynamic
data to determine the effect of the dynmamic response on the ultimate
strain of the laminates. Since the failure modes for laminates 9 and 10
were significantly different in the siatic and dyramic tests, the
ultimate faijure strains could not provide a meaningful ccmparison for

these laminate types. Therefore, tne strengths of laminates 9 and I0

were not investigated in this chapter,

5.1 Qata Recuction

The ultimate Toengitudinal tensile and compressive

C

strains, e: and €y were determined from the experimental strain-

displacement response cof the static and dynamic tests. The vaiue

t
X

of ¢  was taken to be the ‘ongtitudinal tensile strain vaiue at the

119
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displacement just prior to guage failure. The value of ¢ was the
compressive strain at the same displacement. The ultimate strains for
all of the static and dynamic specimens tested are presented in Appendix
F. The average ultimate £§ and :g were computed for the static
specimens and the dynamic specimens of each laminate type. The strain
transformations were used to transform the average values of
longitudinal strair into the material prircple strains e &y and ¥ype
Since al! of the failures (except in the unidirectional laminate)
occurred on the tension side, only the tensile ultimate strains were
transformed. In addition, the maximum fiber strain in the £° ‘lamin2
closest to the tension surface was computed. This ply was of interest
because it was the most highly stressed lamina, though not the most
highly strained. A summary of all the comwputations is presanted in

table 5.1.

5.2 Quantitative Characterization of Failure
The mechanics of failure in a composite beam under bencirg loads is

complex. For the laminate types selected for this study, failure was

vome sieisa YV
wald usSudiy

defined as tre initial loss of 1cad carrying capacity. Thi

(]

associated with fiper failure in one or more lamina. As described in
ch. 3, the failure events probably occurred in the following order.
First, a matrix crack initiated in an argle ply ‘amina which was lccated
on or near the tension surface of the beam. It is speculated that the
crack then caused an axial anc/or shear strain concentration in the
fibers in the ply adjacent to the crack. This is gepictegd in fig.

5.1. The initiation of the matrix crack *n the outer most argle ply and
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TABLE S.1
FAILURE STRAINS
AvQ Avg Tension 5
in C* Strain
Laminate e et c. < 12 Tersor Tan. Conc.
¢ Poiy nearest faccor
Number ((h53 (R4 't it it ten. surface
t]] (%) {%) (%) {%} (%)
Static i i.61=.i1 1.8le.11 1.61 -.48 €.00 1.42 1.6 1.00
Dynamic 1 1.50:.08 1.702.02 1.50 -.45 0.0C 1.36 1.5¢ 1.00
Static 2  0.85:.01 0.992.04 0.7% -.5% -.72 0.85 0.7% 2.04
Dynamic 2  0.75:.00 0.882.00 0.66 -.4 -.64 0.66 0.7¢ 2.14
Statfc 3 1.02:.02 1.37+.03 0.5% -.58 -1.81 1.58 0.94 1.71
Oynamic 3 0.93:.01 1.28¢.0] 0.45 -.5% -1.65 1.41 0.86¢ 1.78
Static 4 1.11.01 1.52¢.03 0.17 0.17 -1.81 1.20 1.0 1.5
Dynamic 4 1.00:.01 1.40=.01 0.15 0.15 -1.69 0.98 0.92 1.63
Static § 1.18:.06 1.43+.08 0.02 0.79 -1.13 2.93 1.09 1.48
Oynamic § 0.99£.03 1.19s.04 0.02 9.67 -1.12 2.17 0.93 1.81
Static 7 1.332.01 1.4:.01 0.95% 1.33 0.0C 5.47 1.2¢ 1.30
Dyramic ? 1.22:.03  1.33:.03 0.04 1.22 0.0C 5.51 1.1¢ 1.32
Static 8 1.57+.08 1.74£.04 1.87 9.07 0.0C ..01 1.%?7 1.02
Oyramic 8 1.44¢.05  1.6C2.07 1.44 0.06 5.00 0.98 1.4 1.04
Static 31 1.38:.00 1.7¢+.00 0.48 D.ag -1.80 ..96 1.19 1.3%
Dynesic 11 1.21£.02 1.51:.02 0.42 0.42 -1.58 1.56 1.03 1.46
Static 12 1.34+r.07 1.66:.09 1.34 0.24 9.00 1.04 1.3 1.20
Dynamic 12 1.292.08 1.672.10 1.26 0.23 0.00 1.07 1.29 1.16
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the failure of the fibers in the adjscent ply may Gr wWway not have
occurred simultaneously.

To examine failure in the laminate, a phenomeno‘ogical approach and
a mechanistic approach were taken. The phenomerdlogical approach taken
was the strain tensor polynominal (ref. 8). This approach treats the
composite as an anisotropic but homogenoeus material. The strain tensor
polynominal interprets failure as the occurence oF any definable
discontinuity in the material response. This interpretation of failure
may not correspond to loss of load carring capability. The mechanistic
approach taken was to examine the strain in the 0" lamina on the tension
surface, or the 0’ lamina nearest to the tension surface. Because this
was the most highly stressed lamina, failure of this lamina would

initiate the loss of lcad carrying cacability.

5.2.1 Strain Tensor Polynominal

The simplified plane-stress versicn ©of the strain tenscr

polynominal can be expressed as

. 2 2 2
T, 2 .5, 2 M2,
[ ‘ [) : [ 2

i

where £; and El are the absolute value of the ultimate extension and
compressive norma’ straims in the i girection, 1 = 1 2 and G is the
ultimate shear strain. The interaction term was taken to be zero. The
values of €; and E; used for the static specimens were the uitimate

static strain values of the unidirectional laminate  laminate 1,

Likewise, the values of El and £, used for the dynamic specimens were
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the ultimate dynamic strain vaiues of the Jynawically tested

unidirectional laminate, The other values used were: EZ =
i

0.47%, 52 = 0.67¢ and G = 1.93%. These were taken fror published

results cor AS4-3502 and were used for both the static end dynamic
spec imers, The ultimate strain values were used in the tensor
polynomia® to predict failure., [If the vaive of tne tersor polynomial
was less than 1 at failure, tre polynomia® wou'd have been
nonccnservative in the prediction of faflure, [f the value of thre
nolyromial was greater than 1, it would have been conservative in the
predicticn of the loss of load carrying capapility. However, in the
later case the poly-omial may have accurately predicted the ogccurence of
material failures, such as matrix cracks in the outer layer of the
laminate, even though it ccnservatively predicted the occurance of the
loss of 1load capacity. The results of the <tensce polynomial

calculations are presented in tabie 5.1.

5.2.2 Mechanistic Apprcach

For each laminate type, the maximum fiber strain ir the J- lamira
nearest to the tensicn surface was calculated and is presented in tabie
5.1. The results show that this maximr fiher strain was not constant
w#ith laminate type. Thus this simple maximum fiber strair criteria
could not oe used as an indicator cf iaminate behavior for more Jenerai
laminates. Hcwever, the fiber failures in these 0 lamira actually
occurred in a region of strain concentration, urder a matrix crack in an
acjacent lamina. This was shewn in fig 5.i. “he uitimate tensiie

strain in the finer direction for tnz material was known from the
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statically and dynamically tested undirectional laminate. Therefcre,

for each laminate type, the strain concentration factor associated with

the crack in the adjacent lamina could he determined, This x3s done b
dividing the laminate ultimate strains (again as average striin) by the

ultimate tensile strair of the material in the fiber direction. The

» ntod im +
resen.ed 'n 0

strain concertraticns computed this way are
strain concentration factors for the static tests used the ternsile
strain at failure in the static tests of the unidirectional specimens,
i.e., 1.61%. The strain concentration factors for the dynamic te
used the tensile strain at failure ‘n the dynamic tests of the

unidirectional specimens, i.e., 1.50%. Tnus, for example, for lamirate

4, the static strain concentration factor that tke cuter 45°

ooy o

1.63.

5.2.3 Results

Upon examination of the resulits it should be noted tnat there “¢ &
consistent difference betweer the static and dynamic results. The
dynamic failure strains are d'wdys ‘ower tnan tne static faiure
strains. Excert for ‘aminate 12, the computed strain concentrations are
always higher and the tensor polynomial value is aiways lower for the
dynamic case. Reasons for this are discussed in tne next secticn.
Examining the results of both the tensor polynomial and the strain

concentration factor provides a qualitative uncderstanding of the effect
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of laminae orientation on the ultimate sirain in the ‘aminale. For
the [(9/0/-9)5]S family of laminates, laminates 2 through 7, both the
static and dynamic 0° fiber concentration factors decrease with
increasing off-axis angle. Also the tensor poiynomial valug increases
with increasing off-axis angle. For example, in the static case of
laminate 2 which has a 15% off axis fiber angle, the tensor polynomial
nad a value of 0.85 and the strain concentration factor was 2.04. The
low value of the tensor polynomial could be contributed to the
generation of interlaminar shear stresses near the free edge of the
laminate which were not accounted for in the simpiified piane-strass
version of the tensor pclynomial., The ez shear stress is especially
high in laminate 2 due to the large Ty X missmatch between the 15° and
0° laminae, and the 15° and -15° laminae. The low value of the tensor
polynomial suggests that the initial material discontinuity in the
laminate and the toss of load carrying capacity of the laminate occurred
simultaneousiy. This is consistent with the high vaiue of strain

concentration calculated for this laminate, The initial 15° matrix
crack in the surface ply of the laminate might have caused high shear
strains as wel! as nigh tension strains at the base of the cCrack in the
adjacent 0° lamina. There is evidence, hosever, thai the shearing
effect causes higher strain concentrations thar the tension effect. [t
{s speculated that the amount of shear strain concentration is reiatad
to the Ty X term of tne angle ply lamina. For the !(6/0/-6)5]5 family,
the computed strain concentration factor is a maximum for the 15° angle
ard so is the value of - . The computed strain concentrat’on reaches

XY ¢ X
winimums at C° and 90° as does "Xy X’ As stated above, laminate 7, with

*
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off-axis angle plies of 90°, had the Towest vaiue of strain
concentration of laminates in the [(8!0/-9)5!5 family, It also had the
highest value of the tensor polynomial. This suggests that the 90°
outer ply cracked much before the load bearing 0" faiied and a §0° crack
had a less severe effect on the adjacent 0° than did ar off-axis crack.
Comparing laminates 7 and 8 and also comparing laminates 4 and 12
snows that it is more severe for a 0° lamina to nave crackad angie plies
on both sides of it thar if there is a cracked angle ply 1o one side
only. Laminate 7 had 90° Yaminae on both sides of the 0° lamina nearest
to the tensfon surface. The static strain concentration factor was
1.30. Lamirate 8 had a 0° lamina on the surface with just are adjacent
90° lamina. There the strain concentration factor was 1.02. Laminate 4

o

had 45° laminae on botn sides of the (° iamina nearest to the tension
surface. The strain concentration factor was 1.59. Laminate 12 had a
0° lamina or the surface with just one adjacent 45° lamina. The strain
concentratior was 1.20. These numbers indicate thal cracks in the

laminae on both sides of a 0° lamina are more detremental for the 0~

lamina than if only one of the adjacert laminae is cracked.

5.3 Differences in Static and Dymamic Failure

As stated earlier, the results show that the ultimate strains in
the dynamically tested specimens were iower than the uitimate strains of
the statically tested specimens. Two reasons are speculated. First,

the composite may have strain-rate dependent material properties.

maximum strain rate in the dynamic tests was approximately 5
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in./in./sec. A reduction in the ultimate strain of matrix dominated
failures might be expected at this strain rate. However, a reduction in
the ultimate strain was seen for fiber dominated failures as well., it
§s felt that strain-rate effects for fiber dominated failures are not
likely. Therefore it was felt that other mechanisms must contribute to
the lower ultimate strains in the dynamic tests. The dynamic specimens
experienced different lcading histories than the static ones. Recail
that in the dynamic tests there was an initial high-amplitude load spike
and an initia! "W" deformation shape of the beam. The *W* deformation
was such that the lamina which failed under tensicn were initially ynder
compression. Also the dynamic specimens were subjected to a third mcde
vibratory response which could have fatigued the specimens. The dynamic
loadings could have caused darmage in the lamirate on rthe micromechanical
level early in tne loadirg histovy and these could have contributed to

the lower ultimate strain levels later in the Toading history.

5.4 Prediction of the Extent of Failure

As a final note, this chapter has investigated the conditions which
lead to the onset of failure. Failure wis defined as the Initial loss
in load carrying capability. However, predicting the amount of drop in
the load upon failure is as important as the prediction of the onset of
failure. Recall from the lcad displacement relations discussed in ch. 3
that laminate 2 had from 3 to 6 failure events which resuited in
relative small drops in load when a group of 2 to 6 piies faiied
simultaneously. Laminate 3 had 2 or 3 failure events, where 3 to 10

plies failed simultaneously. A1l the other ‘aminates had 1 major
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failure event, where 40% to 60% of the plies in the laminate failed
simultaneously, producing a drop in the load of up to 80¥%. rurther
investigation is needed to determine the relation between the extent cof
failure and laminmate type. Such studies are important if the collapse
of a composite structure is to be predicted. ODuring collapse, some
structural members will fail, others will partially fail, and some will
remain intact with load being transferred and retransferred throughout
the structure. Knowing how to predict partial loss of load capacity of
the individual elements would be important for predicting the collapse

behavior.



Chapter 6
PREDICTION OF DEFCRMATION RESPONSE

To predict the deformation response of the beam, an existing finite
element program was used. The static load-defiection response was
predicted for each of the laminates and was compared with the
experimental results. For laminates 1, 4, and 7, the dynamic test
conditions were modeled. The finite-element predictions for the ioad
deflection, load-time, and the displacement-time were compared with the
experimental results. Because of the expense in running the computer

program, only 3 of the 12 laminates were selected for the dynamic

analysis.

6.1 Finite Element Program

The finite element program used was capable of computing a
nonlinear transient response of a structure subjected tc time varying
loads (ref. 9). The program aliowed for iarge geometry changes by
using a co-rotational coordinate system in the deformation mccei, The
analysis is preformed by direct minimization of the scalar energy

function.

6.2 Material Mode}

The program was written for crasn anaiysis of aiuminum
structures. Therefore the material mode) was designed for isotropic
linear elasto-plastic materials. Although nonlinea~ elastic materials

cannot be rcdeled, linear dimocdular materiais can be modeied and were

130
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used for the analysis. In addition, the program cannot model
anisotropic materials. However, since the beam is one dimensional and

the axial loads are insignificant compared to the bending loads, the

compressive and tensile flexural mcduli of the laminate was usec in the
material model, which raises another issue. Since the material was
assumed bimodular, the neutral surface of the beam was not coincident
with the midplane. The program has the capability to commute the
position of the neutral surface at every position along the beam and at
every time step. However to do so increased the computation time by a
factor of ten. So this option was nct evoked for the analysis performed
in this chapter. However, the effect of tracking the location of the
neutral surface on the static response is examined in Appendix H. As
shown in the appendix, the error is significant, especially for laminate
3. However, for the dynamic case one computer run using the neutral
surface computations would cost $1000. In addition, as will be seen
shortly, there were other problems with the computer results, Thus the

error was tolerated.

6.3 Material Properties Used

To perform a successful amalysis, accurate material properties are
required. Determining the properties of a laminated composite material
js routinely done with classical lamination theory. Classical
lamination theory uses the four independent material properties of the
constituent lamina to determine the laminate properties. For a beam,
the flexural modulus, E, can be computed by £ = 12 911/Dh3. where h is

the laminate thickness and b the iaminate width. Using the material
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TABLE 6.1
FINITE ELEMENT INPUT DATA

Lenination Theory Mocu'! Used In  Dynawic Dat2 for

Moduli Finite-Elerent Finjte~Element
Aralysis Aralysis
Lusped Initial

Laminate Lay-Up et €€ gt £€ Mass  velocity
Nusber {MS1) {ms1) (Lbe) (1n./sec.)

1 ID|3° 20.0 18.5 18.9 14,8 55.6 237.

2 [{15/0-15}gl, 19.C% 17.22 16.8 13.7

3 {(30/0/-30)515 15.2¢ 13.82 1.9 8.4

4 “‘5’0/"5)5'5 11.31 10.31 10.9 5.5 32.3 175.

5 ((60/0/-60)515 8.88 8.13 5.2 1..

6 [(75/(!/-75)5!s 7.1 £9

7 [{90/C;-90)51¢ 7.95 7.27 7.2 6.85 32.3 1%,

[] {(0/90)gl, 12.96 12.38 12.06 :C.95

e [{Cgr90g]¢ 18.28 16.5%2 18.25 l6.52

10 1(90g/0; 14 £.08 3.77 .05  3.77

1 1(45/-45/0/90) 4] ¢ 8.9 8.15 8.10 5.56

12 [(C/e5/0-45)3/90/0/0, ;¢ 16.34 9.8 16.34 9.18

Material Proderties Jsed In Laminate Analysis

£] = 2.5 NS £5 + 18.5 MS:

[ gl

Ty e Mo <, .
£y = 1.€7 M5I E; = 1.64 050
G = 0.87 wS!

Vlz = 0.30
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property data of table 6.1, the compressive and tensile flexural modulf
were computed for each laminate type using classical lamination
theory. These values are presented in table 6.1 and are lsbeled
“lamination theory moduli‘. In addition, the flexural wmoduli of
laminates 1 through 7 and 11 were empfrically determined in ch. 4. The
values of the moduli at the maximum Curvature levels of each laninate
type were compared ~ith the lamination theory moduli. The comparisons
showed poor agreement, particularly the compressive moduli. It was felt
that the empirically determined modul! were more accurate, Thus the
empirically determined moduli were used in the material mode! for the
laminates. However, the moduli of laminates 8, 9, 10, and 12 were not
determined ewpirica’ly and the lamination theory moduli were used in the
material model for those laminates. The flexura! moduli used in the
material mocel for each laminate type is presented in table 6.1 under
the column “moduli used in finite element amalysis®, It is important to
note that even though the assumptions of classical lamination theory

were not violated, the lamination theory was pocr at predicting the

2
22
w

flexura) moduli of the laminates, Therefore based on the eviderce seen
here, it appears classical iamination theory cannot be used viith
confidence for the prediction of the large deformation response of the
laminated beams.

As stated in ch. 4, the uncertainty in the moduli at the high
curvature levels was 0.5-1 MSI. The effect of this uncertainty on the

response is examinecd in Appendix I.
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6.4 Finite Element Mesh

Twenty elemerits were used to modei the 20 in. unsupported portion
of the specimen between the hinges, The element had a cubic transverse
displacement field and a linear axial disolacement field. The required
beam thickness and widths were obtained from tabie 2. The totai Tload
eccentricity was equal to the 5/8 in, off-set introduced by the test
fixture, plus the amount of measured beam camber from table 2. A single
rigid element was used to model each hinge. Figure 6.1 snows the finite

element mesh used.

6.5 Static Aralysis

For the static analysis a vertical force was applied at ncde ..
Ten load steps, from 0 to the maximum load encountered in the

experiments, w~ere used to compute the static response of the beam.

6.6 Dynamic Analysis

To simulate the dyramic load, a lumped mass equal %o the mass car
plus the slider was assigned tc node 1. Nocde ! was given an initial
velocity computed from the conservation of momentum of the mass car

(which had an initial velocity of 235 in./sec.) impacting the slider.

of the lumped mass was applied at node 1. Values of the lumped mass and
initial velocities used for the three aynamic analyses are given in
table 6. The starting time step size was 25 . sec., Subsejuent time

steps were chosen by the program.
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Rigid Element

Beam Elements-{ Node Numbering
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Rigid Elemenf-/ / 03

Figure 6.1 Finite Element Modei
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6.7 Static Analysis Results

The end load-displacement relation from the finite-element analyses
are displayed with the experimental! 'cad-cisp
3.8 for laminate 1, in fig. 3.3 for lamirate 2, in fig. 3.11 for
laminate 3, in fig. 3.14 for laminate 4, in fig. 3.17 for laminate 5, in
fig. 3.20 for lamirate 7, in fig. 3.23 for laminate 8, ‘n Fig. 3.26 for
laminate 9, in fig., 3.29 for laminate 10, in fig. 3.32 for laminate 11
and in fig. 3.35 for laminate 12. For laminates 1 through 8 and 12, the
finite element analysis agrees well w'th the experiment up to
failure. However, notice from table 6 the significant difference in the
flexural moduli computed from laminate analysis compared with the
empirical flexural moduli  used in the anaiysis. Fer
the 1(9/0/-a)5|s lamirates, if the theoretical flexyral modyli had heen
used in the finite element analysis, there would not have been gocd
agreement with tne experimental joad-dispiacement reiation. Tne finite-
element program woJsld have underpredictec the defiections for a given
Yoad.

Despite using theoretical moduli, the finite-eierent comparison for
laminate type 8 was cood. Unlike the previous compariscns, using the
theoretical mocduli in laminate 9 results in an overpredictior of the
deflections. For laminate il the finite eiement anaiysis underpredicts
the deflections of the static specimens, ever though the emnirically-

derived flexural moduli were used in the analysis.

6.8 Dynamic Analysis Results

Dynamic analyses was performed for lamirates !, 4, and 7.
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Comparisons of the analyses and the experimental data were made for
three relations: load-displacement, load-time and displacement-time.
Analyses were performed up tr the initial failure point in the beam,
Figure 6.2 shows the comparison of the analytical and experimental
loac-time relaticr for laminate 7. The relations are quaiitatively
similar but there are some cbvicus gquantitative differences. In the
first 0.01 sec. of the load response, much higher frequency components
of structural vioration are predicted by the analysis than were recorded
in the experiments. The initial load spike predicted by the analysis
had an amplitude of 9845 lbs, more than eight times that which was
recorded in the experiments. (The load response from the amalysis was
clipped at 4000 lbs. for display in Fig. 6.2), the amplitule of the
third mode vibratory response was approximately twice that recorded in
the experimerts. However, the frequency of the third mode response w#as
predicted quite accurately. Figure 6.2 shows the displacement time
relations for Ilaminate 7. Correlation betweer the experiment and
analysis is good. Nhen the ‘oac-time relation and the displacemert-time

relation are cress piotted in figure £,4 to

W

how the load-digplacement
relaticn for laminate 7, the oscillatiors in the analysis become
slightly out of phase with the oscillations in the experiments.

The same three relations are shown in fig 6.8 thry fig, 6.7 for
laminate 4 and in fig. 6.8 thru fig. 6.1C for laminate 1. Comparisons
similar to those above can be drawn for the correlation of the anaiysis
and the experiment for lamirate 4 and laminate 1,

Figure 6.11 shows 5 deformed meshes from the dynamic analysis of

lamirate 4. These deformed meshes vere selected for comparison wita tne
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5 frames of fiim shown in fig. 3.4. The time after impact is indicated
with each frame. The spatial shapes of the deformed meshes in fig. 6.1l

agree quite well with the spatial shapes shown in tne film. The rimes

©

after impact are different in figs. 3.4 and 6.11 because there was n
control in the time increment in the finite element amalysis.

in summary, the analysis qualitatively predicts tne noniinear iarge
deformation resonse of the dynamic tests hut quantitatively cverpredicts
the amplitude of the initial load spike and the subseguent vibration.
In addition, the analysis predicts much higher freguencies in the
initial 0.01 sec. of the dynamic event. The discrepancies between the
analyses and the experiments might be due to the lack of structural
damping in the finite element mode!. In the experiment there is some
material damping in the compcsite specimen, and there is damping of the
high frequency components of the 1oad as it is transmitted from the
slider, to the load transducer, tc the hinge, and finally to the
composite specimen. The analysis assumes these 12a3d transfers are
perfectly linear elastic. Also, recall from ch. 2 that the analog
signal from the force transducer was filtered at 1000 nz befcre it was
recorded. To make reasonable comparisons hetween the eyperimental data
and the analysis, the analytical results should have been filtered at
the same 1000 hz. Filtering analytical output to make comparisons with
experimental data is 2 practice which has been veported 2y others

researching crash behavior (ref. 5).



Chapter 7
CONCLUSIONS AND RECOMMENDATICNS

This study investigated the large deformation bending response of
simple rectanqular cross section composite beams. The study was seen as
the first step in analyzing the crashworthiness of a composite fuselage
structure. The overail goals of the study were io:

1. Design a simple test fixture to introduce crack-related bending
loads in beams.

2. Determine any difference between large deformation static and large
deformation dynamic response. Specific interest is in the failure
mode.

3. Determine the influence of lamirate stacking arrangements on the
dynamic response and failure mode.

4, Predict the static and dynamic response, using an existing Tinite
element program.
Conclusions

From this stucy the Following conclusicns may Se drawn:

1. The eccentrically lcaded cclumn test fixture proved to be
successful in introducing iarge deformation dynamic bending
loads in to structural elements. The instrumentaticn recorded
the deformation and failure response of the beam specimens
with a minimum of prcblems. The configuration of the loading
fixture was such that, under gynamic loading a high amniitude
initial load spike and a third mode vibratory response was
excited in the beam. This more severe dynramic loac
envircrment is desirable for determiring the dynamic load-

deflection beravior cof specific structural elemerts. Such

149
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crash conditions will indeed introduce a severe load

environment.

cv

Laminate 9, a [(0g/90g}l, ‘laminate anc Iaminale 10,
[(90g/0g) Iy laminate exhibited unusual and agistinct failure
modes under bothk static and dyrnamic loadings. However because
these laminate had clustered laminae, they are not of
practical interest.

The rest of the laminate types tested were of some practical
interest. These laminate types exhibited nc differences
between the failure modes under static and dynamic loading.
The displacement levels at failure and, re’atedly, the strains
levels at failure were greater for the static tests than the
dynamic tests. Strain-rate related material properties were
not thcught to be the cause of this result. Instead, the more

Tr.. &
$ L

severe load enviromment experienced by the dynamically tested
specirers was felt to have beer the cause.

The progression of failure, i.e., the rumber cf dJistinct
failure events during the 16 in. axial end displacement of ihe
beam, varied with laminate type. Laminate 2, the
[(15/0/-15)5)s laminate, had from 3 to 6 failure events with
associated small drops in the end lcad. laminate 3, the
((30/0/-30)5} laminate, had from 2 to 3 failure evenis with
moderate drops in the load. A1l other laminates nad 1 major
failure event, producing a drop in the 'cad >f us to 30%.
Neither phenomenological (strain tensor polynomial) nor

mechanistic (max‘mum €iber strain) failure criteria 35
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successful in predicting the onset of failure. Failure was
defined as the initiation of a reduction of load carrying
capability.  The strain tensor poiyrcmial s designed (o
oredict the onset of any failure such as matrix crack. The
initiation of a matrix crack did not always coincide with the
reduction of load carry‘rg capabiiity. The Fibers failed in
the presence of a matrix crack in an adjacent lamina. The
matrix crack caused a strain concentration in the fibers ard
it is felt this initiated failure. Since it does not
accurately weasure the fiber strain in the region of failure,
the strain measured by a strain guage cannot successfully be
used to predfict faiiure.

Because compcsite materials are heterogenous, when a crack
initiates under berdirc loads in a lamina, it seldom
propagates completely thrcugh the thickness of the laminate.
Instead, the crack often turrs at a lamina interface, and
causes delaminations. This leaves part of the Jamina
undamaged and able to carry & portion of the origina
load. Failure critera do not address this issue of the
prediction of the extent of failure.

The compressive side surface strain at the center of the beam
was always greater than the tensile side surface strain, even
though the beam was nearly in a state of pure bending.
Further investigation revealsd that the laminagtes had
bimodular flexural properties. fFor laminate 4, the

‘(45/0/'45)8]5 ‘aminate, the compressive flexural modulus was
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measured to be nearly 50% less than the tensile flexural

modulus. For the unidirectional laminate tne compressive

flexura! modulus was measurzd to be 23% iess than the tens
flexural modulus. Because of this, classical lamination
theory was not successful in accurately predicting the
flexura! moduli cf the iaminates.

9. With empirica’ly determined material oroperties ysed in the
material mode!, the firite element aralysis predicted with
reasonable accuracy the static load-deflection reiation, and

the dynamic load-time, displacement-time and load-dignlacement

relations.

Recommerdations

The state of the art in finite element analysis is such that the

dynamic structural response can be predicted accurateiy. However, tne

2]

1 mndel  which

program must have available an accurate raterd wh
characterizes the flexura®l rigidity, failure iritiation, and failure
extert. Unfortunately the s-ate of the art in the mechanics of
composite materiale cannot provide such 2 material mecel, Thus, only
empirically determined informaton can be used with confcence.

Therefore further research ir {(Fe area of crashworthiness of
composite structures should be cirected ‘n t.o main areas:

1. Basic research in the mecharics of composite materials needs

t0 be conducted tc be‘ng aple to predict the material

response. The bimodular behavior of 3 lamirate, the
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initiation of failure in a laminate, and the extent of failure

once it has initiated need to be studied.

Further research should be conducted toward empirically

characterizing the load-deflection behavior of practical

structural elements, such as hat stiffemers or sections of a
”

stiffened panel, uncer both static ancd dynamic lcads. The

test procedures used in this study would be suitable for such

a characterization.
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Appendix A
EFFECT OF VARIATION IN THICKNESS MEASUREMENT ON THE
PREDICTED END LOAD-DISPLACEMENT RELATION

During the cure cycle of the laminated composite plates

pyrace
9 whr v we

resin from the pre-preg tape flows out of the laminate. The flow of
resin is not uniform throughout the plate. This results in a variation

of plate thickness. wher specimens are cut from the nlate

n +the
H 1 414

specimens are of various thickness. The thickness measurements for the
specimens used in this study were presented in table 2.2. The variation

in thickness from the end of the srecimens to the center wag fairly

consistent and was accounted for in the analytical model. However,
there was a significant variation in the thickness at the center of each

peam, from specimen to specimen, and a random variation in the thickness
across the width of any given specimen. The uncertainty in the
thickness measurement was taken to be *+ 0.002 in. This was onc of the
factors which could account for the deviation in the load-displacement
relation from specimen to specimen.

To determine the effect of the variaticn in tnickness on the ioad-
displacement relation, the finite alement apalysis discussed in ch, 6
was employed. Figure A.1 shows the load displacement relation for 3
unidirectional beams. The center curve is from the bDeam with the
average center thickness of t = 0,168 in, taken “rom table 2,2, The top
and bottom curve represent the beams with the maximum variation from the
average center thickness, t = C.166 in. and t = .170 in. respective’y.
With the uncertainty of #0.002 in. in the thickness there is an

uncertainty in the dispiacement at 3C0C lbs of end load, cf *¥0.94 in, So

with a variatior in thickness of iess than i3, the variaticn in
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displacement was about 8%. Such a variatior in thickness could account

for scatter of the data from the three replicate speCimens.



Appendix B

In the manual construction of a laminated plate, the orientation of
the lamina can be placed with an accuracy of, at best, 22°. less than
perfect placement of the lamina results in a slightly unsymmetric
Jaminate. After the cure cycle the laminate becomes warped by the
resulting unsymetric resicual thermal strasses. The warr of the
specimens contributes to the eccentricity of the load. The amount of
warp in the beams of each laminae type was measured as the camber, or
deviation from perfect straightness, with an uncertainly 0,01 in, The
results of these measurements were presented in tadle 2.2. The amount
of camber in each laminate type was included in the analytical mocel.
However the uncertainty in the camber measurement, taken o be .01
in., was one of the factors effecting the deviaticn in the lcad-
displacement relation from specimen to specimen.

To determine the effect of the minor variaticns in the eccentricity
on the load-displacement relation, the finite element analysis discussed
Ch. 6 was employed. The eccentricity due to the camber of the beams was
added to the eccentricity from the lcading configuraticn which was 5/8
in. Figure B.1 shows the load-dispiacement relation for three
unidirectional beams. The one beam was the average camber, from table
2.2, of 0.03 in. The other twc curves represent the beams with the
maximum variatior from the average camber, 7.02 and 0.04 in., respec-

tively. As can ne seen in the figure the trree curves are essentially
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Relation
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coincident. Therefore minor variations (z1¥) in the eccentricity of the

load do not significantly effect the lcad disp



Appendix C
DIGITAL FILTER ROUTINE

The random noise in the displacement signal, which was
subsequently digitized at 400C samples per second, was smoothed by a
digital filter routine. A ow-pass filter with an ideal cut-off
frequency of 500 hz. was designed and then programmed in FORTRAN. To
design the filter, a fast Fourier transform routine transformed a fiiter
gain function in the frequency domain to a smoothing function in the
time domain (ref. 10). Then a window routine computed an optimal
weighting sequence from the smoothing function. The weighting sequence
used was 31 clock periods long, i.e,, 31 sample points long.

Table (.1 shows the positive portion of the weighting sequence
used. The table gives the gain characteristics, in decibeis, and the
phase characteristics, in degrees, as a function of frequency, The
negative portion, i.e., clock peried -1 to -15, is the same as the

positive portion. Thus the fiiter ‘s symmetric.
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TABLE C

FILTER CHARACTERISTICS

Clock Weight Freq Gain Phase
Period Sequence (KZ) dbs Shift
(Deg)

0 0.12500 0 -0.000C0 0.00000

1 0.12142 250 -0.00001 -0.00003

2 0.11109 500 -6.02061 -0.00001

3 0.09518 750 -120.00000 0.006CC

4 0.07544 1000 -120.00000 0.000GC

5 0.05401 1250 -120.00000 0.000CC

6 0.03307 1500 -120.00000 0.00000

7 n.51457 175C -120.00000 0.90CCC

8 0.00000 2€00 -120.00000 €.00000

3 -7.22981 225< -120.00000 0.00000

i0 -0.01476 25CC -120.0000C 0.00000
11 -0.01543 2750 -120.000CC 0.0G0

12 -0.01294 3000 -120.00000 0.00000

13 -0.00876 3250 -120.00000 0.00000

14 -0.00440 3500 -120.00000 0.00000

15 -0.00118 3750 -126.0000C 0.0000C



Appendix D
STATIC LOAD-DISPLACEMENT DATA

In this appendix the static load-displacement relation for each

specimen testec is displayed. The figures show th

a

unloading load-displacement relations. Specimen 10 shows unusual

behavior because it began to crack immediately upon loading.
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Appendix E
DYNAMIC LOAD-TIME DATA

This appercix prese~ts the dynarmic Toad-time relaticn for all the

‘aminate types testec, with tne excepticr cf laminate type 2.
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Appendix F
ULTIMATE FAILURE STRAINS

This appendix presents the ultimate longitudiral strains for all of
the static and dynamic specimens tested. The results are presented in
Table F.1. The compressive side strain and the tensiie side strains are

recorded in the table.
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TABLE F.1
FAILURE STRAINS

t c
Laminate Spec imen € €
Number Uit Uit
1
1.1 .0169 0.189
Static 1.2 .0153 .0174
; 1.3 (not strain guaged)
3
] 1.4 .0153 .0168
E Dynamic 1.5 .0146 .0171
o 1.6 .0152 .0170
2
2.1 .0086 .0101
Static 2.2 .0084 .0096
2.3 (not strain guaged)
2.4 .007% .0088
Dynamic 2.5 .0075 .0088
2.6 (not tested)
3 3.1 .0100 .0140
Static 3.2 .0104 .0136
3.3 .0104 .0135
3.4 -0091 .0128
Dynamic 3.5 .0093 .0127
3.6 (not tested)
4
4.1 .0110 .0150
Static 4,2 .0110 .0152
4.3 .0112 .0155
4.4 .0099 .0140
Dynamic 4.5 .0100 .0140
4.6 .0100 .0141
5
5.1 .0122 .0146
Static 5.2 .0111 .0134
5.3 .0121 .0148
5.4 .0098 .0118
Dynamic 5.5 .0097 .0116
5.6 .0103 .0124
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TABLE F.1 (continued)

t o
Laminate Specimen € €
Number Uit Uit
7
7.1 (instrumentation problems)
Static 7.2 .0134 .0140
7.3 (instrumentation problems)
7.4 .012 0.130
Dynamic 1.5 .0125 .013%
7.6 .012 .0135
8
8.1 .0154 .0170
Static 8.2 .0156 .0174
8.3 .0162 0177
8.4 .0141 .0156
Dynamic 8.5 .0141 .0156
8.6 .0150 .0168
9
9.1 .0137 .0170
Static 9.2 .0116 .0132
9.3 .0144 0176
9.4
Dynamic 9.5 (no meaningfy?l data)
9.6
10
10.1
Static 10.2 (no meaningful data)
10.3
10.4
Dynamic 10.4 (no meaningfui data)
10.6
11
11.1 (instrumentation problems)
Static 11.2 (instrumentation problems)
11.3 .0138 .0170

4 .0120 .0150
Dynamic 11.5 .0123 .0153
6 .0120 .0150
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TABLE F.1 (continuec)

t c
Laminate Specimen 3 €
Number Uit Uit
12
12.1 .0127 .0160
Static 12.2 .0142 0176
12.3 .0132 0161
12.4 .0123 .0160
Oynamic 12.5 0135 .0174

12.6 (not tested)




Appendix v
FLEXURAL MODULI DATA

This appendix presents the data used to calculate the bending
tensile and compressive moduli of the laminates. Tabuiated are the
axial displacement of the end of the beam, the lateral deflection of the
center of the beam, the axial load, and the tensile and compressive
strains. To compute the distance D used in the computation of the
moduli, 0.725 in. must be subtracted from the lateral displacement,
Then the distance from the compressive surface to the neutral surface
must be added to this difference. (The 0.725 in. represents the offset

of the vertical reference bar).
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Table 6.1
FLEXURAL DATA FOR LAMINATE 1

Axial Lateral Axfal qmam*amﬂ ﬁogﬂsomm*<mn
disp. Disp. Load Strain (:=7) Strain (¢7)
(in.) {in.) (1bF) {ue) (ue)
0.50 2.72 135 1812. 1922.
1.00 3.58 162 3000. 3225.
1.50 4,22 176 3940. 4282.
2.00 4.76 186 4750. 5200.
2.50 5.22 193 5470. 6020.
3.00 5.65 199 6140. 6780.
3.50 6.02 204 6760. 7490.
4.00 6.35 209 7350. 8170.
4.50 6.67 213 7910, 8810.
5.00 6.95 218 8340, 9430.
5.50 7.21 222 8970. 1CC30.
6.00 7.48 226 3370. i0610.
6.50 7.70 230 9960. 11180.
7.00 7.90 233 10440, 11740.
- 7.50 8.10 237 10910. 12280.
: 8.00 8.30 241 11370. 12829.
8.50 8.48 245 11830. 13380.
9.00 8.65 249 12270. 13940.
9.50 8.80 252 12730. 14470.
10.00 8.95 256 13170. 15000.
10.50 9.10 260 13600. 15520.
11.00 9.20 264 14030. 16040.
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TABLE 6.2
FLEXURAL DATA FOR LAMINATE 2

Axial Lateral Axial Tgnsilg Compessivec
Disp. Disp. Load Strain (¢”) Strain (¢")
(in.) (in.) (1bF) (re) (ue)
0.50 2.73 129 1820. 2020.
1.00 3.60 153 2940, 3350.
1.50 4.25 166 3830. 4430.
2.00 4.76 175 4580. 5350.
2.50 5.25 181 5270. 6170.
3.00 5.65 187 5900. 6920.
3.50 6.02 192 6500. 7630.
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TABLE 6.3
FLEXJRAL DATA FOR LAMINATE 3

Axfal Lateral Axial qm:mﬁdm» noaowmmw*<mn
Disp. uisp. Load Strain (¢7) Strain (¢")
(in.) (in.) (1bF) (1e) {ue)
0.50 2.75 78 1710. 1980.
1.00 3.60 93 2730. 3340.
1.50 4,25 101 3530. 4460.
2.00 4.8 107 4200. 5440,
2.50 5.25 112 4790. 6320.
3.00 5.68 116 5340. 7150.
3.50 6.02 120 5860. 7900.
4.00 6.35 123 6350. 8631.
4.50 6.68 127 683C. 9320.
5.00 6.96 130 7280. 9980.
5.50 7.20 133 7730. 10620.
6.00 7.18 136 817C. 11230.
6.50 7.72 138 86C0. 11830.
7.00 7.32 141 902C. 12420.

7.50 8.12 144 9450. 129990.
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Table G.4
FLEXURAL DATA FOR LAMINATE 4

Axial Lateral Axial ‘ Tensﬂet Coupressivs
Disp. Disp. Lcad strain (¢°) Strain (¢7)
(in.) (in.) (1bF) (ve) (ue)
0.50 2.75 57 1850. 1950.
1.00 3.60 67 2940. 3270.
1.50 4.25 73 3790. 4360.
2.00 4.80 76 4490. 5310.
2.50 5.25 79 5100. 6200.
3.00 5.69 82 5650. 7020.
3.50 6.04 84 6160. 7780.
4.00 6.40 86 6640. 8520.
4.%0 6.70 88 7090. 9230.
5.00 6.99 30 7530. 9900.
5.50 7.25 92 7940. 10560.
6.CC 7.50 a3 &340. 1:200.
5.50 7.7 96 8730. 11830.
7.00 7.95 98 9i10. 12440.
7.50 8.15 iC0 9480. 13050.
8.00 8.30 1C2 9850. 13650.
8.50 8.50 103 10200. 14250.

9.00 8.67 108 10500. 14830,
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TABLE 6.5
FLEXURAL DATA FOR LAMINATE S

Axial Lateral Axial qonm:mﬁ noavqmmm?mn
Disp. Disp. Load Strain (") Strain (¢°)
(in.) (in.) (1bF) (u2) (w2)

0.50 2.78 46 1760. i830.
1.00 3.60 56 2900. 3080.
1.50 4.25 60 3800. 4120,
2.00 4.80 63 4570. 5030.
2.50 5.25 65 5250. 5850.
3.00 5.68 68 5880. 6620.
3.50 6.02 69 6470. 735C.
4.00 6.40 71 7020. 8030.
4.50 6.70 72 7530. 8700.
5.00 6.98 74 8030. 9340.
5.50 7.25 75 851C. 9960.
6.00 7.50 76 895C. 10570.
6.50 .72 & 940c¢. 11120.
7.00 7.93 79 9830. 11750.
7.50 8.125 8c 10250. 12330.

8.00 8.30 82 10670. 12900.
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TABLE G.6
FLEXURAL CATA FOR LAMINATE 6

Axial La@erai Axial Tensﬂet Comprgssivs
Disp. Disp. Load Strain (¢°) Strain (¢7)
(in.) (in.) (1bF) (ue) (.2)
0.50 2.75 53 1770. 1930.
1.00 3.60 62 2929. 3200.
1.50 4.25 66 3830. 4220.
2.00 4.80 69 4610. 5110.
2.50 5.25 70 5310. 5900,
3.00 5.68 72 5960. 6660.
3.50 6.03 74 6540. 7340.
4.00 6.38 78 7100. 8000.
4.50 6.70 77 7640. 8640.
5.00 6.98 78 8140. 9260.
5.50 7.25 8C 3710. 938C.
6.00 7.50 ac 9340. 10490.
6.50 705 31 9829. 11060C.
7.00 T.5% 32 10250. 1159C.
7.50 8.15 83 10670. 12140.

8.00 8.38 84 11100. 12360.
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TABLE G.7

FLEXURAL DATA FOR LAMINATE 7

Axial Lateral Axial Tensile N CompressiveC
Disp. Disp. Load Strain (¢") Strain (e¢)
{(in.) (in.) (1bF) (ue) ue
0.50 2.75 53 1800. 1920.
1.00 3.60 62 2930. 3110.
1.50 4.25 67 3830, 4040.
2.00 4.80 71 4610. 4840.
2.50 5.25 73 5310. 5560.
3.00 5.68 76 5960. 6220.
3.50 6.03 78 6560. 6840.
4.00 6.38 79 7130. 7440.
4.50 6.70 81 7680. 8010.
5.00 6.98 83 8190. 8560.
5.50 7.25 85 8690. 9C90.
6.00 7.50 86 9180. 9610.
6.50 7.75 88 9680. 1C110.
7.00 7.95 89 10130. 1C610.
7.50 8.15 91 10530. 11110.
8.00 8.35 92 10970. 11580.
8.50 8.50 94 11370. 12060.
9.00 8.68 95 11830. 12550.
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TABLE G.8
FLFXURAL DATA FOR LAMINATE 11

Axtal Lateral Axial Tensile Compressive

Disp. Disp. Load Strain (ct) Strain (ec)
(in.) (in.) (1bF) (.¢) (ue)
0.56 2.72 72 2080. 2140.
1.00 3.55 83 3320. 3480.
1.50 4,22 88 4310. 4580.
2.00 4,78 92 5150. 5550.
2.50 5.20 95 5890. 6430.
3.00 5.65 98 6560. 7250.
3.50 6.01 100 7180. 8020.
4.00 6.35 102 7760. 8750.
4.50 6.70 104 8310. 9460.
5.00 6.98 136 8830. 1014cC.
5.50 7.25 197 9330. 1C8190.
6.00 7.50 i09 9810. 11453.
6.5C 7.72 111 1029G. 121C9.
7.00 7.95 112 1073cC. 127G0.
7.50 8.14 114 11170. 13310.
8.00 8.31 116 11590. 13920.
8.30 8.50 118 12020. 14520.
9.G0 B.66 119 12450. 15110.



Appendix H

EFFECT OF TRACKING THE LOCATION OF THE NEUTRAL SURFAC
ON THE LOAO-DISPLACEMENT RESPONSE

As described in ch. 4, the 1laminates exhibited bimodular
properties. With different tensile and compressive flexural moduli, the
neutral surface of the beam was no longer coincident with the
midplane. For the analysis performed in ch. 6, the neutral surface and
the midplane were assumed tc be coincident,  The effact of that
assumption on the static load-displacement response is examined here.

To examine this effect, laminates 1 and 3 were studied. Laminate 3
showed the greatest bimoduiarity. Tne compressive flexuyral modulus was
50% less than the tensile flexural modulus, and hence, this laminate
should show the large.t effect of the snifting of the neutral surface.
Laminate 1 showed a more mocderate bimodularity with the compressive
moduli being 23% less than the tensile moduli. Figures H.1 and H.2 show
the load-displacement relatior for laminates 3 and [, respectiveiy. in
the upper curve the aralysis assumes the neytral surface to he at che
midplane. [n the lower curve the analysis tracks the iocation of the
neutral surface. for laminate 3 the error is significant. At 150 ib of
force, there is a difference of 2 in. in the predicted axial
deflection. This is a 25% error. for larinate 1 the error is much
less. At 300 1b of force, there is a difference of (.25 in. in the

predicted axial deflection. This is an error of anly 2%,
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Figure H.1 Effect of Shift in “eutral Surface on the Lcac-
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Appendix 1

EFFECT OF UNCERTAINTY IN THE MODULI ON THE
LOAD-DISPLACEMENT RELATION

As mentioned in ch. § the uncertainty in the empirical modulj
calculations was about +1 MSI. This is cne factor which Cou
for the deviation between the analytical results and the experimental
data. To examine the effect of the unce~tainty in the modul‘® on the
load-displacement relation, the finite element analysis ~as swmployed.

Figure .1 shows the 1load-displacement relatfon for 3
unidirectional beams. The center curve has the flexural properties
taken from Table 6.1. The other twG cCurves represent the range ©
uncertainty in the flexural properties. Uncertainty in the modulus of
+1 MS] results in a uncertainty in the disp’acement of +1.65 in., at the

1% e dasian Y Y
A3Hn U2V '.‘ or i1 e

-4

12 in. displacement level. Tnis reprassats

predicted response.
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