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SUMNMRY

Studies were conducted on the large deformation response of

composite beams sub jetted to a dynamic axial load. The bea_ms were

loaded with a moderate eccentricity to promote bending. The study was

primarily experimental but some finite element results were obta_d.

Both the deformation and the fai!u_ of the bed.ms ,ere of interest, The

static response of the beams was also studied to determine potential

differences between the static and dynamic failure. Twelve different

laminate types _re tested. The be_Is +*-+*_ wo-o )_ _- N,, ) i, _,_

generally 30 plies thick. The beams were loaded dynammlcally with a

gravlty-driven impactor traveling at 19.6 ft.lsec, and quasi-static

tests were conducted on identical be_--_ms4n. e ,(1_nlar_ne.,.v,._.,_....rnntrOllPrl--"-"• .--

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 a si,_!e o_,_e.._...!nvo!y!.._gdn_..,,e_.._..,.nf..t_..._

plies. I_ever, failure in laminates with 30_ or 15_ off-axls plies

occurred in several events. All laminates exhibited bimoduiar elastic

properties. The compressive f!exura! m.od,J!i in so...m_.!_!nates _as

measured to be I/2 the tensile flexural modulus. No simple relationship

could be found among the measure(l ultimate failure strains of the

different laminate types. Using .eclair!tally dete_ined F!ex,_,ra!

properties, a finite element analysis was reasonably accurate in

predicting the static and dynamic deformation response.
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Chapter I

INTRODUCTION

Fiber reinforced plastic coeposite materials have seen !_creesed

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 or commercial transport _!rcraft is

|Imlted to secondary structures. However, the use of coq_)os|tes in the

primary structural design can significantly reduce the weight and

improve the fuel efficiency of en aircraft, So it !s 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 _as bee_.nin determ!ning

the structuTal response and fatigue ]ire under in-flgght conditions.

With commercial air transport an addTtional cor_cerr must be addressee.

This additional C_ncern is crashworth!ness. Crash,ont,!mess iS

concerned with preserving t_e well-being of the crew and passengers

during crashes. The crashworthiness of a structure invoives many

issues. F_el containment, sea% design, _ak _ece!e_at!on, preservation

of occupant space, body motion restraint, flammability, and sl)ke

toxicity are just a few (ref. l). However th_ main requirements of a

crashworthlness structure are to ma!_tain e protective she!_ fo_ the

occupants and to reduce _heir peak decelerations (ref. 2). Since

crashworthIness deals with potentially survivabe crashes, :he impact

velocities considered are relatively smear (less then 40 ft/s), W_th

impact velocities greater than this, the chances of surviving are

I
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minimal.

Because of elastic-plastic behavior, aluminum absorbs energy when

it yields and fails. On the other hand, fiber reinforced plastics fail

In a brittle manner, thus, in general, reinforced pla_tlc_ have less

capacity to absorb energy. However, the total energy absorbed by the

structure is not necessarily the crbclal factor for crashworthiness.

Crashworthiness is concerned with designing failure processes that

maintain a constant load as a function of deformation durin_ the ImpaCZ

event. The constant load minimizes decelerations, yet absorbs energy in

a steady and progressive fashion (ref. I). Much of the crashworthiness

research of composite _terlals +_ date h_, _on ,,_ te_ting *h_ _n_rnv

absorption capabilities of axially crushed tubes and specially designeO

honeycomb structures. It has been found that by changing the fiber

orientations, material systems, and the str,act,Jra) g_._e._try, the

stability of the collapse can be controile_. Consequently t_e energy

absorption can be significantly increased with a stable collapse. These

tests give useful indications of the energy ....,*hcnrh_n_.,, ran_ritv_____-_ fnr...

crushable parts of a structure. However, it is not entirely clear at

this point in the develop_nt of coney)site structures that special

crushable structures are .necessary er all aircraft to _eet

crashworthiness criteria. Before designing special crushable structures

it is necessary to know now a composite fuselage, designed for

structural efficiency under in-flight cord!t!ons, _i!! respond to crash

loadings. Will the deceleration of the occupants be severe enough to

cause death or injury? Will the integrity of the seat area be

maintained? Will fuel leakage be a _ajor ._nh_°._ _h.c in n_n_e_l



will be the dynamic response of a c_pasite aircraft to crash

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 structural configurat10n of the fuselage.

One way of understanding and predicting the response of the fuselage

under the m_ny ways a survivable crash could occur would be to perform

large deformation dynamic aralysis using a nonlinear finite element

program. Mowever, little is known about the load-defor_tion behavior

of composite materials under Jynamic loading and large deformations.

Therefore, some of the basic input informtion for such an analysis is

not available.

Very little research has been Oor_ on the large deformation

response and failure of laminated composite structural elements, whether

static or dynamic, let alone full c_posite structurll assemblies,

Understanding the response of simple structural elements is essential to

being able to perform successful crash analyses of a complete comoosite

fuselage. It is certainly the least expensive way to approach the

problem, both experin_ntally and comput&tionally.

Full scale aluminum fuselage sections of transport aircraft (Boeing

707) have been vertically drop-tested (refs. 3 and 4). The correlation

of test data and the flnlte-element model was quite good for the global

deformations and the decelerations. From the results of these studies,

it appears that the _arge deformat}jn dynes,it bendln 9 response of

aluminum structural elements is well understood. In addition, the

vertical drop tests show that the majority of energy absorbed during a

crash test is doe to bepOing failure of skin, stiffeners an_ stringers
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(ref. 5). Little or no energy is absorbed by the stable progressive

crushing of components.

In thls spirit, then, this study investigated the large deformation

bending response of composite beams with a rectangular cross section.

These beams could have represented the fuselag_ _,,,,'_"_,^-_tlff_n_r

flange, or stiffener cap. lhe beams were loaded dynamically in bending

to simulate the situations observed in t_e crash testing of aluminum

fuselage sections. This study is considered to b_ _ s_._+,,,_ _+.._=v_',,,

understanding the dynamic response of composite structures. The overal"

goals of the study were to:

le

To

.

e

l)esign a simple test fixture to introduce crash-related .c,..w--_4"",,,_

loads in beams.

Oetermine any difference between large deformation static and large

deformation dynamic response. Specific interest is in the failure
mode.

Determine the influence of laminate stacking arrangements on the

dynamic response and fallure mode.

Predict the static and dynamic response, using an existing finite

element program.

The majority of the effort in this study was experi_enta1. To

successfully simulate large deformations and failure under crash related

loads, a suftable test fixture was designe_ an_ _"_* Tw_ _.+,,.o _._

built 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 h._ +_ h° t,mAo_t*aAA hr _*

least observed. So, b; :'_ any dynamic testing was done. three beams of

a given laminate type were _ested under quasi-statlc loads. The load,

deflection, strain, and failure respDnse were obser,_d.
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To detemtne the effect of lamlr_te type _,n +h°.,©re%po,%l_, t;_Iv_

oifferent 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 ar._ dyna,_i¢ experlr._nt; ar_

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 ur xpEcted r sult in th,e

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 ir_l further und(_rstand

the phenomena.

MethOdS for predicting the response of the beams are explored in

Chs 5 and 6. Predicting the response of the beam inv'oIv_s _-'_• I_LI I. ! I

predicting the on-set of failure and predtctln_ the global deformations

to the applied load history. The strains at first failure in each

laminate and the success of a straln-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 cor@os'te b_a_,s. The v,_,,,_u ,.,=

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 snaQes of the d)'n&_Ic r_spcn;_ i_

presented at various times after impact. Finally, Ch. 7 presents

conclusions an(_ recommendations for further study.



Chapter 2

EXPERIMENTAL SET-UP AND PROCEDURE

The basic loading configuration used in the study is sho_ in fig,

2.1. The beam was loaded in a column Fashion with a moderate amount of

eccentricity to promote bending. The )eams were oriented vertically as

shown. The lower end of the )eam did --+ ,..*_o.vew_(io +ho :mnnDr _n_ _vpH

vertically. A hinge on each end allowed free rotation of the beam

ends. The static tests were conducted in a displacement controlleo

_nner in a standard screw driven load fra_:_. ""-,,,=Ulna=it *'°+'.=__(re

conducted in a specially designed drop to_r and the dynamic loading.

denoted by F{t) in fig. 2.1, was provided by a gravity criven

l_actor. In the unloaded position the _'-"^

apart. The specimens were 23 in. lo_ by 2 in. wide and generally 30

plies thick. At each end 1.5 in. of t_ specimen was clamped in the

hinge, leaving the unsbppcrte_ _""+_ "_,_,,v_,,., the Uea_ -* 9n ,. T.k.÷k +k.

static and dynamic tests the deflection of the upper end of the bem_ was

limited to 16 in. by a bumper. This limit on deflection was Irpcsec so

there would not be dmnage to the test c4.+,.o ^.._i.... (--+-"-o-*-+_on

due to the metal hinges impacting each otker.

A 4

However,

instead.

point betiding configuration was originally considered.

the eccentrically loaded -_ .... _-'_"-'*_" -'=_ "'°a

The primary reason was that to successfully model crash

conditions, large deformations must be introduced into the beams. For

large lateral deformations there are _^_Ao.._.._:_ _._-,+_._ ,,

well. With a 4-point loading system, the beam could easily deform to
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such an extent that it would slip +_._,,.h +ho .,,.._.+. w4+h_,,t f_,,.o

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 "=^.,,=bee= =,_=_'""r_ve --_'+;"°,.,=_,._

to the simple supports. As the beam moves over the Support,

considerable _rlction forces can be generated. T_ese forces are

difficult tc ,w)del analytically. On the other hand "_=,,_......_¢,,=,'"_'_",_.,,j

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-polnt loadlr( sy;tem is that it can

cause failure at the Supports. With a four point bending configuration

the supports impact on the surface of the beam in the regions of maximum

bending moment. The impact can cause local damage and Inltlate

failure. With the eccentrically loaded column the two support points

are on the ends of the beams, regions of minimum bending moment.

Consequentiy. failure always initiates at the center of the b(a_ away

from the enO. 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 the ..r.

Langley Research Center _sirg AS4/3602 graphite-epoxy pre-pre 9 tape.

For each laminate a 24 x )4 in. panel was fabricated. After curing, the

panels were C-scanned to determine if any defect; were preient. Then,

ten 2 x 23 in. seams were cut fror each panel, lhroughcut this report
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Friction_

..-Local Damage

I

Beam Slipping

Figure 2.2 A Posslble 4-Polnt v,,j,_4,v, i,m,,_,,m_n1'
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TMI.E Z.I

S_CINEII UMIIIATEOItlEKI'AT[OII

L._INATE

NUHBER

LAY-UP
NUMBER OF

PLIES HEIGHT

(LeS)

1

2

3

4

5

6

7

8

9

10

11

12

[0130

[ (z5/o/-ZS)sls
[ (3o/o/-3o)sis
[ (45/Ol-45)sls

[ (60101-60) 51s

[ (75/Ol-75) 5]s

[(9OLOI-9O)5] s

[ (o/9O)els
[(08/9o81s
[(9oa/oels

[(451-45/0190)4]s

[(014S/0[-45)319010101121s

30

30

30

30

30

3O

3O

32

32

32

32

29

a8.6

36.1

24.5

24.5

24.5

24.5

24.5

3E.I

36. l

36.1
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each beam specimen will be referred to b's"its _o_4...,o_ _,,.ho. o._.,,Iv,... ,,) e _o0W,_,,q,,._.,_ _owoemL#_.., • _,,_0_o •

specimen 2.1. The whole number portion refers to the laminate type, ar_

the decimal portion refers to the particular beam cut from the panel.

For example, specimen 2.1 is b,a.',no. _ _"* fro,_ .w_ f,1_,n0 I_i• ..ut. _,0_ t _,J,,o#vl-4,-,,_JS

panel.

The laminate types were separated into three groups for study. In

the first group, numbers _ "" ....._ _ the ' -' l,l :•I. I, t I/',,1_1 _18 I • _ II_ _._,I I I,.#1

the s family. The angle o increased from 0_ to 90 _ in

steps of 15_ to study the effect of increasing the angle of the off-

axis laminae. The second grc_up, nu,,'Ibers8, 9 ara ._,_n_'er8 _,-,,--,_v,-

laminates which all had the sa._e inplane stiffness. The plies were

stacked dlfferently to study the effect of clustering on the failure

modes and response. In the fl- _ "''_^-" '_ and _,,a, group, ,.,,,_,_ .. .., _r_

laminates which, according to current design philosophies, might be

found on a fuselace. Laminate Ii is a quasi-is.tropic lay-up and

laminate 12 had 52% O's, _1_ 4S'5 and 7X gO's. L&-inate I? _°,_,,,._,,'"_w.^._,,.,

orthrotropic than laminate 11.

2.2 Dynamic Test Fixture

Figure 2.3 SHOWS a drawing of the drop tower fixture used for the

dynamic testing. Two 10 ft. long verticai]y oriented hardened stee_

rods I in. in dia_ter spread 6 _- * q,,#.,,.T_W'4=.*,_,..*.,._ _,v _,,04A'OIIS. o,,_u, _.,_,_

either end. The channels were f_xeo to the floor and ceiling of the

room used fo_ testing. The slide_, which Suoported the upper end of the

composite beam, and tFe mass ca_, _h _r_ ,,,.,,,,_AoA_-k,_ _m_r* $I_,,

down the rods on low-fricz_on linear bear:,ngs. The composite Deam
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Mo,,co,
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i 24.2" / i_il_
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F;.gure 2.3 5cl_emat;c of Drop Tower

"- _ T." " "T"
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specimen was clamped to the top and bottom hinges which provided the

simple supports Figure 2 4 .h^,.,_,• ..+.;_ ._..,_:-. _; +_ ....,- -

hinge. As shown in fig. 2.4, the rear s_rface of the s_ecimen ,_as

offset 5/6 =n. fro_ the hinge pivot, or pi_. which was in the plane of

t_e vertical hardened steel rods. Th; 5 o_fset .....4._ +k...... +_:._,

which promoted the bending. _ne toc hinge was attached to the slider

whereas the bottom binge, which was identical to the top o_e. was

attacheO to the lower C charre _ We s ._r_ ._ ,_u _ _,,_ ,,_

car. The car was raised 0 ft. above the spherical steel imDact point _n

t+_e slider. A solenoiO-activated release mecnanis_, released the mass

car. The mass car " *o,_ As ....s]_.o-
t ,_ . v_6_. ..*QV ' *..J' J. "_af.. k_ I_

the mass car combination move downward, the specimen deflecteo axially

and laterally. Figures 2.5 ace 2.6 are pnotographs of the apparatus a_d

instrument at ior.

Z.3 Static Test Fixture

To conduct the static tests, tW_ +_- _.A _+_. w_._o_ (.... +_

dynamic test a_aratus were _ttached :o the heads of an l_strcn load

fr_e. Figure 2.7 shows specimen _.I partially oeflecteO and faileJ in

the static test fixture. Age_n. t_ _ ,_ -_o_ *_ *_ _-_o_ _

offset from the pivot points by 5/8 _n. As :an be seen in fig. 2.7. the

hinges rotated _ith the enos of t_e beam. in the _oad frame the t)p

hinge was attached to t_. _oad re_l and -'_, (*_+_-_-', T_o H_+-_.

hinge was attached to the moving crcsshead.

, . .-
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Force ;5/8"
Tronsdu_

_- Beam Specimen

Figure Z.4 Scbesatic of Uooer Pltn(je



1S

SPHER]I:C&L STILL

ZHPACT polrNTi

Figure 2.5 Photograph of Drop Tower



1G

t HZNGE, LO&'IERo

Figure 2.6 Photograph of Beam Holder



..4*

L--
"5
m

Q

"5

21"

Q

ps*

.,-4
tl)

..rl

¢_

-5

rD

-...i



18

Z.4 Data Aquisition

For both the static and dynamic tests, end load, end dlsplacement,

and surface strains at the center of the be,.-._re recorded. The

strains measured bending and axial compressive effects In the beam.

Polsson strains were not reasured. The manner in which these

measurements .ere recorded differed in the static .,,.--"._,,.,,,,c"'-"4te'_ts. ,,,"

addition to these n_asurements, for the dynamic tests high speed _ti_

pictures of the edge view of the laminate were taken to record the

overall deformations and the failure ,,_de%.

2.2.1 Static Tests

In the static tests the end axial load trt_)'r'"in "'-,,_.2.,;" wa_

measured using a I000 pound load cell. The end axial displacement was

measured and controlled with the crosshead speed which was set at S in.

per rain. The load erKl displacement relation was r_cord_d ""-- "_"

chart recorder. Back-to-back strain gauges measured the surface strains

at the center of the beam and the signals were conditioned using

ig a,. built at t_e tan_lel Res_,'.rc_r^.+^, c+..-.amplifiers des ned _a

displacement relations from the two gauges we-e recorded using a X-v

plotter. All data were then digitized manually to feel'irate data

react ion.

2.Z.2 O_yn(u_icTests

The dyn_uwic tests were conducted "+ +"o NASA _.io,, o°_°.._w

Center's Impact Dynamics Research Facility. lhe oata aquisiti)n s)stem

there was designed to permit the simultaneous recording of gO _ata



t 19

channels on on_ 2B track mgnetlc tape recorder using a constant

bandwith FM _Itlplexlng technique, ihls experl,_nt required the use of

S data channels. The chanr_ls were: t,o loads, two strains..-_ o_

dispIacernent.

For the dynamic loading, the ._xial end load *as measured by the two

piezoelectric force transducers sho,_n In fig. Z.4. The "---_"_o-__.°,,_.._,_ were

connected in parallel and placed on both ends of the hinge ptn. lh_s

arrangement measured the suu of the slider forces acting on both ends of

the hlnge pin and therefore the total axta- force time _-+--",,,_._.: at the

upper end of the helm. An identical set of transducers were placed on

the bottom hinge. The signals from the transducers were conditioned by

charge amplifiers. These amplifiers pr_uced ar_li(xj . ,-'--- ',,. s +,ha+._re

recorded by the FM system. 4gain, two strain ojlu¢jes Were placed back-

to-back on the cen_er of the beam specimen. These signals were

condltloned by _mpllfiers designed and built I;.y Lar_ley Research Center•

but different fr_ the ones used in the static tests.

TI_e beam end dlsplace,_nt was n_asured by an optical dlsplacel,ent

transducer. The optical device did r¢t require any ,--,."'_""'"_"'_.,,,,.,,,"_"_';"',.,...,,.

fastened to the slider, lhe transducer was designed and built by

Laungley Research Center. The transducer _rked as sl_n in flg. 2.8. A

16 in. long tapered bar was fastened to the slfder. T o _..._"+c_"a._--_-"r°._.

the bar tapered from a 1 in. width at the top to a 2 In. width at the

bottom. A laser beam, which was diffracted into a horizontal line of

light, shined on the front of the bar. Directly' hohl,_H th_ _nD_'oH her

a one-lnch long array of )0)4 light sensitive diodes .as n_unted

horizontally. When the specin_n was in the fully uprlgnt undeflected
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position, the bottom of the tapered bar fully shad__d 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 t?aveled its

full 16 in. of axial displacement, the entire array wa_ exposed to _he

laser light. An electronic circuit counted the number of diodes exposed

to the laser light. The counte_ generated an analog signal proportional

to the number cf the activated diodes. With _r.%ne.rca]!Drat!on, the

optica! transducer provided a signal proportional to the vertical erd

displacement of the beam.

As mentioned previously there were five t!l_e histories recorded

during the dynmlc event. These five dynamic signals were filtered at

]-KHz to remove s_urious noise. The filtered signals were connected to

voltage-controlled osci1!ators where they were converted i_to descrete

FM signals. The FIM signals were then recorded on m_gnetlc tape. After

the testing was completed the magnetic :ape was played back through the

voltage-controlled oscillators an_ the resu!tirw)_ anOlCK_ slonal was

digitized at 4000 samples per secar_l.

In addition to the _Igi:ai data, a high speed movie ca_a ,as u{_C

to record an edge view of the laminate as it deformed and failed durlnc

the dynamic event. The eege of the laminate ,as painted white to

facilitate viewing. The 16mm camera was set up to take _.v

frames/sec. Movies were made for at least two specimens from each

laminate type.

2.5 Initial _leasurements

Some initial measurements were taken of the geometry cf t_e beam
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specimens. The results are shown !n Table 2,. _, Fro_,, e*.ch !*__Sn*.te type

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 w_s m_._,,_m_l,.._.j.,_ ..*_ .h_ _...._,ran+°_.... .*_. _._,, _.,_ _F..

the beam with a _tcro_eter. As can be seen, there was a variation in

the thickness with iencth. The effect of the uncertalnt)' in the

thickness measurement on the respcnse _, the be'.-,,s4s, o._-_o__.,,,_,,._ir

Appendix A. The beams were next placed on a flat surface and the

caunber, or deviation from prefect straightness, was measure_ with a

ruler to determine the init|a_ _._,,_,o'-"°"*"_"4"4°",.,_,_in the wo..._,,_. T,he

eccentricity would add or subtrac: to the built-ln 5/8" eccentriclt.f of

the test fixture. However, the inltlal eccentricities in the beams

could not be measured with absolute _o-*_'-*'. The effect _,_ the

uncertainty in the eccentricity measurement is examined in Appendix B.

Finally the beams were weighee. By knowing t_e Areal weight of the

prepreg and t_e final wei§ht of t,W,ebe&,_, a ._a._.esti,,qate_,_"*"o.,,._o-,,._,

volume fraction could be made. As can be seen. the fiber volute

fractions were within expectations. It shoulO be mentioned that no

tests were conducted cn laminate 6.
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TABLE 2.2
NEASURED SPECINEN GEON(TRY

_10111 LE_TI4 CmeER
*_0.01"

(in)

FIBER
VOLUIE
FRA_'I"I_

Jt

1
Z
3
4
5
6"
7

8
9

10

11
12

*not tested

2.00
Z.O0
2.00
2.00
Z.O0
Z.O0
2.00

Z.O0
2.90
2.00

2.C0
2.00

23.00 0.162 O.IM 0.1_.
23.00 0.1_. 0.1_ 0.162
23.00 O.IM 0.160 O.IS9
23.90 0.140 0.1_ 0.106
23.00 0. lliO 0.147 0.160
23.00 ......
23.00 O. 1(_1 0.16S 0.163

23.00 0.174 0.175 0.175
23.00 0.17_ 0.177 0.176
23.00 0.174 0.i75 0.174

23.00 0.178 O.IBO 0.178
23.00 0.15_ 0.156 0.155

0.03
O.G2
0.02

0._
*o

O.04:

0.01
0.01
0.01

O.OT
0.06

_.$
69.2

@3.7
69.6

69.8

66.2
68.2
68.5

6g.1
7_.2
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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 chosen si_pIj to d2te_mln_ th_ _r._.^. _.._ _._.

particularly the failure data, The static test procedure was somewhat

unique and is di_cusse_ here. First the load frame loadcell was

calibrated. Next, the specinen _as place_ in tn_ c_., ........_ ,_., ,.-

initial camber in the beams increased the load eccentricity. Then the

load cell was zeroed, the strain gauges were connected to the

•mplifiers, and the amplifiers ,ere balanced. The cros_ad speed was

set at 5 in./min. To deLermine if ronvisib)e d_mage like microcracking

and fiDer pullo,:: was occurring as the beam specimens deformed, the

axial end displacement was applied in stages. First the end of the beam

was displaced axially 2 in. At t_e. Z in. diso!ac._e.rt level, t_e

crosshead motion was reveesed and the displace_eKt of the beam end was

returned to zero. Next the end o6 the beam *a_ displaced axially 4

in. At the 4 in. level the cross_ea_ motion _as reverseo 8nd The en_ of

the beam was ret_ned to zero displacement. This procedure was repeated

in _ in. increments u_til ;inally t_e beam wa_ displaced axially 16 in.

and then returned to zero. If the !oaOing end unloadi_ loaU-

displacement curves colncide_, the_, _it_i_ t_e sensitivity of the

Instrumerts, the specimen absorbec no energy during the cycle.

Conversely, if the two c_rves did not coincide, Then t_e area between

the loading load-displacement curve a_o the unl_adin(j load-displacement

curve was the energy absor_ee _y the specimen _e to the Faii_-e

mecr_anisms in that cycle.
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2.6.2 Dynamic Tests

Three more specimens of each pane] were tested to failure

dynamically after the static tests .ere cc_plete. The 6 ft. drop _-'-_*rm_vyvi_

selected for all the dynamic tests provided the same velocity of the

mass car prior to impact for each test. However, since the stlffnesses

of the 12 different laminate type_ .ere rw_t the _a_e, the _eceler_tlor,_

of the mass at the top of the beam, and thus the dynamic force "evels,

would vary from one ;aminate type to the next. It was felt that it

would be iml_ortant for c_parlr_ the response of t_e dlffer_nt "-' ....141IN I I lel 1,._

types to have the dynamic force levels and the ve,ocities somewna-.

similar. To keep the velocity and force levels similar from one

laminate type to the next, the 'mpactcr .,o_. ._ _,,o,,_u u, _a_,,

laminate t)pe. To de_e_nine the impactor mass for each laminate type,

the work required to deflect a beam 16 in. was calculatec from t_e

_:_U_ mt,, _. ,JI eQ I L t,s _" t_eQ 3Pstatic _oad-d|sp]ace_ert relation. _,-, =_;^.=_ onv _f _;.gy .....

added whic_ _ore than accounted fo_ energy lost due to friction and

during impact of the slide_ ar_ mass car.

energy value, the impactor _ass _as -_,,v_"^'"+_e-a.

for each laminate _s given in Table I.

From this desired impact

Before any tests were attempted, calibration slg_als, ccrresponding

to known levels of physical _,,=-eit_

facilitate digitization. With :he impactor mass in place, the speci_e_

was clamped i_to the ninges and the _rs%rumen_a_on _as conn_c%e_ to %he

recorders. Next, a_l the _re_sd,JC_CS _e_e b_}_:_d _r_ z_,o_d. _ }0

sac. countdown procedure _as _sed _erein at S sac. the ;M :ape

.-.; - ..._.



26

recorder was activated and at I sec. the movie camera wa_ _t_rted.

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

strain, and displac_-It histories were reccrded.



C_apter 3

RESULTS

As described in the previous c_apter, beam specimens of eack

typ +_+ ..... _ _*'+_'_l) ..4 _..... _._.. T. .....1emanate e were .=_.=_ ._:m,-:_:_,_, =,,. uj,,:,,,,_=,,s. ,,,: :m,

data from %_ese tests were reooced and Dut in a common Format s= that

easy comparisons of the test conditions a_C :he bea_ spec:men -esponse

could be made. Comparisons were -,,:u_'-b_tw_n t_-,,:_tat_C :,,u G_a_ic

tests _or each laTinate type. Comparisons _ere also made among lamP,ate

types. This chapter presents a dlscJssicn of tkese expe-imental resu'ts

and re_ated observations.

3.i Data Reduction

3.1.1 Sta:ic Data

"_e ra_ static data were recorded :n graphic form, as m_rt_omec

previousI_, on an X-Y recorcer. "he _rapFic data _er_ c_ve-'_e _. intc

ice, data rg " _' "'_'_ "- _ " _

digital _Jata _as stc_ed ir com_-.er _iles I:o facilitate :otti_._ and

manipulation. -cad-_isplaceme_t ano s:_ain-cis_acement relations were

generated from the ca*.a to ana!yz__ :_e t_:sts.

3.'.2 O_namic 0ate

sigrals were _layed back :_rougn vO_* "_" - o-_age-con.,_,le_ oscillr%ors ,_

retrieve tne cricinal analog signa!. Ca':bration sigrals .e_e _se_ tc

provide the prope_ relations _._+w_o-._..+_.._,_.,_= .i._.,_. _ ."_.. *_.,S_SiC_"

27
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auantities measured by the transducers. The analog signals were the_

converted to digital data at a sampling rate of 40C0 points per

second. The five digitized dynamic data channels from each test were

then placed in a computer file. Upon initial scrutiny of all the data,

bOth systematic ard rardom o_r( i_ ,h_ _i_nl_r_mpm+ ch_nmpl_ wprp

found. These data _ere enhanced to extract usable information as

explained below.

The randc_r errors were believed to be associated _ith noise from

the electromic circuit which produced the analog displacement signal.

Figure 3.1 smogs the displacement time history from specimen i.4. Note

that in the raw, or unenhanced, signal, even befcre the _._._+,,,_..._r,._o_....,..

there was considerable noise. The no_se level in fig. 3.1 corresponds

to axia] _isp'acement fluxuatiens of up to 0.4 in. With the impactor

not in contact _ith the slider, these "_'_'_-*_+" a-e -_+ _°

Therefore this portion of the signal is noise. Unfortunately, t_is

noise persisted after tme impact and diStortec the _isplacement

sigral. To imprcvE this signal, the d_°'_-* _+_ ._c _,coA

through a _igitaR filter. The filter used was a nonrecursive Icw-pass

fi!te_ with a cut-cff frequency cf 5C0 _z. A description of the filter

des=gn and a -eview of its performa_c_ iS g_ven....._- a_:_AivW.,,.,X_,

In acdition :o the random error, a considerable systematic error

was ooser_ed as .ell. In fig. 3.1, in the raw signal, note the

narmonic-li_e cscillation in the d=sp _'_'"'* _+_" _._ ._.o_ +M_

impact point. An interpretation of this signal would indicate that in

the first 0.01 sec of the event the beam em_ dlsplace_ downward 4 in.

_na then _w_rd 0.5 it. _h_S.... be_avi=r '.";c_ -_" ._&o ..,,_r_l _.(_
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The inertia of the Impactor mass provlded a monotonically increasing

displacement. Upward displacement was not possibl_. TO check th!S, the

hl9_ speed films were closely SCrdtinized. No evidence of the top of

the beam traveling upward soar after tn_act could be found tn any of the

films. The Source Of this error in the displacement signal Is _.1+,_,_+_.

lie in the displacement transducer design. Referrinq to ft 9. 2.8 and

the tapered bar, in addition to up and down motion of the bar shaclowing

and exposing d_odes, a small lateral displacement of th_ sl_d2r or the

drop tower would also expose o_ sha_.ow diod_es, in fact, with lateral

motions of the slider the transducer would record an apparent axial

displacement 16 times t_e lateral displacement. A small rotation of the

slider in the plane of the drop to_er would_ have a slmilar effect.

There were several probable causes of this unwanted motlon of the

slider: First, if the stee' spherical impact points of the slider ar_

mass car were not exactly aligned, a lateral component of force or a

moment would be imparted to the slider. This would cause _ateral motlon

and prcbably rotation of the slider. This motion wocld be the result v,'t

tolerance in the bearings or _.CtuB! flex,jr(1) motions of the drop

tower. Also, after the tapered bar of the displace_en$ transducer was

attached to the slider, the impact force no longer _assed through the

center of mass of the slider. This wculd definitely cause a moment to

be imparted to the slider. Unfortunately, during the design of the

slider, the additional mass of the tapered bar was not falcon Intc

account.

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

displacement history was replaced by a straight "ine segment. Tne
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segment was faired in by hand for each test. Additional harmonic

oscillations in the displacement curve after the failure pol_t can be

seen in fig. 3.1. These are of such a frequency content thlt they are

_elt to be caused by the same u_wanted motions ot the tapered bar.

However, these oscillations were not removed as they had no major

effects on the results. The upper c_rve _n f;g. _._ SnO_ the altered

dlsplacement time history used for specimen ].4. The enhanced time

history incorporated bot_ the digital filtering and the iPitia _ straight

line segment.

Once the displacement data haS been enhanced, relations between the

load, displacement, strain, and time data could be meani_fuily

plotted. Specifically, for each dyn_ic ti_t the loa(-dlsplace_nt,

strain-displacement, IGad-ti_e, strain-ti_, and disp'ace_nt-tlme

relations are presented.

3.2 Experimental Results

To analyze each laminate type, seven _elations _ere studied.

relations were:

I) static load-displacement

2) static strain-displacement

3) dynamic load-displacement

4) dynamic st_aln-dlsplacement

5) dynamic straln-tlme

6) dynamic load-time

7) dynamic dlsplacement-time

These
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In addition to these, the high speed movies were analyzed, The

seven relations, the mcvies, an the _ost-test observations were used to

characterize the test cordltions 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 :ype 2, the

{(15/0/-15)s} s laminates, the method of characterizatior of the test

con(/itlons and the beam responses will be described. Due to the

overwhelming amount of data from the tests, not all aspects of the

testing of all the specicw_ns will be descried in detail. Laminate 2

will _ discussed ir detail anJ then a general _.,"o-_-_-+;^-,..,.,,^f..+h_.,..

results cola_on to all the tests wil, be given. Then a detailed

description of the failure mode of each laminate t_rpe is _resen:ed. A

comtar|son of the static and dynamic test resu]ts w_1_ be _ade.

Finally, a sugary of the observations of all the testing will be

provided.

It should be noted, as previously stated, no tests were _-_^_'o_

o_ laminate t_pe 6. In addition, o_ly t_o dynamic tests of laminate

_ypes 2, 3, 9, and 12 were compReted because of equipment failure.

Numerous strain guage failures were encountered o,_ the ._.,_+-*_C

specimens. Typically only two sZatic strain-disclacement relations .ere

reccrdee aM in the case of laminates 5, 7, and 11 only one strain-

dlsplacemen_ relation .as recorded.
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3.2.1 Experimental Characterization Method

To characterize the static tests and the static beam response,

re!atlons between the end load and enJ displacement and relations

between the two surface st_a!ns and _.nd Oisplacement were p!ot;ed for

each of the static beam specimens. As explained in the previous

chapter, the displacements in the static tests were applied in

increasing incre_nts, _nd then ret,-r_d to zero, to determine _f

nonvisible or nonaudible damage was occurring and dissipating energy.

Figure 3.Z shows the load displacement relation for the specimen 2.2

from the ((15101-15)5] s panel. The horizontal a_Is shows the enO

displacement and t_e vertical axis the end load. During :he First cycle

the beam was displaced 2 in., then unloaded. This process tra:ed ar(l

retrace(] the top-most curve. Since the unloading relation retraced the

loading relation within the resolution o.c the instr_,zentation, it was

assumed that no energy was absorbed in the beam during this First 2 in.

of displacement. Again for the se:o_d loadi_ and unloading, to 4 in.

axial displacement, the relation traced and retraced the top-most

curve. During the third cycle, to 6 in. displacement, a sha-p drop in

the load occurred at about 5.B in. of displacement. This sharp drop in

the load corresponded to ply Failures in :he beam. These Failures 'were

definitely visible and audible. The ply failure_ reduced the flexural

rigidity and thereby reduced the load requited for that dls_lacement.

The displacement was continued to 6 in. and titan unloaded back t) zero

load. With unloading, the load _isplacement relation followed the

second curve from the top. AS the loading-unloacii_ cycles continued to

increased ;engths to 16 in., the loading-unloa_Ing curves coincided
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except i_dlately after vls!ble --" .,,._hl. _._+. n_. f_al.r_.

This brittle failure-elastic response was typical far all t+_e laminates

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

energy dissipation mechanism in the m,o,,_ ,.,_ ,::^,-(_,_.oH _ith ,h_ nlv

failure events. Tr,is i5 nol to say _.hat there was no nonvislble damage

or that it _id not dissipate energy. It is to say that energy

cliss_pated by nonvisible damage _,_ not be _._._."°+°"+'_,,_.._._"_"°"°_,_.,,the._

scale of energies associated wltm crash conditions, these nonvisible

mechani_n5 absorbed negligible energy even if the mechanis_s did

exist. The unique static l._ad-def,ectlon behavior of _";"+o o _,

(liscussed later in section 3.2.3.

For the sake of clarity and simplicity no other loading-unloading

curves are presented in the main text. However, the _^-"_-_-"-_"_

curves for each static test are _resented in Appendix D. Instead, only

the outer most locus generated by the Ioadlng-unloading procedure is

presented in the main te(t for each test. r_.,,.o _ _ ,N_c _. _ _m-.r_n

plat :he outer locus of tme static _oad-displacement relations fo," the

three static specimens 2.1, 2.2, and 2.3. The finite element prediction

for the deformation response is also ._¢._,,oA ,_. (tin I I Thai"

prediction will be discussed in a later chapter. )Tote the steep initial

slope of the load-displacement relation as t_e stress state i_ tme beam

changed quickly fronl pri_,arily _,,.. l_k8 _.H r._m._r_c_ihn th

predominate!y bencilng. On the load-_isplacement relation, failure

events are clearly indicated by suOcIen drops in the load. Du,'ing a

failure event several _l_es failed _-,_.-o_,,_I,, c- +_o +o_m Si_ nf

the beam. The amplitude of tl_e load drop gives a relative indication of
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the number of p11es which failed Curing the event. The similarity of

the response of the three replicate specimens s_ould be noted.

Figure 3.3 also shows the _+_+_ _+_" _.i_.._o.+ re1_._ _Ar

the ((15/0/-15}515 specimens. (Strain gage problems prevented recording

t.o of the results from the 3rd specimen.) Since it was destroyed when

the surface ply fai_ed,, the _a_ on the +o_.,,_,_,,sin°_._, +_°_,- _°'_--,,

recor_e_ strain 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 relations. The -_,,v,......_..,._'"_.+._.._.,_ ,,,_.,Aa.._,,)_,,,.

drop because the ply faiIjres reduce the thickness of the beam an_

thereby reduce t_e strain reqjired for the curvature corresponding to

that er_ d_splacerne_t The _aGn '+''"_ ^* the stra'n levels .w.,,_A ko

noted; strains in the I-Z_ level were cow,non.

The high speed movies provided valuable visual information on the

dynamic resporse of the w . . _.- _,_._ _.,............

the fi_m of soec_en 4.5, a I(4_/0/-45)51 s la_4nate. The approximate

time, in seconds, after impact is indicated .ith _ach frame. Fhe first

frame shown, t = 0.0, was th_ last frame o_ the f!_ t_ke, be_or_ the

impact. Shortly after impact, the shape of the beam is luIte

interesting, as shown in the second frame of the fil_, app_o(imate|y

2.5 milliseconds after !mp_ct. In th4s fr_e the bea_ is de_o_,._d into

a noticeable '_W" shape. This shape occurs because the center of the

bea_ has not yet responde0 to the _mpulsive loading. The thY-d fra,_e of

film shows the center oF the _o_ _ _ (.an( t_n,,nh th_ "W" Th_

frame of fil_ after that shows an acuCe curvature at t_e center of the

beam. The final frame of film shcws a _ore ootuse cJrvature Yn the
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center as the beam snaps back. This 'W" shape and snappi_) is

associated with the third vi_+(^- "_'"° _ +ho _o,. T_o ._,,_o_ _

that In the test fixture the third mode vibratory response _n the bea_ns

was excited and that this response was s_i)erlmoosed on the global

deformation response wh "_ _'_ _v _,_ _,,C re_crse .........I,.,, _S S,,,, "_T +^ +_ **a+4 Th_ ell,,

of specimen 4.5 ^'as chosen for f_g. 3.4 because it had the best visual

information, However, the thlrd _w)de response was seen in all the

to first failure appeared similar.

The upper portion o? fig. 3.5 _!!ustrates the load-dlsplace_nt

relations for the two A "r_l _°(+o," I/ICYnY_lqi-! cnor(_n(.yna_!...!y ...... ,_..,.., ..ib, s ._..........,

specimers 2.4 and 2.5. The end displacement is s_o',m on the horizonta _,

axis ard the end load on the vertical. The difference ir sca3e between

3.3, respectively. The dyram_c responses of the two bea_s were quite

similae. Fhe response curves up te _ailure a_e almost coincide-t,

indicating t_e high repeat_billty _f +_ dvnamlr :wr'_rc._ntt _mlm ,_n

the statistical nature D_ failure in co_.pcsites, there ,ere so_e

di?fere_ces in =he failure everts. _s with the static )cacin_, failures

are denoted by the sharp drnps__ .n tho._ l_d__, Ih_r__. _$ an_ inltla_.. nioh

amplitude load spike in the respcnse as the initial column configuration

of' the beam quickly decelerates the Dea_. ks the beam _egins to here,

the spike subsides. The third _ce response, _ust discussed, is

strongly evident in the Ioa_ response. Mo_e;er, this v_bratory resl)o,se

_ampened as the beam Ueformed axia_:y ahd latera?_y. This ,a_ evident

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

relation for the two dynamic tests of the [(15/0/-15)5) s lami_, " ,,e

convex (tension) side _+_" is _ +_= *_" _ +he _.,,o,,,_/._o_

siJe strain is cn the bot:o_ c_ that _OrtiOn of the _igure. " .r that

_h_ ccnza_e side (bot:_ cbrve) initially starts out :n tension and the

convex side, {to_ c_rJe) _nRtia_:) ' s'_t_._ _n,c=_cesS:_._,. !.=, _t,._,,

re_ersa _ i_ strain is dJe tc the initial "W" de_crred shape of the

_eam. Tre fei'ure events a_e c'eari) evident on this figure.

Figure 3.6 sho_s the _oad a_d _'_' "_-_ _*^'_ f3: +_...... _"

tests. The third node osc='_ation can be further stucied from this

relatio-. -he f_equency of oscillation can be determined d_rectly f_om

. _ figure, failure events a:_ c'ea_ythe beam. AS w_th .h. 9ferrous

evident. As ir the loa_-_splacement re,ation, the ioa_ time histcr) of

_he failure everts are cen3ted t_' ._._'A_=-_,_'_¢_._,,,+_o_."_._._. _r.__,-_o_..,,_

_oad time histories are p_esenteJ =n :_e _ai_ text. The ]_ad ti_e

h_stor!_s of a:l the otq_ dyram_: tests are p_es_nted i_ Apper_x F.

_s d_s='ayed in fig. _.?. T,e _is_'_z_ent ;s g:ven or :-_ ver'_cal

axis ar_ the t_me cn the no-izo_ta; ax_s. Tre enhanced _rC ra. ca:e a_e

plotted fcr eac_ s_ec!_er _ r -h_ _eS,_!ts f_ _,-h _-i_ _ _p_c_a

vertically _rom eac_ otne_ in :he figure. ;woce the straight _ne

reIatlen in tFe ennance_ _aza rear ti_e zero. The end dis_acemen:-t:_e

relation cha_ac=e_izes the ey_c te_t. _t p_ov_s !_f=rm_t_C_ C_ the

total dura%_on of the event and :he approximate cha_ge -n _elccit_ of

the e_ of ire beam during t_e event.
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By examining these relations, combined with a post-test inspection

of the specimens an_ examination of the films, much about the beam

response and the failure modes can be det_ir.sd. T_,,,c....,,_A_*_c._'_*_"_,,

discusses 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 :he 1(15/0t-15)51 s are

plotted for earn of the ot_er _0 laminates tested in f'g. 3.8 thrOugh

fig. 3.37. lhree main features of interest were common to a11 the

tests. They are: (i) Ali the dynamic tests exhibited a third node

vibratory response; (2) With the exception of two ](urirate types, the

static and dynamic failure ,,modes of the !_inates .were !_ePtica1, andl

(3) All of the )eams exhibited varying degrees of binodular _aterlal

behavior.

Third Mode Response

Analysis cf the third _ode _ibratory response is best done through

examination of the strain time. hister!es. W'th the exception of

laminates g and 10, all the laminates showed similar responses,

qua:itatively. All laninates snowed the initial reverse value of strain

associated with the ir_tia! "W" shape. Then a v!brato_y fespDnse was

superposed on a monotonically increasing strain. The vibratory response

dampened with time and severely dampened aFte_ ply failures. The

frequency of the vibratory response was determined from _he experimental

data for each laminate tlpe and is presented in taole 3.I. The
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theoretical third mode natural frequency for a simply supported beam is

also presented In table 3.1 for comparison. Reference 6 was used to

T_hl^ "/ 1 ,,I ^ ,.*^ .-, _. _.- .- _, t- .-. e. + t., -. _- _.k^co_npute the theoretical frequenc)'. ,Q.,c J.. .¢._,,>_,a_> _,,o_ _,,¢

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 maxi_u_ strain rat_ ._,_ u,, _,,_ order u,

in./in./sec, because of the third mode vibratory response. The maximum

rate occurred during initial snap-through of the third mode "d" shal_e.

If there had been no vibratory response, the _x'--,,._,,,_,,"'"o,,,rot_ ._u"",u

have been less. Notice that the strain-tlme response of laminates 5 and

l exhibit vibratory frequencies higher than the third mode, in addition

to the third m_e.

Laminate 9 failed very soon after impact In the dynamic tests and

no sustained vibratory motion occurred. The failure mode was unusua"

and will be discussed in the next _o-*_- u......._. _. _ ";,o o_......_^

characteristic initial reverse value of strain indicating that the

vibratory response was excited. Due to early failure. "t never fully

developed. Laminate I0. figs. 3.30 and 3._I......_._+"_",,_ d4d _w_,,_.....,._.,,.,.__,_A

mode response. However. the surface plies tailed soon a_ter Impact so

the response was not measured by the strain gauges. The vibratory

response is exhibited In the ln_A +_.o _+_.,, _k^_,_ _- _ r _ _

Appendix E and it is cluantified in table 3.1.
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FABLE 3.1
¢ONPARISON OF W:.ASII_O VIBRATORY FREQUENCY

ANO THEORETICAL THIRD NATIJRAL NODE

THEORETICAL

LAMINATE _IEASUR(D NATURAL

NUMBER FREQUENCY EREQUEHCY
(HZ) (HZ)

I 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
12 187 185

*no oscillatory motion observe_, Immediate failur_ after impact.
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Fai lure Modes

From examination of the static and ""---'_ _-_ ""-' ...... •
I_J 114&JII mqw *II_UU--U I 3iJ I Qr_CII;CI*i.

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 or _,.-=-;_ _^-"_ .... "- _-_
_¢111. II.,G! . Pt:) !_GU

beer, indicated, the two exceptions to this were the (08/90B} s and

[908/08i laminates, laminates 9 and 10. These laminates e)hibited a

different dynamic failure =ode than .Q_ observe_ .,_,, _,,_ _L_L ,_

loadings. A detailed description of the failure modes of each lamlPate

will be presented in the next section.

Stra _n Response

Examination of the st-ain response of *_" ""_"" ........ "_ "'-"Lt_C _Gm tl*(lL,_:) I iI_V_G:CI;J I._101.

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. Analysis shows -w.+ ,w......... ,_- .+-.,- _.

to the axial load should have been several orders of magnitbdes less

than the bending strains and effectively the beam was in a state of pure

bending. Witl_ pure bending the m.._,,,_o _ .wo ,_.i_ .._ ..^

strains should have been the same. For example, in the ({go/o/-go)5)s

beam, the Compressive surface strain was only 5_{ greater than the

tension strain, as showm in !:ig 3.2C and fig • _ _- +_ -'_-- _--"• . .# * li.. Jl.. S,_ll g_ll_ _._ _..* 11_ I llQl_ 9

fig. 3.11 and fig. 3.i2 Show that for the [(30/0/-30)5] s laminate,

laminate 3, the compressive surface strain was more than 40X greater

than the tension strain. Wr_m+i_. O_ the tens'le and ........ _'^
--_-- *_w ,,..,, , ' ,...V'qlal I_3_ I li_
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strains for the other laminates was somewhere b_tw_n th_ 5X .,,_"athg n_

levels. Understanding this phen.n_e.n_will be important to deve_oplng a

_ailure criteria. Additional tests were carried out to further

understand this behavior of the beam specimens and the result_ will b_

discussed _n the next chapter.

3.2.3 Fai3ure Mode Description

By examining the static and dyramic

strain relations, along with observing

lo_d-d!sp!ace_n_ and load

the movies and the failed

specimens, the failure modes of each laminate can be described. In this

section the static and dynamic failure ,,'_des_!!l be assu,-ed to be the

;ar_ if no differences are indicated. Figure 3.38 shows a drawing of

the coordinate syste_ used in the description of the crackiqg.

delamination, and failure of the laminates.

Laminate I {0]30

The unidirectional _a_ina:_ =^,,,_,_ a s,,_,e .............

event. Figure 3.39 shows a frame of the failure event under dynamic

loading. Wore the simbitaneous failures on the tension and compression

Sldes o_ the beam. A similar fal_ure _d_ wa% observed in the static

tests. Ihis was the only laminate for which compression fa_'ures were

observed. On the tension side a crack propagated perpendicular to the

fibers (the y Oirectlon in fig. 3.383, across _o_,,.ent_o .._i_th,_..nf.. rh_....

laminate, completely failing ten plies. On the co_,pression si_e a crack

propagated only partiaITy across the width, in t_e y Oirect_on, and I0

pl_es deep. The center plies cf the laminate, near :he neuTr_3 surface,
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had no fiber failures. In the portion of the laminate which had fiber

failures, the fibers broomed and splintered. In the portion of the

laminate with no fiber failures, -_*'_" _°_ _ +w_ x z ""_

propagated along the length, _resumab]y initiating on the compression

side of the laminate due to wldthwise Poisson tensile effects.

Laminate 2 ((15/01-15)51 s

The load-displacement and the strain-displacement relations show

t,at I(1SLOI-15)51s laminates exhibited fr_ ] to 6 c.,, ....

typical failure event consisted of the silultar_oui failure of a group

of 2 to 6 plies on the tension side of the beam. This group of failed

plies would then delaim_nat_ it least 8 _n. aIon§ .._,,=_^..+w,=,,s_,,_,'_th2

beam. By examining the falled specimens, It appeared that a crack

initiated parallel to :he fibers in the outer 15: ply. The crack

p_opagated along the 15_ dire_tlon from or_ c_=^_--_,'_*_^.,,¢_c=,,,_^'-"^_ +w_,,=

other, and i% propagated downward in the z direction, to a depth of 1 :o

5 plles, before arresting. As the crac_ propaga:ed downward, the _ibers

-IS = ply failed on a 15 = angle. Exactly now the othe _ failure events

initiated is not clear. However, it is felt they were similar to the

first failure event. The _o.._.4 .... _........ , ....._ .

the laminate was undamaged.

Laminate 3 I(30/0/-30)5i s

The [(30/0/-30)51 s !ami_ates exhibited 2 or 3 fail_re events, each

event involving typ_cal;y 5 to 10 _!ies. These ply groups _hen
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delamlnated at least _0 in. along the length of the beam. Again it

appeared that a crack initiated parallel to the fibers in the cuter 30 _

ply. The crack propagated .!_,,_ the 30: _ir_ctio_ from owe ec_e of the

beam to the other. In some of the SDecimems the crack turned to

propagate al_rg the 0 _ direction (x direction in Fig. 3.3B} for a short

d_stance and tren + ""°_ b_ to +"= _n_ _e _+_" T_ rr_V

pronagate_ Jo_warc in -:me z _irecticr from 3 to 5 plies, fracturing the

fibers in the O and 30 _;ies befcre arresting. The remaining

co_ressio_ s_ce cf The "_tat_ _'C _ _v_ ........a._.._a

L !

Laminate 4 i(45;0 -45,._: s

{(45/0/-45/}5) s a'_ -azes -e_ea]ec _c _iFferences in the failure mcdes,

the strain res_c_ses sho,,r in f _. ).11 a'_J fig. 3.15 indicated

different behavior 3et_ee" t'_ sT_t;c a_ _x'_"'_"_c_..o_..o._,..,_.T_=,_,._(_

fai lure inspection of ".me static _nd _.)ramic soec_mens smowed many

matrix cracks i_ both the _5_ and tme --_5_ _ar,ina _,l!c'1sJ",'obrc tre 0 _

lemlina. Fa4_:-e o' -no._ 0: "a:i-a, prop.a_-; _,.,_t;.+o....__o,.,,_._ ._,_.,..,,_ r_r,.,....

in i 45 ° lamina, but the crack direction in the O" _amina followed no

preferred direction. In some o_ the 0; laminae the crick alternately

followed 45 =, -45 ° and 0: Hl,.._r+l,_,_c In meh=,-¢ +h_ rr_rV fnlln_.,_(

random jagged llne across the width. Examination of fig. 3.16 ir_icates

a unique dynamic strain response for this laminate. The unique response

fis especially evident _n _h_ response n_ ._or,..._ _._ ..a _ _ _. t_,

No.,ce that at the pcinto _ first plylesser degree in specimen 4.5. "_

failure, when the tensile strain resporse terminateC, there is no sharp
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drop _n the compressive s_rface strain, as #as seen in the other

_aminates. Instead, the co_ress!ve surface Strain remained -e_rly

co,sta_t for the re$_ cf the event. TF:s suggests that _he failure

mecn_s_ fcr tF_s la_i_at_ cocl_ De d"fferent f-3_ the ones descr:bed

to this point, with znis !_inBte, _t t_e initiation cf _ens_le _i_e

matr¢_ cracks, .vhicn deszroyed t_e te-s_!e stra:n guage, the lemlrate

did not fail _nd ir_red_ate',y cse lo_d-carrying iamin_e. :nstead the

tensile side ]am_nee _ie_ded b,Jt rem_:nec :nt_ct _nc cont_,J_ Ec c_rry

some load as the ]a_iPae fai'ed progressively throughout the remainder

of the event. This type of failure n_e for a _: ang]e-p_ laminate

_a_ been repo_ze_ i_ t_e Iiter_tur_ (ref. 7)_ T_s _es_o_se w_s not

evident in the static data. Howeve r, i_ the dynamic case, the yie_din_-

progressive failbre _esDonse lasted a .mere 0.0_ sec, fro_ tne initial

tensile side matrix cracks, until t_ en_ of the _m_mic event: O_J_i_

this time interval, the emd of the beam _isplaced 8 in. It is possible

that in the dis_lacemer: contro;|ed stat<c :eszs. zhe fa:3_re event

laste_ for a si_i!ar fi_:e time pe-io_, evEp _hoLg h _h? 9e_, w?_ld M_e

displaced less tqan S.CI _. at Zhe quasi-st_t'c cis_aceme-t rate. So,

the mode of failc_e in t_e static ard cy_am_c tests co_'i nave Deer t_e

same. even though the -eccrdei strait "esponse -@S qU_%e di;:e"ert, An

identical " ""s_a._c and cyna_ic failure mode _s :3nsiste_t w_th the

information !ear-ee f_c_ E_e post-Fa_;ure e_an_nat_on.

Laminate 5 {(60/0/-6C)5! s

The [(60/0,/-63)51{. taxi,ate exhibiLEc a_ ;ritia _o,- _i'_rE

event and a si,_e!(? _inor _ lhSPQjprt e_,_t Fr_ ___i_in_t;_n ._f "k_
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strain responses, the failure o,,o_c .nna_ +_ ho inctantan_nJJ_. In thpq_,,.v _. o i _ ,.11 iwwlp, i,.r ,w. ,I,.,o _q.,. w.,t. . o ..._p ,,._.. _.._ _ _ o --. -.._

single major event, a_ outer group of plies failed. There were many

parallel matrix cracks occurring in the 60' or -60 ° plies, and fiber

failures on the 0° plies and so,_ of the 60 ° _,ies-;.......i. +ho. _,,hca.,,o.+......

_inor event the plies failed only partially. This failure mode Is

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

and then the crack propagated downwar_ only through ._.,,_0 _ _..,..,o,,,,,,..Tw_,,,_

-60 ° lamina remained intact. The -60 ° fibers reaulred the crack in the

failed plies to open in extensional and shear modes. The -60 _ lamina

delamlnated near the crack but remained attached to the fai "'_ "_""

bridging the crack.

Laminate 7 [(90/O/gO) 5)S

The l(gO/O/gO)s] s laminate exhibited an initial major failure event

and a subsequent single minor event. In t_e major event, the cracks

initiated parallel to the fibers in the outer go' ply. Then the cFack

propagated downward in the z direction, fracl_urino fibers in the 0°

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

direction.

Laminate B [(olgo)sls

The |(o/go)B} s laminate had only a s(r_le failbre event. T_e crack

propogated across the p)ies 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 t_e adjacent _o

plies remained undamaged.
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Lamthate 9 [08/908 Js

Laminate 9 had a completely dlfferent f_1" ...... _" '" *_" _..... '"IU|t_ IIIUU _ II1 I.I1_ U_ r IGlll I_.

case than in the static case. Statical]y, specimen 9.1 and 9.2

exhibited Fiber failures, anC matrix cracks in the x-z p]ane, in the

outer O: lamina groups on the tension and compression slde_ of the

beam. Even though this was a static test, as soon as the 0° fibers

failed, the 90" core lamina immudiately broke apart in chunks and

scattere_ about the room. Specimen 9.3, which fail,d at an axia]

displacement level almost 4 !r, less than the others, exh!blted ..no_fiber

failures. However, there were matrix cracks, in the x-z plane, in the

outer 0 _ lamina groups and the gO _ lamina again dispersed aoout the

ro(Oll.

In contrast., under dynamic loads there was no failure in the outer

0" lamina groups. Soon after the iNq_act event, a delamination initiated

between the group of 0 _ lamina on the co_)ression side of the bean and

tne gO" core laminae. The delamination propagated along the entire

length of the beam. The gO _ core laminae remained attached to the 0 °

lamina on the tension side of the be]m, The !aminate acted as two

separate thin beams. Figure 3.41 shows a sequence of four frames at the

Inltlatlon of the delamination. Notice that the delaminatior initiated

between the center peak of inlt,ai "W" shape and the inflection point of

that peak, i.e., about at the quarter span near the top of the beam.

The construction of laminate g produces inte_la_Icat: tenslle _z _t'_e_e_

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

caused by the Poisson ratio mismatch of the gO _ cor_ and t_e 0° outer
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Ftgure 3.41 Oynamtc Failure Mode of (08/908) s
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lamina group. The top half of the p!ies !n the !a.m!nate we_re unde_

tension in the center peak region. In addition, due to the deformed

shape, the T stresses reach a maximum at the inflection point of the
xz

center peak. And due to the high ...1_,,,A_ 1_.a c.4_a _h^,_,,.I,_ f_,.,

3.Z7 the stresses are partlcularly high at this time ir the event.

Although the _'x7stresses were similar for the other lamlnate types,

e 4" _flbe C _'_t lqm_O wlw I#'_

laminate 9 had clustered plies. The inter_,&_in_r _z "_''_"" ....."_'

greater in orthotropic laminates which contain clustered plies. Only in

the dynamic testing of laminate 9 did large values of both

the Txz ard ez stresses occur simultaneously. Th6refore it was +h^,,.h*

that the combination of the oz and _xz stresses initiated the

delamlnation in this particular laminate type.

Laminate 10 [g08/08] s

Lamirate 10 exhibited differences in the failure modes between the

dynamic and static loadings. Under _atIc ]oad_n§ matrix crack_

appeared in the 90 ° p!ys on the tension side with spacing of I tc ?

inches. However, the go" laminae remained attached to the 0° core. No

matrix cracks appeared on the cc_pr_ssion -"- _"",u=. ,,,u_the _" "-' ....._qIJ ; GI._* I | lil_l_ qUll

the compression side contributed to the laminate stiffness. Notice the

unus:,ally hish strain values of over 2_ in fig. 3.29. This exceeded the

•"-_- dy ,_ou,,,_ u_,, v,range of the recording _pparatus. However u,,u=, na.mi_. '_'_"" _'_ ^=

the gO: outer lamina grouos separa'.ed in ckunks from the O° core.

Therefore the beam acted as a single thin undirectional beam. This 90"

lamina separation was probabl) due to the _ertial Forc_ and r_v_r_

curvature from the excited vibratory motion.
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Limlnate LJ. [(45/-45/0/90}4J s

The strain-displacement re!a-t!O_S for !_.m.!__te !I sho_w.____that it

exhibited behavior similar to laminate 4. Howeve _ with this laminate

the failure mode was not as distinctive. Some of zhe dynamic specimens

had several minor sharp drops _- +ha r_m..Dc_v. _f.ai. val,,, i.

addition to the plastic hinge behavior.

Laminate 12 1(0145/01-45)319010101i2) s

Laminate 12 failed with one failure event, exhibiting instantaneous

ply failures and longitudinal delaminations. The ply failures

pr_agated more or less in a _r_r,e.nd!c_!ar fashion acrOSS th_ I___.., but

with no preferred direction, similar to a paper tear. Figure 3.42 shows

a frame from the failure event of this laminate type u_er dy_i¢

loading.

3.8.4 ComBarison of Static and Dynamic Tests

One of the most dramatic comparisons between :he static and dynamic

results concerns the end displacement at initial failure. For virtually

all lamlnaces, the value of end displacement _t "_",a,,_,_........_ "--',__-,u,_^_,,_

dynamic cases than it was for the static cases. Likewise, the strain

level at failure was always lower in the dynamic cases t_an in the

static cases. The strains are, of course, related to _h^_,,__,,_-_

displacements. Even though inertia and tqe 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 rat_ v,^"_,_''"_v,o_,,,_,,_,'"^o_

appears to influence failure strains.
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Figure 3.42 Failure Node of [(0145101-45)31_I01112]s
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To further compare the static ar_ dynamic event_, their end "--',uou

vs. end displacement relations were integrated. These integrated

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

are associated wlth work dor,e _'" +_^ force _ +_" "'" .k. _..- ._--UJ I,.IIC ell. il.llq= I,,,U v Of I.II_:_ I./_(IiI|. ll!l_

type of relation was explored as a method of determining if there were

any energy absorbing mechanisms displayed in the dynamic response that

_ere not evident in the static response. In addltion, the integral

effectively smoothed the dynamic load repsonse which allowed for

comparisons to the already smooth static load-response.

On the flqures the vertical axis gives the .o_ _elui_ed to

displace the beam an amount given on the horizontal axis. The points On

the work-dlsplacement relatlon where the slopes abruptly change

correspond to dlsplacement values at which failure occu_eed. Again

laminates g and 10 showed unusual differences in the static and dynamic

responses and will be discussed separately.

As a group, a11 laminates except la_inate_ g a_d ,u'__,,uw-_u-_...._ _-'-"--,_,,,.,

static and dynamic end load work vs. displacement relations. However, a

close examination of the relations reveals there were some differences

between the static and dyn&m,ic response). Tw4 .... ...... ........,-:--iolO_ _Qi! U_ 3CCll _..y _AQIIIIIIIIH=_

fig. 3.43, for example. For the first inch of end disp_ace_nt, the

static and dynamic relations are divergent, lhe work required to

displace the beam axially "_-....w ._ fl _,4 , _ ....+.. ,..k^...._i,, _,,e r_t - ,_ =a_=, ,0, _,,_

dynamic tests tha_ in the static ".ests as a result of the inertia of the

beam resisting deformation more in the dynamic case. However, after the

motion begins, it appears that ore-all, "_,,=......._,._ .....,_,,=_--_"-_uu,_,=.=_"'_'-^

the beam _ynamica_iy a given :_crement is equivalent to the work



92

l&O00.
IO]B

3000_ OTNRI41C

,-' _.s

2 0 00J .f///

"\ STAT IC

g ,ooo_ ./_ -..-,.,
! j'/ -,.,

3200
[( 15/O,-tS_s

0

0

STRT IC

--- 2.2

--- 2.3

It 8 t2

END DISPLRCENENT, IN.

;tgu_e 3.43 E_N:ILoad I_rk vS. gisplace_ient For the {0!30 and

_(15/0/-IS)5l s Lam_naces



93

[( 30/0/-30_s

/,a.

,,.,=I
!

z
m

C
0

0
Z

1200

0

ao
..i

!

Z
m

i
8:
0
Z

Z
LU

1600.

t200.

800

qO0

0

0 ¼ 8 12 16

END OISPLRCEPtENT, IN.

Ftgure 3.44 End Load Work vs, Displacement for the [(30/0/-30)5] s
a_qd [(4S/0/-45)S]s Laminates



94

IL

.,J

!
Z

C
0
'me

Z
la.l

1600.

1200.

800

_00

0

[( 60_0/-6G_l.

LL
OD

!
Z
m

n-

Z
L.J

1600.

1200.

800 .

0

0

l( SC,,O_JC_.

Figure 3.45 End LoaO WoTk vS. Oisplacuent for the ,'":'_'^' "'_'• ',_ul ut-ou/5 j s
[ (9010/90)5] s Laatna_es



95

LL

!

m

C
C)
2[

0
Z
ILl

I000.

500

[( O./90,1s

M.

_J
I

Z
amt

er
O
=¢

C3
Z
14.1

1600.

0

0 ¼ 8 12

EN0 0ISPLRCEHENT, IN.

16

Figure 3.46 End Lo4cl MOrk vs. Displacement for the [(0/90)8] s

(08t908) ]s Laminates

and



96

t 600_
I( 90,K),I,

DTNRMIC
1200_

---" IO.M
---- IO.S

\ TRTIC

0

0 _ B 12 18

END DISPLACEMENT, IN.

Figure 3.47 E_d Loa_ Work vs. _isplacement for the ((908/080] s
{(45/-45/C/90)4] s Laminates

_nd



_#

20001 Ic0,45zOz-*S_SO_O,O_,

ISGOJ 0YNAMIC

" / '"' 1,"//-"'°°°4I//
l i ./7_ '_'"'_'<

0 q, 8 12 16

END DISPLICE_ENT. IN.

I:.gure 3.48 End Loacl Ilork vs. OtsDli:nent for the

[ (0145101-45_ 31901010112 ] s Lwtnates



• I I I

98

required to displace the beam statically "_,,_........_a,_ -,_,.,_,,.=,,_."• T_.,,,,_

indicates that the displacement rate of doing work is comparable for

both the static and dynamic events. The other laminates in this group

show comparable behavior up tO first failure. T_,,,_.....-v,_ .c_u_"_,,=__

displace ".he specimens dyramically 314 in. was fairly consistert _rom

specimem to specimen and .as about 400 in.-Ibs. The womk required to

statically displace the beams 3/4 _n. varied with beam st.ffne_.

Therefore, the softer laminates, such as 5 and 7, showed o-eater

divergerce between the static and dynamic events, as can be seen in fig.

3.45.

An interesting ge_ral cor_lusion concern!_ _rk c_._ _ _ade _by

furtner comparing the work for the static and dynamic cases. As s_ated

earlier, failure of the dynamic specimens occurred at a lower value of

end displacement than failur_ of the static S_neCi_.mens..As a res;Jlt., !;he

static specimens required m_re .ork to displace the full 16 in. than the

dynamic specimens di0, even though the dynamic specimens require_

signiflcantl) more work to displace the first 3/4 in,

Finally, fig. 3.46 dramatically shows the differences in the static

and dynamic Failure tootlesfor the i08/908J laminates, laminate 9. The

initial dynamic response of !_i_ate 9 is c_pa-ab!_ to the ot_.er

laminates, i.e., requiring 400 in.-Ib, of work to move the end 3/4 in.

However, soon after the impact event the beams delaminated and separated

into two thin beams. The two thin bea.ms requi_ed consider__bly less wor(

for deformation. There were _derate differences between the static and

dynamic failure modes for laminate i0. the (g08/08i s laminate. SFortly

after i_pact, the ou+.er pll_s :-eparateO fro_ the Deem __n__t,e be_.m _cte__
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as a s_ngTe thin unidirectional beam. In the static test, the outer

plies cracked but remained intact end contrlbuted 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 Sumary of Experimental Observations

Laminates 9 and I0 exhibited unusual and distinct failure mo_es

under both static and dynamic !o_d!_s. .._.._ver,h_r_,,_ the !__mlnae in

these beams were clustered, these Iminates are not of practical

interest. In fact they were designed to nurture differences in static

a_ dynamic loadingS. In this they _re smJccessfu!, The rest of the

laminates exhibited no differences between the failure modes under

static and dynamic loading.

The progression of the failure, or the number of f(llure events,

varied from six events, for specimen 2.3, to one event. Also, in

general, the specimens that were tested dynamically failed at straln

values and axial displace_nt values less )h_n )hose of the static

specimens. These results will be explored further in ch. 5.

Finally, variation between the tensile and compressive surface

strains were observed in the static an_ dynamic tests. The variations

ranged from an increase in compressive strain of from S_ above the

tensile strain to increases of up to 40_. These phenomena will be

investigated and discussed further in the next chapter.



Chapter 4

INVESTIGATION OF DIF:ERENCE BETWEEN COMPRESSIVE

AND TENSILE MODULI

Examination of the static and dynamic strain response of the 12

laminate types showed that the compressive side surface st_aih at tee

center o¢ the beam was greater than the tensile side strain, This

difference in the surface strains varied from 5_ for lamlnate 7 to 40%

For laminate 4. At first it was felt that the greater compression

strain was due to there being a net compressive axial force _ the

laminate. Mowever, calculations show that these c_ressive strains can

be effectively ignored since they are always at least 2 orders of

magnitude less than the surface strains actually measured. In add(t!on,

there is no shear deformation 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 pu_e be_ing and e linear

elastic material, the magnitude of the tensile and compressive strains

should be identical but this was _ot the case. The observeo behavior

was known to be elastic. Recall, it was found in the static tests that

the loading, and unloading strain response curves were coincident, unless

_ere were ply failures. Therefore the dlffefehce in COmpreSSive and

tensile strains was due to eithe _ a nonlinear elastic effect or the

laminates were perhaps exhibiting b_nK_ular elastic behavior.

To detemine which of these t_ phenc_ena.ere occb_i_g, laminates

L through 7 and laminate !I were selected for further study. Further

tests were conducted to empirlcally determine the effective compressive

and tensile bending modJli.

IO0
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4.1 Experimental Set Up

Since the unusual material behavior was observed under static and

dynamic loadings, for sl_,pl_'+'' _,,_..._ n .'-,.,_j,these experi_nts =ere _'_"_+_ "

static test apparatus. To measure the elastic properties, in addition

to the strain data, krowledge of the internal bending moment is

requiKed. The bending mo,_lentat the center u,-""_-_,,__,,u_'_'-'_-_,u_u_bea_,",_

equivalent to the end 1oacl times the distance between the line of action

of the end load and the neutral surface of the beam at Its point of

maximum lateral deflectlon. The _axlm_m _,_^"^_*'^-,_._,_,,occurred o_'"*_'.,,_

center of the beam. This is illustrated in fig. 4.1, O being the

distance of interest. To factlate measurement of the lateral

(keflection, a nto(liflcatio;ltO the _.4.4_.I e*-*;,- 4...-_. ._._,,_,,., _,. _ apparatu_ "'"

made. A rigid bar was mounted perperdicular to the moving crosshead and

parallel to t_e undeforwned beam. This bar provided a reference from

which the lateral deflections ...._a be .o..,,._w a,_ _+wo. _._+_ ^_

the set up were iCentlcal to the set 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 i_._,_was ,_.,'_'_"__" +h..,,_._Innn

pound load cell and the end load-end displacement relation was recorded

on a c_art recorder. The strain guage signals were conditioned with

s hal amplifiers. Strain-load relations_re _w,_... ,,_.,,^-,

plotter. In addition, the axial end load, axial en_ 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 speciren was placed in the load frame and the strain

guages were connected. Then the load ceil was zeroed and t_e strain

guage amplifiers were balance. The beam specimen was displaced axially

an_ monotonically in 1/2 in. increments up to 85% of the axial

displacement value at which failure was first seen in the prevlobS

static tests. At each I/2 !,I. incrt_ment the lateral deflection was

measured by hand with a ruler, then recorded. At this time the axial

displacement, the end load and the two strain values _re also

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 th2 zero _Isplacen_nt

point. The strain-load relation for unloading was checked to see if it

was coincident wlth the loading relation.

4.4 Data Reductior

The data was reduced to determine the tensile and compressive

moduli of the laminate. The _oA,.+4.. _._oH,,.o ut41_ma +h_ F_C + t_Jt

the beam was in static equilibrium. In addition, three assumptions were

made. The first assumption was that the material properties could be

smeared through the thickness. I_ .+ho. _ac +h_ _¢ _¢¢,,,_

to vary linearly from the outer surface to the neutral surface. The

second assumption was that there was a linear variation of strain
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through the thickness of the beam, i.e., the ICirchhoff assumption was

valid. This assumption should be valid in that the beam .as effectively

in pure bending Finally, the _" ._,,_.+4_. _._ _.+ .ho _--_n_te

.as bilinear elastic. Thls may or may not have been t)_e case. If it

.ere the case then the determined modull should not vary wltn increasing

curvature, load, or strain. If the ,,,...'^""_',,."4",.4...^.,,_=.,,..0,......J ._*_,_,,

curvature, load. or st)ain, then it could be concluded that the laminate

was not bimodular but rather exhibited some other fore of nonlinear

elastic behavior. However, the precise nonlinear r_lation ....'" "'" _"_._u (k_ IlUI. I./C

detemined from the analysis.

From the Kirchhoff assumption, knowledge of the total beam

thickness and the e_irical value_ of _urface _traln. the location of

the nebtral surface "within the crosssection could be fourKl. The

location .as given by

tT
(4.1)

tl_ ". c'

and

, (4.2)
tz=- t c

where

t 1 = distance from the neutral surface to the tension surface,

t z = distance from the neutral surface to the compression surface,

l - total l)eam thlckness, {_id thickneSS, Table Z.Z)

c. = strain at compressive surface, (absolbte value)

t = strain at tensile suPf&ce.
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Figure 4.1 illustrates the geometric quantities involved. By

assuming the net axial stress resultant could be set to zero, and by

comressive moduli could be four_. That relation is

[
Etcttlb = ½ EC_Ct2 b , (4.3)

where

Et - unknown tensile m_u!_s

Ec = unknown compressive modulus

b = beam width (= 2.00 in.).

the beam, It is foJnd,

• . c LZ_,{§t?) (4.4)

where

F = end load

D = moment arm

The values of tI and t2 can )e determined fro_ eqn. 4. i and eqn. 4.2.

Solving eqn. 4.3 and eqn. 4.4 for the modu!i yields;

Ec ,, 3PO (4.S)
_ctlt _ + tlt2_b

Et , 3PO . (4.6)

% _ tit2 "b(t ÷
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Multlplying both sides of eqn. 4.5 a,,d =4,,. 4.6 by c .._ t

respectively, yields equations for the surface stresses, namely,

c 3PD (4.7)

t22 + tlt 2)

- 3PO (4.a)

÷ tlt2t

The beam curvature can be computed from

t

(4.9)
t 1

Using this procedure the compressive modulJs, the tensile modulus, the

stress at the tensile surface, the stress at the compressive surface•

and the beam curvature were computed at each displacement _ncre_ent.

The raw data used for the computatiens are presented in Appendix G.

4.5 Results

The mOduli-curvltu'e relations are plotted Cor each laminate tested

and are given in Fig. 4.2 through Fig. 4.5. The horizontal axis sho_s

the beam curvature and :he vertical a_is shows the emp_ically

determined )ending tensile ar_ c3mpressive noduli. All the laminates

exhibited an elastic respense. This was known becaJse the graphically

recorded load-strain -elations were cGlncident for loading and

u_loading. The uni_irecticnal laminate, fig. 4.2, showed the

compressive modulus to be 23X less than the tensile modu|us at high

cJrvature leve_s. Publis_e_ values for the fiber direction mOdulus
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indicate that compressive modulus should be only 9.75% less than the

tensile mxlulus. As shown in fig. 4.4 and flg. 4.5, laminates 6 ar.d 7

exhibited the least amount -_ "'--_"_--_' "'-- '--".....um u,,_uu_avocy. _,_u, m(uaolfndc_ 6 8hd 7

exhibited nearly constant values of the modulus with curvature, or more

specifically, a linear .esponse of stress with strain. In the other

laminates t_e compressive ,,_oduIu_decreased ,ith curvature and the

tensile modulus increased with curvature. This is especially evident in

laminates 4 and Ii shown in fig. 4.3, and fig. 4.5, respectively.

Because the moduli were not consZant _|th curvature the_e a_ear_ to be

a nonlinear elastic stress strain response more complex than

bimodular. Laminates 3 arKl 4, show_ in fig. 4.3. exhibited a remarkable

amount of bln_clularlty. _otice t_at for _-'_ -_uuL,,u, the_ la_Inate_ t_

compressive modulus was r_a-ly 501 less than the tensile n_oulus at high

curvature levels.

Effective stress-strain re'ations fo_ the "_u,fferent la_inate_ were

also determined from t_e bending tests. Though it is known that the

stresses change value dramatically from one lamina to the next (in

cont_adictior to one of the assumpt_on_ ...._ .... _....... _"" "

stress-strain relation for the lamln_te-as-a-who|e in tension and a

stress-strain relation for the _a_inate-as-a-whole in compression were

computed. By using the aeasure3 va]_es of _ _,,u _ _,,u .,,_ >_,_

from eqn. 4.7 and eqn. 4.8. effect!ve stress-st_aln relations we-e

e_N)irica11_ determined. Figures 4.6 through 4.9 ShOw these stress-

strain relati_s. _C iS _portan_ to r_vlew ""_,,_u=,_--_,._,_,,_--_,-"=_._:On_......

in this chapter to put the stress-strain behavior snown in fig. 4.6

through fig. 4.g _nto context. However. it appea_s that, to a f'rst
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approximation, the laminates did exhibit bl_ular behavior. A close

examination of the figures reveals that the two p_rtions of the stress-

strain relation are not perfect _+,,_-h+ l_-o_ Two,o,,,o = ..'ore_/_ l_¢tb OO0_o I tl_g _g Vi _9

complex nonlinear elastic behavior may be the case.

4.6 Error Analysis

The compressive and tensile moduli were determined from 5 measured

quantities. From eqn. 4.5 and eqn. 4.6

and

Ec = Ec (p,o,ct,cCoT) (4.10)

= t cEt Et_p,D,_ ,c ,I) (4.11)

Uncertainties in eac_ one of the five independent variables contribute

to the overall uncertainty in the q_duli. The u_ertainty in the :o_d

was 1% of the _ax_mum value of the load cell, in this case 10 lbs. The

latera! deflection, which was measured by hand, had an uncertainty of

0.05 in. There were many factors contributing to the uncertainty in the

strain measurements. They were: (1) lhe finite d4stance between the

foil grid of the strain guage and the surface of the beam: (2) Grift in

the amplifiers, (3) The transverse sensitivity of the strain gauge, and;

(4) Misalignment of the guages or the specimen. It was felt that all

these errors together contributed to an uncertainty oF .000100 in./in.,

or =I_, of the maximum strain measured. _!na!!y the uncertBinty in the

thickness measurement _as taken to be 0.0025 in. or 2%. T_iS accounts
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for the uncertainty In the measure,_nt and "_^ var1_t _^- ^c +_,4,.,,.,o....LIII_ lull qt,#! tell I _,R I I1_._

across the width of the specimen. The way in which each of these

uncertainties contribute to the uncertainty in the computed nw)dull can

be given by the relatior

= )2 ,_E ,2 (_E 12 ,_E ,12 F_E )2 I/2wE IC_ _p + _ wo. ,. , + _,_-_w . .,..TT"T ] '
(4.ze)

where WE is the uncertainty in the moduli and Wp, ..., WT are the

uncertainties in the In0ividual variables.

The uncertainty calculations were performed aith each calculation

cf the compressive and tensile .5_luli. The results of the Jncertalnt)"

analysts show that the uncertainty tn the modult calculations ca_ be

quite high. 2-3 MSI for the first data points taken at low values of

axial displacement and "ad. However, the uncertainty in .k. -_"II _o_-I1_ III_/1JU I

much lower, 0.5-1.0 MSI, for the data taken at large values of axial

displace_en: load. The uncertainty of the moduli were most sensitive to

the uncertainty #n :he strain r_.2asur_r,,_nt_. .r........ .._...,, _.. ,b...

strain measurements were the most difficult to quantify. If a vertical

error ba_ had been p1." .ed with each data point in the moduli-curvature

relations of flg. 4.2 through .4. _ = a _'^"_'^"+'_ +°"_ ""_'n!S "=

curvature relation and a different horizontal compressive modulus vs.

curvature relation could have been drawn _ithin the error bars. This

_ould mean that the moduli did not vary ._.w ?......+,,.o .._ wo.?. _n_H

or stress level. Therefore, the apparent nonlinear behavior other than

bimo_ular is not conclusive. However. it appears there is still

substantial experimental evidence _,_ a _,,_'_°'o-_-,.,.,,_.bet_en +he..*o--_o._,_,..

and compressive moduli.
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4.7 Observations

Reasons for the non?_ne._r behavior _ -_* ,,,,,;.-o1_ ,-l=,.- r+ iS

surmised that in tension the fibers align themselves _ith the principle

stress directions and in compression the fibers buckle, or turn away

from the principle stress directionS. _se,, +.__ .°_°_4oe._.,..,,_,.__oe,,_,_., _ _,n

different stress-strain behavior in tension than In compression in a

bending situation. This behavtor was entirely _nexpected and the

thorough exalwinatlon of _t _(15 not "-'_" _ *"" "" *_._",,,4.h ,n _,,c OVC-I'Z_,] gr..l _"

study. However, the flexural mK>dull empirically derived here will be

used in ch. 6 with a finite ele_nt program 1:o predict the defo_stlon

resporse of the beams.



Chapter 5

INVESTIGATION OF THE FAILURE RESPONSE

Predicting the response of an aircraft fuselage to crash conditions

involves both t_e prediction of the dyr_c defo_t!on response of the

structure, and the prediction of the on set and extent of failure in the

str_Jctural elements. This chapter focuses on toe later by investigating

the experimentally recordee ultimate surface st-a_"s in each of the

Immlnates. Because of the uncertainty of the material behavior, i.e..

blmodular vs• some other form of non11_ear elastlc Behavior. the onset

of failure in the laminates was 4.vo.+_m+.a ,,_.- N._4_r._Iv m.c,,r.a

strain values. This is _n contrast to using stresses• The static data

was studied to investigate the dependence of ultimate strain values with

the laminate type Then the static A_+a .-ere r,_,._._ +_ .ho a_._m_

data to determine the effect of the dynamic response on the ultimate

stralr of the laminates. Since the failure modes for laminates g and [0

were significantly d_fferent in +- _-_+i a_ dv._mir +Dc+¢ +hm

ultimate failure strains could not provide a meaningful comparison fo-

these laminate types• Therefore, the strengths of laminates g and 10

were not investigated in thlS chapter.

5.1 Oata Reduction

The ultimate

strains, t and c were
X _X _

displacement response of the static aN dynamic tests. The value

of ct was tawe- to be the _ongtitueina! tensile strain Y_oJ_ _t tg_
X

longltud4nB! tensi!_ a_d co_p_essive

determined _r_m the experimental strain-

119
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displacement Just prior to guage failure. The value of c was the
• " "X

compressive strain at the same displacement. The ultimate strains for

all of the static and dynamic specimens tested are presented in Appendix

ct ..4 ..-- -
ultimate x and rc were computed for +ha (imrirF. The _verage

specimens and the dynamic specimens of each laminate type. The strain

transfo_matlons were used to transform the average values of

^" -""le e+,.:,4,,clongitudinal strain into the ..+o.;,, - _-H'"_' '"' _....._ ""_ ....Zl' z2 .... '12"

Since al_ of the failures (except in the unidirectional lamlnate)

occurred on the tension side. only the tensile ultimate strains were

transformed. In addition, the _axl_m fiber "+'"" '" the n° ''"'"

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 t_e c_putati_ns is )resent(d in

tab]e 5.1.

5.2 quantitative Characterization of Failure

The mechanics of failure in a Ceml_osite beam unde_ ben(ling loads is

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

defined as the initial loss of '" " )i ,,,,S-_ -_--,,s,ua_ carr ncs capacity. -T._ ..........,,..

associated with fiber failure in one or r_ore lamina. As described in

ch. 3, the failure events probably occurred in the following order.

First, a matrix crack initiated in an angle "'' lo,,,,,o ,.,,_._

on or near the tension surface of the beam. It is speculated that the

crack then causeo an axial an¢/or shear strain concentration in the

fibers in the ply adjacent to tr,e cr_ck. This i_ "--_*^_ '- _'_

5.1. The initiation of the matrix crack _n the outer most angle ply and
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TABLE S.1
FA[LUItE STRAINS

Avg

t
£

UI:

Avg

¢

(z)

Te_l_

c; (2 '12

U_t U1t UI_

(Z) (Z) (S)

I 1

tn C"
laA.

nta_St
ten. surf 4C_

(s)

Straln

Fsctor

St4t_c 2

9yritc 2

Stattc 8

Oyr_m4c 8

1.1L_.OI

l.O0*-.Ol

1.1_.06

0.9_..03

1.3311.01

1.221.03

1.812. II

1.70Z.02

0.99*.04

0.8k.00

1.7C__.00

1.512.02

1.61

l.SO

0.7S

0.66

0.$5

0.45

0.17

0.15

O. OZ

0.02

0.0_

O.O4

1.$7

1.44

0.4

O. 42

I._

I._

-.48

-.4§

-.SO
-.44

°.S_.

0.17

0.I5

O. 79

0.67

1.33

1.22

_3.07

0.06

O.a_

0.42

0.24

0.23

O._

0.00

-.72

°°(_1

-1.81

-1.65

-I.]3

-I.12

0.0C

0._

0.0C

0.00

0._

0.00

!.42

O.OS

0.66

1.58

1.41

:.20

0.98

Z.93

2.I?

6.47

;.01

o.ge

;.96

_._

1.04

1.07

1.6:

!.5(

O._J

0.7C

0.94

0.86

1.02

0.92

I._

o.g3

1.!4

l.S?

1.4_

1.19

1.03

I._

1.29

1.00

:.OC

?.04

Z.14

1.71

1.74

1.59

1.63

1.48

1-61

1.30

!.32

1.02

1.04

1.35

1.46

I.ZO

1.16
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0 ° Lamina

Outer Lamina

_" Pullinq Aport (Mode I)

Shearing"- A_)art (Mode 1I )
%%%

I

/-- Strain Concentration

FlguT'e 5.1 Strain Concent_aton Near Nat_|x Ctack
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the failure of the fibers in the a_jac_nt ply ,,,Qj., ,.=_ ,,._ ,,-.=

occurred simultaneously.

To examine failure in the laminate, a phenomenol_Ical approach and

a me.c_anistic approach #ere taken. Th_ -_....... I_,, ,,b^.

was the strain tensor polynomlnal (ref. 8). This approach treats the

composite as an anisotropic but no_ogenoeus material. The strain tensor

polynominal interlDrets failure as the occu_ence 3f any d@finabla

discontinuity in the material response. Thls interpretatio_ of failure

may not correspond to loss of load car_Ing capability. T_e mechanistic

approach taken was to examine the strain in the 0° "-" .... _" *'"""|Gii¢llJ° _JIl fwlll_ LEII_ IU|l

surface, or the 0 _ lamina nearest to the tenslom surface. Because this

was the most highly stressed lamina, failure of this lamina would

initiate the los5 of load carryi_ _--_*"

5.2.1 Strain Tensor Po!_nominal

The simpli?ied plane-stress

polynominal can be expressed as

Z 2 2
L YI2

i + " , + "-'---T + -"--T + T =

EI - EI E2 - E2 EIE I E2E 2
G_

¢

where Ei and EI a_e the absolute value of the ultimate extension and

compressive nor_n.a_strains in +ho i mi_oefihn l : 1 P _nA _ i( +ho

ultlma:e shear strain. The interaction term was taken to )e zero. The

I

values of E I and E, use_ for the static specimens ',_e t_e ultimate
L

static strain values of the u-_Hi'ert_n"*_ 1,mi..t. l_i,_t_

Likewise, the values of E I and E_ used for the dynamic sl_cimen5 were

m .....
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the ultimate dynamic strain values of the J,na_!c611"y "--'-"Lc_

unidirectional laminate. The other values used were: E2 =

#

0.47%, E2 = 0.671 and S = 1.93_. These ,_ere taken fro_ published

results :or AS4-3502 and were used for both the _tat!c end dynamic

specimens. The Jltimate strain va)ues were ,Jsed in _he tensor

polynomia_ to )_ed_ct fail_re. If the vai_e of the tensor polynomial

was less than I at failure, the polynomia_ .oJ'd have bee_

r_nconservative in the prea_ction of failure. If the value of the

po_ynomia_ was Greater than I, it would have been conservative In the

prediction of the loss of load carrying capability. However. in the

l_ter case the polynomial _ay h_ve _..,,._+oI ..o_r+_A tho .rr:,_e_ _

material failures, such as matrix cracks in tho outer layer of the

.n_ occbrance of thelaminate, even though it conservatively predicted r o

loss of load capacity. The res_!ts of :he :enscr _O!ynomial

calculations are presented in table 5.1.

5.2.2 Mechanistic Approach

For each laminate type, the maxl_J_ fiber strain ir the O _ lamina

nearest to the tension surface was calculated and is presented in table

5.1. T,e results show that this ma(_t_ fibe" Strsi n was not COnStBnt

with laminate type. Thus this simole maximu_ _iber strait criteria

could not be used as an indicator of ;aminate behavior For _ore general

laminates. However, the f_ber failures i_ these 0" 18mir8 8CtuB!ly

occurred in a regio_ of strain concentration, u_der a matrix crac( in an

adjacent lamina. This was shown in fig 5.1. -he ultimate tensile

strain in the fiber direction for tn_ _ateri_! w_s known from the
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statically and dynamically tested undirectiona! laminate. Therefore,

for each laminate type, the strain concentration factor associate_ with

the crack in the adjacent lamina _n,,_d _o _o*o--_-o_ T_,_ .,,,_^,_ w.,

dividing the laminate ultimate strains (again as average strain) by the

uRtlmate tensile Strait of the material In the tiber direction. The

strain concentrations r_mn,+m_ this xSy are ..o_o._oA _. _ _ : _w_

strain concentration factors for the static tests used the tensile

strain at failure in the static tests of the unidirectional specimens,

i.e.. 1.61%. The strai_ rn_ro.*e_f_- f_ctors _" _wo _,,._._ +_.+.

used the tensile strain at failure _n the dynamic tests of the

unidirectional specimens, i.e., 1.50_. TnUSo for example, for lamlrate

4. the static strain concentration farto_ t_5 + +_e _"+_ _' _i,, _,,(_

the adjacent 0= ply to exoerlence was 1.61_/!.01% = 1.59. Similarly,

for the _ynamic case, :he strain concert:ration factor was i.50_/0.92_ -

1.63.

5._.3 Results

Upon examination of the resblts i: s_ould be note_ tq_t there :s

consistent difference bet_eer the static and dynamic res31ts. The

oyn_m_c failuee strafes a_e a:ways _ower tna_ the static fai'ure

strains. Except for Ra_inate 12, the co_puted strain concentrations are

always higher and the tensor polynomial value is ai_ays lower _or the

dynamic case. Reasons for this a_e discussed in the nex_ seCLicn.

Examining the results of both the tensor oolynomlal and the Strain

concentration factor provides a qualitative understanding of the effect
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of laminae orientation on the ultimate strain i,m the :_._.+o._,.,,,._..r_,_,

the [(e/O/-0)S) 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 polynomial value incr_ase_,

with increasing off-ax_s angle. For example_ in the static case of

laminate 2 which has a 15% off axis fiber angle, the tensor polynomlal

,_ n,_ Th_had a value of 0.85 and the strain concentration factor was _._.

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 simplified plane-_tres_

version of the tensor po1_'no_,!a! The - S,_ _tr_SS IS especiallv
..... XZ ...........

mlssmatch bet.een the 15_ and
high in laminate Z due to the large nxy,x

C° laminae, and the 15° and -15 ° lamlnae. The low value of the tensor

polynomial suggests that the initial material dlscont.lnuity in the

laminate ano the loss of load carrying capacity of the laminate occurred

simultaneously. This is consistent _ith the high value o(' strai,'_

concentration calculated for this !a..minate, The initial IS° matrix

crack in the surface ply of the la_ninate might have caused high shelr

strains as weir as nigh tension strains at the base ef the crack ,n t,_e

adjacent 0° lamina. There iS evidence, h..n-e.ver,that the shearing

effect causes higher strain concentrations than the tension effect. It

Is speculated that the amount of shear strain concentration is related

to the nxy,x ter_ of the angle ply lamina.° .....FnrthP I(_lOl-e_.l... 'S's family...

the computed strain concentration factor is a maximum for the 15" angle

and so is the value of "xy,x" The computed strain concentrat:on reaches

minimums at G_ ard 90 ° as _.oes 'xy.x' AS stated above; laminate 7, with
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off-axis angle p11es of gO °, had the lowest value of strain

..... f_,_'_,o It ,Isn had theconcentration of lamlinates in th_ !(:,/Ol-_)5!s ......

highest value of the tensor polynomial. This suggests that the 90"

outer ply cracked much before the load bearing O' failed and a gO -_crack

had a less severe effect on the adjacent O" than did an off-axis crY_ok=

Co_aring laminates 7 and B and also comparing laminates 4 and 12

snows that it is more severe for a O= lamina to nave cracked angle plies

on both sides of it than if there is a cracked angle ply to one side

only. Laminate 7 had 90 _ laminae o_ both sides of the 0° lamina nearest

to the tension surface. The static strain concentration factor was

1.30. Lamirate 8 had a O: lami_ on the surface with just one adjacent

90" lamina. There the strain concentration factor was 1.02. Laminate 4

had 45 ° laminae on both sides o; the 0-_ lamina nearest to the tension

surface. The strain concentration factor was |.59. Laminate 12 had a

0° lamina or the surface with just one adjacent 4S= lamina. The strai_

concentratlor was 1.20. These nu_.bers indicate that crack_ |,, t_e

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

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

5.3 Differences in Static and O_namic Failure

As stated earlier, the results show that the ultimate strains in

the dynamically tested specl_n_ were )ower than the u,_,,,,a_"_'-'_....._,a,,,_'-"u,'"

the statically tested specimens. Two reasons are speculated. First,

the composite may have straln-rate Oependent material propertles.

S dynamic specir,ens und2r§o .....econd, the a _ore ......_ I_._ _ _ :w.

maximum strain rate in the dynamic tests was approximately 5
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in.lln.lsec. A reduction in the ultimate )troin of matrix domlnated

failures might be expected at this Strain rate. However, a reduction in

the ultimate strain was seen for fiber dominated failures as _ell. It

is 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 Icadln_ hlst,jr!es than t_ static ones= Recall

that in the dynamic tests there was an Inltlal high-amplitude load spike

and an initial "W" deformation shape of the beam. The "W" deformation

was such that the lamina w_Ich failed under tension_re initiallyu_er

compression. Also the dynamic specimens were subjected to a third mode

_)bratory response which could have fatigued the specimens. The dynamic

lcadings could have caused damage in the l-_!rate on _he _!cromechenica!

level early in the loadirg histo-y and these could have contributed to

the lower ultimate strain levels later in the loading 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 was def!_d as the !n!ti_l loss

in load carrylng capability. However, predicting the amount of drop in

the load upon failure is as important as the prediction of the onset o6

failure. Recall fro_,,the load ._©nl._a_m.+ eel_tinn( discussed in oh. )

that laminate 2 haO from 3 to 6 failure events which resulted in

relative small drops in load when a group of 2 to 6 plies failed

slmuitaneously. Laminate 3 had 2 or 3 fal _',-o o,,o-'_ _ho-o _ rn In

plies failed simultaneously. All the other laminates had I major
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failure event, where 40% to 60% of the plies in the lamlnate failed

simultaneously, producing a drop in the load of up to 80_. Further

investigation is neede(_ to ,_.,,o,-.4,_o +h° ,-°l,,_,_,_ h._on .h. Dv_nf _f

failure and laminate type. Such studies are important if the collapse

of a composite structure is to be predicted. During collapse, some

structural members will fail. others will _--*_ly_,_,_, _._,.,,, .,,_-'__.=._,,__i_.,,,

remain intact with load being transferred and retransferred throughout

the structure. Knowing how to predict partial loss of load capacity of

the individual elements wo_Id be important ",v,....v-=-,_*,,,_^a4"*4""the ._ll=_em_.v,,_p_

behavlor.
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ChN)te _ 6

PREDICTION OF DEFORI_'_TION _ccn,',,,,cc_kjr ulIJ_

To predict the deformation response of the beam, an existing finite

element program 'was used. The static load-deflection r_spons_ ,as

predicted for each of the lamlnates and was compared wlth the

experimental results. For laminates I, 4, ar_J 7, the dynamic test

conditions were modeled. The finlte-element pcedIctlons for the load

deflection, load-time, and the displacement-tie w_)_ ¢_ared with the

experimental results. Because of the expense in running the computer

prngram, only 3 of the IZ laminates were selected for the dynamic

analysis.

6.1 Finite Element Procjram

The finite element program used was cBpab!e of computing a

nonlinear transient response of a structure subjected to time varying

loads (ref. 9). The program allowed for large geometry changes by

using a co-rotatlonel coordinate syste_ in the deforest!on K de!. The

analysis Is preformed by direct minimization of the scalar energy

function.

6.Z Material Model

The program was written for crash analysis of aluminum

structures. Therefore the material model was designed for isotropic

linear elast_-plastic materials. Although nonlinea- elastic materials

cannot be _cdeled, linear _imo_ular materials can be modeled and were

130
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used for the analysls. In addition, the _._u.,-.,-' _...nt..,,,,.. .._.1_....

an|sotropfc materials. However, since the beam is one dtmensiona! and

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

compressive and tensile flexural "_'""_* ^_ +_= _'! *'+" "'" "_=_ _n th=l,lqJ_bJbl I ! VI bll_. , ..o ,o_.,,. *eJ, m._ _q.._ • .. _.._

material model, which raises another issue. Since the material was

assumed bimoclular, the neutral surface of the beam was not coincident

with the mldplane. The program has the .._..._-_'w4_;*",,._+..v_-,.---_'_"_=+h..._

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 thls option was not evoked for t,w_-,-,a-,-"'_"'(".=_....=av.,-,----

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 S4..;_;-.-, =¢_=_4.11v for 1,m;nat==

3. However, for the dynamic case one computer run using the neutral

surface computations would cost SIOO0. In addition, as will be seen

shortly, there were other problems ,_;._.,.,,,k.,,e..,-v---_""*°".°¢,,_.¢_.......Th.s. eh,_...

error was tolerated.

6.3 Material Properties Used

To perform a successful analysts, accurate material properties are

required. Determining the properties of a laminated composite material

is routinely clone wlth classical l_ination theory= Classical

lamination theory uses the four independent material properties of the

constituent lamina to determine the laminate properties. For a balm.

17 nil/hh3 ,the flexural modulus, E, can be co_p,.utedby E - ...... w_ere h is

the laminate thickness and b the _aminate width. Using _he material
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TABLE 6.1
F]N]IT ELI_IIT INPUT _ATA

Lmminat ton Th_r¥
P_dul |

NOC_ul_ Used in
F'in Jte-(lenent

Ar_l).sts

Laafnate Lay-Up (t EC Et Ec
.umber (.s[) (Msi)

Dy_ll_Ic Date For
Ftn_te-Ele_nt

Araly$1s

Lueped ln4ttel
Mass V_)octty

(L_,) (tn./sec.)

8

9

I0

IL

12

10130 20.0 18.5 18.9 14.6 55.6 207.

1115/0-15351 s lg.cs 17.22 18.8 13.7

[(30/0/-30)5] s _5.24 13.82 15.9 8.4

[(45/0/-45)51 s 11.31 10.31 10.9 5.5 32.3 17g.

[(5o/ot-6o)81 $ 8.88 8.z3 5.2 7._

[(75/o/-75)5! s 7.1 _.9
[{90/Ci-90)5] $ 7.95 7.27 7,2 6.85 32.3 :?g.

f(o/so)81 s IZ.05 10._5 12.06 :C.�S

l(e8/_o_! s zs.ze le.sa ;e.2a :e.sz

i(908/0_l s c.os 3.77 4._5 3.77

1(4SI-4S10/90)41 s 8.91 8.!5

[(Ci_510-4E)319010/01/21 s 1_.34 9.;8

Ratertal Properties _secl [n LP..p_ir_te Analysis

[ - _,C.S MS: E_ • 19.5 IqS2

E2 = 1.E" N51 E_ - 1.64V_;

G - 0.87 MSI

8.10

I_.34

5.56

9.:8

v12 = 0-I0
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property data of table 6.1, the compressive and tensile flexural modull

were computed for each laminate type using classical lamination

theory, These values are presented In _._i°_._,__..! .,_--__re _.h._AH,.._..

"lamination theory moduli". In addition, the flexural moduli of

lamlnates I through I and II were emirlcally determined (n oh. 4. The

values of the _oduli at the max!mu-, _"--'*"'- levels n_ o_rh l_ma._rp

type were compared .ith the lamination theory moduli. T_e comparisons

showed poor agreement, partlcularly the compressive moduli. It was felt

that the emplrlcally determined mod-!1 _re ,,-ore_ccur_te. T_-s the

emplrlcally determined moduli were used In thL" material model for the

laminates. However, the moduli of laminates 8, 9, I0, and 12 were not

determined ecplrlca'ly and the la?.inat!on.,th_ry ...-odul!._ere used in the

material model for those laminates. The flexural moduli used In the

_aterial moo)el for each laminate type is presented in table 6.1 under

the column "moduli _sed in ;tnJte ol._n+ _nalv¢;¢" lP tc i...m_vnrtant in

note that even though the assumptions of classlcal lamination theory

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

flexural moduli of the laminates. ThereFore b__sed on the eviderce seen

here, it appears classlcal lamination theory cannot be used with

confidence for ".he prediction of the large deformation response of the

Iaminated beams.

As stated in ch. 4, the uncertainty in the moduli at the high

curvature levels was 0.5-I MS1. The effect of this uncertalnty on the

response is examined in Appendix I,



I)4

6.4 Finite Element Nesh

Twenty elements were used to model the 20 in. unsupported portion

of the specimen between the h!nges. T.,.ee!e_t h_.d ..c,Jb_c tr..nsverse

aisplacement field and a linear axial displacement field. The required

beam thickness and widths were obtained from table 2. The total load

eccentricity was equal to the S/B in. off-set introd,Jced by *.he te;t

fixture, plus the amount of measured beam camber from table 2. A s_ngle

rigid element was used to model each hinge. Figure 6.1 snows the finite

element mesh used.

6.5 Static Anal@sis

_or the static analysis a _ert!cal force was appl'"" "* n;d_ "

Ten load steps, from 0 to the maximum load encountered in the

experiments, were used to compute the static response of the bea_.

6.6 Dynamic Analysis

To simulate the dynamic load, a lumped mass e_al to the mass car

plus the slider was assigned to node !. _e I _as ;ive_ _n -n_::al

velocity comguted from the conservation of momentum of the mass car

(which had an initial ve|oclty of 235 in./sec.) Inq)acting the slider.

In addition, a constart Force in :he =.4=i d_rec,_;n =.,.I _ +h° _,=_.v_

of the lumped mass was applie_ at _ode I. Va!_es of the lumped mass and

initial ve!ocizies used for the three oynam!c ana]yses are given in

table 6. The starting t_nne step ¢_= ,.,a¢2_ ; ¢°_ _,:_¢=_,,=.t +_m=

steps were chosen by the program.
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Rigid Element_ I

F 2
3

4

5

Beam Elements-,

6

7

8

9

I0
I1
12

13
14

15

16
17

18

19

20

21

Rigid Element J_/: ::

Node Numbering

Ftgure 6.1 Ftnite £1emnt: Node;
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6.7 Stattc Analysis Results

The end load-displacement relation fr_ the flntte-element analyses

3.8 for laminate I, in fig. 3.3 for laminate 2, in fig. 3.11 for

lamimate 3, in Fig. 3.14 for laminate 4, in fig. 3.17 for laminate 5, in

fig. 3.20 fo_ lamirate 7, in fi_. 3.23 for la_inat_ 8, _-,,,""-,,_. _._u__c ,._,_,

laminate 9, in fig. 3.29 for ]aminate 10, in fig. 3.32 for laminate 11

and in fig. 3.35 for laminate 12. For lamlnates I through 8 and 12, the

finite element analysis agrees well w_1;h the exper_i_ent u_ _u i,,,_,_,

failure. However, notice from table 6 the sigmificant difference in the

flexural moduli co--ted from laminate analysis co_ared with l;_e

empirlcal flexural moduli used in the analysis. Fcr

the I(o/O/-_)5! s lamlrates, if tl_e theoretical _lexu_a._ modu!i had_ __e_._

used in the finite element analysis, there would not _ave bee_ good

agreememt with the experimental 3oad-d|s_3acement re;at_on. The f{nite-

element progra_ woald have underpredicte¢ the deflections for a givem

load.

Despite using t_eoretica] moduli, the finite-element comparison for

laminate type B was good. Unlike the previous co_pariscm__o using the

theoretical mo(_uli i_ laminate g results in an overp-edictio_ of the

deflections. For laminate Zi the finite element analysis underpredicts

the deflections of the static specimens, ever tho,Jg_ t_._ _mn_-Irallv-_._.._- ._

derive(_ flexu_al moduli were used in the analysis.

6.8 Dynamic Analysis Results

Dynamic analyses was perf_r_d for lam_ates !, 4, and 7.
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Comparisons of the analyses and the experimental data were made for

three relations: load-displacement, load-tine and displacement-rise.

Analyses were performed up t_ th_ in!*_'I r:11"'° _ _ "_° h,,,

Figure 6.2 shows the com0arison of the analytical and experlmental

Ioac-tin_ relatler for laminate 7. The relations are qualitatively

similar but there are solne _,:_ous _""'_+'+_"° A(_o,o_-oe T._ fWo

first 0.01 sec. of the load response, much higher frequency components

of structural vibration are predicted by t_e analysis than were recorded

in the experlme_ts. The initlal load spike _,°A_+o_ h,, +_o _,_I,,_I,# l iF.. _.# ,, ,_. i,. '_... _ l,¢jp _,,, q,,. i6**wm, _ jp J * ,,_

l_ad an amplitude of 9845 Ibs, mere than eight times that which was

recorded in the experiments. (The load response from the analysis was

.... Zl, .... a..-p!!t-_e of *_'°c11pped at 4000 lbs. For d_sp_ay in _g. _ _ +_° ....

third _de vibratory response was approxi_tely twice that recorded In

the experiments. However, the frequency of the third _e response _a5

pr_-,dicted quite accJrate!y. Figure 6.3 "_ _° _c_i,_o,t _

relations for laminate 7. Correlation betweer the experiment and

analysis is good. When the "oat-time relation and the _isplacement-ti_e

relation are cross plotted in f(-"-° 6.(I *_ {_-_ ""_ 108d -HiCnl=r°_nt

relation for laminate 7, the oscillatiors in the analysis become

slightly out of phase with the oscillations in the experiments.

The same three relatiors are showr !_ f!g. 6.._ th_,J fig. 6.7 for

laminate 4 and in fig. 6.8 thru fig. 6.10 for laminate I. Comparisons

similar to those above can be dra,n for the correlation of the analysis

and the experiment for laminate 4 and laminate I.

Figure 6.£1 shows 5 deformed meshes from the dynamic analysis of

laminate 4. These deformed meshes were selected for comparison with tne
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5 frames of fiim show_ in fig. 3.4. The time. after i_pact !__ in.dicar.ed

with each frame. The spatial shapes of the deformed meshes in fig. 6.11

agree Quite well with the spatial shapes shown in the film. The times

after impact are different in figs. 3.4 end 6.1! bec_-,-sethere w._.sno

control in the time increment in the finite element analysis.

In sun_nary, the analysis qualitatively p_edlcts the nonlinear large

deformation resonse of the dynamic tests b,Jt_,,_t_ve!y_..,,......_-_p_-a_reS.._,,..,..

the amplitude of the initial load spike and the subsequent vibration.

In addition, the analysis predicts m_cn higher frequencies in _he

initial 0.01 sec. of the dyn_,_iC o_-"+ T,he ._i_o_--_o_ _o_-_°- ,ho_W. IFII...eb o ,dPq,p' _.i,w_aI'_.p 6'b.,.IP _.a_.. _It_,.._,.gI _IIW.

analyses and the experiments might I}e due to the lack of struc:ural

damping in the finite element model. In the experiment there is some

material damping in the composite specir_n, and "_--_.,,_,_ _-,._..,,,v'"'_",__,^*"_-,,_

high frequency components of the 1_ad as it is transmitted fro_ the

slider, to the load transducer, tc the hinge, and finally to the

composite specimen. The ar_Ilysis _SSU,,'_S _Wo_o.,,..._._,.._+"'_o'_...,,...,_ .'re

perfectly linear elastic. Also, recall from. ch. ? that the analog

signal from the force transducer was filtered at i000 nz before it was

recorded. TO make reasonab_.e e_,._.elthe, ho+,.,-°_, _.h,, .v_mo.f_1 Aaf.

and the analysis, the analytical results should have been filtered at

the same IO00 hz. Filtering analytical output to maw_ cor,parisons wit,_

experimental data Is a ""_(_° .._l,-_,_,_ h°o,_ ,-°,_,,,-_.oH,-.,, ,-,t_o,.-,:

researching crash behavior (ref. 5).



Chapter 7

CONCLUSIONS AND RECOMMENOATICNS

This study investigated the lar§e def_rCat10n u=,,u=--"',,._...........,==vv,,== u,=

simple rectangular cross section composite beams. The study was seen as

the first step in analyzing the c_ashworthiness of a composite fuselage

structure. The overall goals of the study were to:

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

?. Determine any difference between large deformation static and large

deformation dynamic response. Specific interest is in the failure

mode.

3. Determine the lnf1,Jence of lamiP.ate stacking arrangements on the

dynamic response and _ailure mode.

4. Predict the static and dynamic response, using an _^,_,,,_^"_*_-__'-'+^,,,,,_

element program.

ConclusiOns

From this StuCy the followin_ .... _'_'_ ....... _.......

I. The eccentrically loaded column test fixture p.oved ;o be

successful in introducing large deformation dynamic bending

loads _n to structural e!e_ents. The _._._,,.o._+_..o_^._oA

the deformation and failure response of t_e beam specimens

with a minimum of prcblems. The configuration of the loading

fixture was such that, under Oyna_!c !oad!._, _ ..h_gh.,.-.,.'"_*"A°....._

initial load spike and a th!rd mo_e vibratory response was

excited in the beam. This more severe dynamic ioa_

environment is desirable for deter_,,i_i_ the dynamic load-

deflection behavior of specific structural elements. Such

149
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crash conditions will indeed introduce a severe load

environment.

Laminate 9, a [(08/908)]s l--_--+o an_ _'-'_-+- In a

[(908/08)| s laminate exhibited unusual and oistinct failure

modes under both static and dynamic loadings. However because

these laminate had clustered lamina_, ,,,_s _,_ _ _,

practical interest.

The rest of the laminate types tested were of some practical

'*^_ -^ differencesinterest. These laminate types exfflb,_u ,_

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 thought to be the cause of this result. Instead, the more

severe load environment experienced by the dynamically -----e_u

specimens was felt to have )een the caLse.

T_e progression of failure, i.e., the number cf distinct

f_ilure events during the 16 in. axial _nd u""-_,_v,Q-_,,,_,,_........ _," "_^_,,_

beam, varied with laminate type. Laminate Z, the

[(15/0/-15)5] s laminate, had From 3 to 6 failure events with

associated small drops in the enC load. Laminate 3, "_-_,,c

[(30/01-30)s] laminate, had from 2 to 3 failure even:s with

moderate drops in the load. All other laminates had I major

Failure event, producing a drop in the _oad "" "^ :__, _ _v _.

Neither phenomenological (strain tensor polynomial) nor

metbanistlc (max'mu_ fi_er strain) failure criteria as
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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 -^' .... _' '_ _^" - "V_ m3 v _D,,JOOgVQ U I_ U_ I _OICU _V

predict the onset of any failure such as matrix crack. The

initiation of a matrix crack did not always coincide with the

reductlon of load carry'ng capabil'* ,_,,_u ,,,_y. T_ fibers ""_'_ '"

the presence of a matrix crack in an aOjacent lamina. The

matrix crack caused a strain concentration in the fibers anO

it is felt this initiated failure. Since it does r_t

accurately eeasure the fiber strlin in the region of failure,

the strain measured by a strain guage cannot successfully be

used to predict fail_re.

Because co_oslte materials are heterogenous, when a crack

initiates Lnder ber_lirc loads in a lamina, it seldom

propagates completely thrcu§h the thickne_ -" _- _'-'-'*"

Instead, the crack often turfs at a lamina interface, an(_

causes delaminations. Ihls leaves part of the lamina

• ° " k_ _

undamaged a_d able to carry a" portion _f th_ or:q;_a_ u_,,u-'-,,,_

load. Failure critera do not address this issue of the

prediction of the extent of failure.

The compressive side surface strain st v,,__,,_, u, _,,_ u_a,,,

was always greater than the tensile side surface strain, even

_nougn the beam was nearly in a state of pure bending.

Further investigation reveale_ that the l&_inat_S ,,_

bimodJlar flexural properties. For laminate 4, the

;(45/O/-45)Bls Raminate, the co_p-essive flexural modulus was
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measured to be nearly 50_ less than the tensile flexural

modulus. For the unidirectional laminate the compressive

L3,_ less than th_ t_nsil_f!exural modulus was measured to be _ _

flexural modulus. Because of this, classical lamination

theory was not successful in accurately predicting the

flexural _oduli cf the laminates.

With c_npir!ca_ly determined _ater_a! 9ropert!es used in th?

material model, the finite element analysis predicted with

reasonable accuracy the static load-deflection relation, and

the dynamic load-time, disp!_ro_* *(,- a_ I^_A-"_SPl'rD"_n+

relations.

Recommerdations

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

dynamic structural response can be predlcteo accurately. However, the

program n_ls_ ha_e available an _,,_.to _+o_4_ m_o_ ._h_rh

characterizes the flexural rigidity, failure initiation, and failure

extent. Unfortunately t_e state _f t_e art in the mechanics o_

composite materialc cannot _._,,_Ao . ,-k _ m_+o.i_l _I Thl,{ nnlu

empirically determined infor_at:on can be useO with conf_cence.

Therefore further research ir the area of crashworthiness of

composite structures should be _.o_+oA _..._ .at...o_-

1. Basic research in the mechanics of composite _aterials needs

:o be conducted to being able to predict the material

response. The bimodu!ar bebav_ _,_,_a 1_m_+_._,,._-, +h_.,,_



re

153

initiation of failure in a laminate, and the extent of failure

once it has initiated need to be studied.

Further research should be conducted ".v.a.u" c.,v^'""_'1_",,,_.,,j

characterizing the Ioad-deflectlon behavior of practical

structural elen_nts, such as hat stlffer_rs or sectlons of a

Stiffened panel, under bot_ static an_ dynamic '""',v....The

test procedures used in :his study would be suitable for such

a characterization.
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Appendix A
EFFECT OF VARIATION IN IHICKNESS MEASUREMENT ON THE

PREDICTED END LOAD-DISPLACEMENT RELATION

During the cure cycle of the lam_reted r_m_,ci+, ,l,+_c ovro_

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. Whe_ Cn_rl_m( a_a r,n+ f_nm +bo nlaf_ +hD

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 _o_o-_ +_ +_o .o.,o. _,e _.l_

consistent and was accounted for in the analytical model. Nowever,

there was a significant variation in the thickness at the center of each

beam, from specimen to specimen, _ a .,mAnm v_r!,+in. _ +_ +hlr&,_cc

across the width of any given specimen. The uncertainty in the

thickness measurement was taken to be t 0.1)02 in. This was one of the

factors which could account _o_ +_ aov(.+l_, i. +ho lh__dicn1_r_mo_+

relation from specimen to s)ecimen.

To determine the effect of the variation in thickness on the load-

displacement relation, the *in!te element analysis Ui_r,,c_ in oh, 6

was employed. Figure A.I shows the load dlsplacement relation for 3

unidirectional bea_s. The center curve is from the oea_ with the

average center thickness of t = 0.168 _n. :aken *_ table 2.2. Xhe top

and bottom curve represent the beams with the maximum variation from the

average center t_ickness, t = _.L66 in. and t = .i70 in. respectively.

With the uncertainty of !0.062 in, in the thickness there i_ _n

uncertainty in the Oisplacement _t 300 Ibs of end load, cf _+o.g( in. So

wlth a variation in thickness of less than i_, the variation in
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displacement was about 85[. Such a variation in thickness could account

for scatter of the data from :he thr_e rap]' .....,_c 5pec I?_n5.
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Appendix B

EFFECT OF ECCENTRICITY 04 THE LOAD-DISPLaCEMENT RELATION

In the manual construction of a laminated plate,the orientatior of

the lamina can be placed with an accuracy of, ._+ --...h°'_ ._o_.. 0°_=..._the...

perfect placement of the lamina results in a slightly unsymmetric

laminate. After the cure cycle the laminate becomes warped by the

resulting unsymetric resld_al thEr_.,al stresseS. Th4 _arp of the

specimens contributes to the eccentricity of the load. The amount of

warp in the beams of eac) laminae type was measured as the camber, or

deviation from perfect straightness, with an .,,._,_-+-4-+"..,,,_s_.+nO! _-....The..

results of these measurements were presented in table 2.2. The amount

of camber in each laminate type was included in the analytical mooel.

However the uncertainty in the ca_r _as_re_nt, taken t_ be _C.O!

in.. was one of the factors effecting the deviation in the load-

displacement relation from specimen to soecimen.

To determine the effect of t_e _inor variations in +_o ._°.,._i+,,

on the load-displacement relation, the finite element analysis discussed

Ch. 6 was employeO. The eccentricity due to the camber of the beams was

•dded to the eccentricity from +w_ _^._._ _4.,,._+(_ .hlr, _c _/A

in. Figure B.I shows the load-displacement relation for three

unidirectional beams. The one beam was the average camber, from table

?.?, oK 0.03 in. The other t_o c_rv£s -_..oro_+ ,Wo _o_m_ _+h +So

•aximum variatio_ from the average camber, 0.02 and 0.04 in., _espec-

tively. As can oe seen in the figure the trree curves are essentially
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coincident. Therefore minor variations (=l_) in the eccentricity of the

lo_d do not signlflcantly effect the '_'_ _'_ ...... * U_ _ Vtle



Appendix C

DIGITAL FILTER ROUTINE

The random noise in the displacement signal, which was

subsequently digitlzed at 4000 samples pe_ seco_, was smoothed by a

digital filter routine, A low-pasS filter wlth an ideal cut-off

frequency of 500 hz. was designed and then prograled in FORTRAN. To

design the filter, a fast Fourier transform routine transformed a filter

gain function in the frequency domain to a smoothl_ function in _he

time domain (ref. I0). lhen a window routine ccxmuted an optimal

weighting sequence from the sm}othinw) function. The _ighting sequence

,se_l was )I clock periods long, i.e,, )I sample l_i-ts long.

Table C.I shows the positive portion of the weighting sequence

used. The table gives the gain characteristics, in decibels, and the

phase characteristics, in degrees, as a function of frequer,:y. The

negative portion, i.e., clock period -I to -15, is the same as the

positive portion. Thus the filte_ !l synm_t_ic.
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TABLE C

FILTER CHARACTER IST ICS

Clock

Period

Weight Freq Gain

Sequence (_Z) dbs

Phase

Shift

(Deg)

0

1

2

3

4

5

6

7

8

13

11

12

13

14

15

0.12500

O. 12142

0.111O9

0.09518

O. 0/544

0.05401

0.03307

0.01457

O.00O00

.,%9(} £

-0.O1476

-0.01543

-0.01294

-0.00876

-0.00440

-0.00118

0

250

500

750

I000

1250

1500

175C

2C00

22EC

25C0

2750

3000

3250

3500

3750

-0.00000

-0.00001

-6.02051

-120.00000

-120.00000

-120.00000

-120.00000

-120.00000

-120.DO000

-120.aO000

-120.00000

- 120.00000

-120.00000

- 120.00000

-120.00000

-120.00O00

0.00000

-0.00003

-0.0000i

O.O000C,

0.00000

O. O00OC

O. 0000O

O. OOOOC

0.00000

0.0000G

0.000O0

0.00000

0.00000

0.0000(}

0.00000

O.O000G



Appendi x D

STATIC LOAD-DISPLACEMENT n T

In this appendix the static load-displacement relation for each

specimen tested is displayed. The figures _ .... +_^ _^-"_-" -.a

unloading load-displacement reIat'ions. Specimen ].0 shows unusual

behavior because it began to crack immediately upon loading.
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Appendlx E

DYNAMIC LOAD-TIME DA'_A

This appendix presents the dynamic load-time relation for all the

laminate tyDes tested, with the exceptior cf laminate type 2.
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Appendix F

ULTIMATE FAILURE STRAINS

This appendix presents the ultimate lo_itu_ira! strains for _l! of

the static and dynamic specimens tested. The results are presented in

Table F,I. The compressive side strain and the tensile side strai_s ale

recorded in the table.
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TABLEF.1
FAILURESTRAINS

S_clmn
t c

cUlt tUlt

2

3

4

Stat t c

Dynamic

Static

D.ynamic

Stattc

Oy_mic

Static

Oynmic

Static

Dynamic

1.1 .0169 0.189
1.2 .0153 .0174

1.3 (not strain guaged)

1.4 .0153 .0168
1.5 .0146 .0171
1.6 .O15Z .0170

2.1 .0086 .0101
2.2 .0084 .O096
2.3 (not strain guaged)

2.4
2.5
2.6

.0075 .0088
.0075 .0088

(not tested)

3.1 .0100 .0140
3.2 .0134 .0136
3.3 .0104 .0135

3.4
3.5
3.6

.0091 .0128

.0C93 .O127
(not tested)

5.I .0122 .01_

5.E .0111 .0134
G.3 .OIZ1 .0148

5.4 .0098 .0118
5.5 .0097 .0116
5.6 .0103 .0124

4.4 .0099 .0140
4.5 .0100 .0140
4.6 .0100 .0141

4.1 .0110 .0150
4.2 .0110 .0152
4.3 .0112 .0155
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TABLE F. 1 (continued)

L_tnate
Number

Spectmen
t

tUlt
c

_Ult

8

9

10

11

Static

O.yn_li C

Static

Oynamic

Static

Dynamic

Static

Dynamic

Static

Dynamic

7.1

7.2

1.3

(instrumentation
.0134

(instrumentation

problems)
.0140

problems)

7.4 .01Z 0.130
7.5 .O1Z5 .0135
7.6 .01Z .0135

8.1 .0154 .0170
8.2 .0156 .0174
8.3 .0162 .0177

8.4 .0141 .0156
8.5 .0141 .0156
8.6 .0150 .0168

g.l .0137 .0170

9.2 .0116 .O13Z

9.3 .0144 .0176

g.4

9.5
9.6

I0. I

10.2

10.3

10.4
10.4
10.6

11.1
11.2
11.3

(no meaningful data)

(no meaningful data)

(no meaningful data)

(instrumentation problems)

(instrumentation problems)
.0138 .0170

11.4 .01213 .0150
11.5 .OlZ3 .0153
11.6 .0120 .0150
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TABLE F.I (continued)

Laminate
Number

Specimen t ccUlt cUlt

12

Static

Oynamtc

1Z.1 .0127 .0160
12.2 .0142 .0176
1Z.3 .0132 .0161

12.4
12.5
12.6

.0123 .0160

.0135 .0174
(not tested)



Appendix

FLEXURAL NOOUL[ DATA

This appendix presents the data used to calculate the bending

tenslle and compressive modult of the laminates. Tabulated are the

axial displacement of theend of the bed.m, the lateral (_eflect!on of the

center of the beam, the axial load, and the tensile and compressive

strains. To compute the distance O used _n the computation of the

_ull, 0.725 in. must be subtracted fro_-.+ho laemr_1 Aic_l_t'Dm_n+

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 refer_e bar).
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TABLE G.Z
FLEXURAL DATA FOR LAMINATE 2

Axial

l)Isp.

(in.)

Lateral

Dtsp.
{in.)

Axial Tensll_ Coepesstve.
Load Strain (_) Strain (c _)
(IbF) (_.¢) (pc)

0.50 ?.73 129 1820. 2020.

L.O0 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.

).00 5.65 L87 5900. 6920.

3.50 6.02 192 6500. 7630.
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Table G.4
FLEXURAL OAIA FOR LAMINATE 4

Axial
Oisp.

(in.)

Lateral

Disp.

(in.)

Axial Tensile t Compresslv_
Lcad Strain (¢) Strain (c_)

(IbF) (pc) (ue)

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.CG

5.50

7.00

7.50

8.00

8.50

9.00

2.75 57 1850. 1950.

3.60 67 2940. 3270.

4.25 73 3790. 4360.

4.80 76 4490. 5310.

5.25 79 5100. 6200.

5.69 82 5650. 7020.

5.04 84 6160. 7780.

6.40 96 66a0. 8520.

6.70 88 7090. 9230.

6.99 90 7530. 9900.

7.25 92 79_0. 10560.

7.50 94 83_0. t_200.

7.7! 96 8?30. 11830.

7.95 98 9110. 12440.

8.t5 100 9480. 13050.

8.30 IC2 9850. 13650.

8.50 103 10200. 14250.

B.67 105 10500. 14830.
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TABLE G.6

FLEXURAL DAIA FOR LAMINATE 6

Axial

Dlsp.

(in.)

Lateral

Disp.

(in.)

Axial

Load

(lbF)

Tensi let
Strain (,)

Compre ssiv
Strain (¢ _)

(..-)

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

8.00

2.75

3.60

4.25

4.80

5.25

5.68

6.03

6.38

6.70

6.98

7.25

7.50

7. ,:'5

7.95

8.15

8.35

53

62

69

70

72

74

78

77

78

80

._C

81

82

83

84

1770.

2920.

3830.

4610.

5310.

5960.

6540.

7100.

7640.

8140.

BY10.

9340.

9870.

19250.

10670.

11100.

1930.

3200.

4220.

5110.

5900.

6660.

7340.

8000.

8640.

9Z60.

9886.

1O490.

11060.

11590.

12140.

12360.
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TABLE G.7
FLEXURAL DATA FOR LAMINATE

Axial
Oisp.

(in.)

Lateral

Disp.

(in.)

Axla!

Load

(IbF)

Tensile t
Strain (c)

Compressl ve_

Strain (¢')

0.50

1.00

1.50

2.00

2.50

3.00

3.50

4.00

4.50

5.00

5.50

6.00

6.50

7.0D

7.50

8.00

8.50

9.00

2.75

3.60

4.25

4.80

5.25

5.68

6.03

6.38

6.70

6.98

7.25

7.50

7.75

7.95

8.15

8.35

8.50

8.68

53

62

67

71

73

76

78

79

81

83

85

86

88

89

91

92

94

95

1800.

2930.

3830.

4610.

5310.

5960.

6560.

7130.

7680.

8190.

8690.

9180.

9680.

10130.

1C530.

10970.

11370.

11830.

1920.

3110.

4040.

4840.

5560.

6220.

6840.

7440.

8010.

8560.

9C90.

9610.

IC110.

1C610.

11110.

11580.

12060.

12550.



198

TABLEG.8
FLFXURALDATAFORLAMINATE11

Ax_al

Oisp.

Lateral

Dtsp.
(in.)

Axial Tensiie . Compressive c
Loa_ Strain (c_) Strain ({)

(lb )

0.50

I.O0

1.50

2.00

2.50

3.00

3.5O

4.00

4.50

5.00

5.50

6.00

6.50

7.00

7.50

8.00

8.50

9.00

2.72

3.55

4.22

4.78

5.20

5.65

6.01

6.35

6.70

6.98

7.25

7.50

7.72

7.95

8.14

8.31

8.50

8.66

72 2080. ?140.

83 3320. 3480.

88 4310. 4580.

92 5150. 5550.

95 .5890. 6430.

98 6560. 7250.

100 7180. 8020.

lO? 7760. 8750.

1'34 8310. 9460.

136 8830. 10140.

107 9330. I0810.

i09 9810. 11450.

iiI 10290. 121C0.

:.12 1073C. 12700.

114 11170. 13310.

116 11590. 13920.

118 12020. 14520.

119 12450. 15110.



Appendix H

EFFECT OF TRACKING THE LOCATION OF THE NEUTPJ_L _u.r.ucc"nc^'c

ON THE LOAO-OISPLACEMENT RESPOHSE

As described in ch. 4, the laminates exhibited bimodular

properties. With diffe,ent tensile, an_ compressive.. FIo,,,_,I..-......m_,,1_.._.,+ho.._

neutra] surface of the beam was no longer coincident with t_e

mldplane. For the analysis performed Jn ch. 6, the neutral surface and

the mldplane were assu_ed to be _,_,_,o., -_ effect ,_ +w,+

assu_tion on the static load-displacement response is examined here.

To examine this effect, laminates I anO 3 were studied. Laminate 3

showed the greatest bi_du]ar_ty The r_nr_c(iv_ Flp_ile_l lllfidiili,_ _1_

50% less ti,an the tensile flexural modulus, and hence, thls laminate

should show the largest effect of the snifting of _he neutral surface.

Laminate I showed a more _-_+_ bi._oa,'l_r4t) _!th +h° rnmn_{eieo

moduli being Zl_ les_ than the tensile moduli. Figures H.1 and H.2 show

the load-displacement re|atior for laminates 3 and l, respectively. [n

the upper curve thP analysis assumes the neut_8! surface to be _t th_

midplane. In the lower curve the analysis tracks the location of %he

neutral surface. For laminate 3 the error is significant. At 150 Ib of

force, there is a difference of 2 in. in t_e pred!cte_ ax_a!

deflection. This is a Z5% error. For laminate I the error is much

less. At 300 Ib of force, there i5 a difference of 0.25 in. in the

predicted axial Oeflection. This is an e-rot of on!y _.

Igg



II I i

zoo

200_

ISO_

_ I00_
-1

z
u_ SO_

0

0

_.=-Neu_ral Sur#ace

at Mtdplane

[[30/0/-30_i$

ar£ble

i

I i " I

4 8 12 16

END D[SPLACEHENT. IN.

Figure H. i Effect of Shi*t in _Jtra) Surface On the L:ao-

Dtsplacenent _el_tion for the I(30/0/-30)5J s L_tnate



201

l,
nn
J

Q
.J

0

0 4 8 12

ENO 0 [ SPLi:::EEHENT. [ N.

16

F,gur-e H.2 EfFect of S_iFt _ _t_a_ $_rfece on :he L=e_-

Displacement _et_tton for the {0]30 LaminaZe



Appendix I

EFFECT OF UNCERTAINTY IN THE MODULI ON THE

LOAD-OISPLACEMENT RELATION

As mentioned in ch. 5 the uncertainty in the empirical modull

calculations was about ±1MSI This is ^-^ factor "_ ....'_ .......+

for the deviation between the analytical results and the experimental

data. To examine the effect of the _nce-tainty in the modul_ on the

load-displacement relation, the finite el_nt "''""" ....... "....aHa_t_ _o_ _*l_mu]_u,

Figure I.] shows the load-displacement relation for 3

unidirectional _eams. The center curve has the flex_ral properties

taken from Table 6.1. The other two curve; .... . ._....... t ...

uncertainty in the flexural properties. Uncertainty in the modulus of

21MSI results in a uncertainty in the disp'acement of ±I.CS in., at the

I? in. displacement level. "ni_ represent; a _Jh _=v,_,u, in L,,_

predicted response.
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