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ABSTRACT

In this study the objective was to develop a method of predicting the energy-

absorption capability of composite subfloor bean structures. Before it is possible

to develop such an analysis capability, an in-depth understanding of the crushing

process of composite materials must be achieved. Manty variables affect the cnshing

process of composite structures, such as the constituent materials' mechanical

properties, specimen geometry, and crushing speed. A comprehensive experimental

evaluation of tube specimens was conducted to develop insight into how composite

structural elements crush and what are the controlling medanisms.

In this study the four characteristic crushing modes, transverse shearing, brittle

fracturing, lamina bending, and local buckling were identified and the mechanisms

that control the crushing process defined. An in-depth understanding was developed

of how material properties, affect cnerl.-absorpti,,1 cap ibility. or example, an

increase in fiber and matrix stiffiness and failiure Strain cal, dp)llding upon the

configuration of the tube, increase energy-absorption capability. An analysis to
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predict the energy-absorption capability of composite tube speciielus was develcld

and verified. Good agreement between experiment and prediction was obtained.

Sine-wave and integrally stiffened composite beams were evaluated. Composite

energy-absorbing beams crush in modes similar to tubular specimens that are made

fiom the same material and have similar geometry. Energy-absorption trends of

the composite beams are similar to energy-absorption trends from composite tube

specimens. Composite beams are equal or superior energy absorbers to comparable

geometry metallic beams. Finally, a simple and accurate method of predicting the

energy-absorption capability of composite beams was developed. This analysis is

based upon the energy-absorption capability of the beams' constituent elements.
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Chapter 1 - INTRODUCTION

1.1 Definition of Probleni

Vehicle crashworthiness, as specified in Mil-Std-1290 (ref. 1), is an envelope of

noninjurious crash conditions that future U.S. Army helicopters must be designed to

meet. These crash conditions are related to both impact spcd and vehicle attitude.

The requirements set forth in Mil-Std-1290 also mandate that a protective shell be

maintained around the occupants during the crash. In the case of a helicopter, the

protective shell is the fuselage structure.

Although the crashed CH-47 helicopter, depicted in Fig. 1, was not designed to

meet the requirements of Mil-Std-1290, its crash scenario is representative of the

different crash events of a helicopter. The first crash event is usually the contact

of the landing gear with the ground. The landing gear strokes to the limit of the

hydraulic shock absorbers and then progressively fails at its attachment points on

the fuselage. Next, the bottom of the fuselage makes contact with the ground. The

subfloor beams, located between the cargo floor and bottom of the fuselage, deform.

If the subfloor beams do not crush uniformly and progressively, then the helicopter

floor can "heave"; that is, the floor moves upward into the occupied volume of the

futslage, forcing cargo and occupmnts into the sides of tl(' flschige, as depicted in

Fig. 2.

Crash-induced load& are transferred from the subfloor beams to the fuselage

frames and skin structure. These crash-induced loads transfered to the adjacent

fuselage structure can be significantly higher in magnitude than those produced by

1
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the non-crash loads. If the fuselage frames and skins are not designed to carry these

crash-induced loads, then large deformation or failure of the fuselage structure is

possible. The rear portion of the CH-47, depicted in Fig. 1, experienced large

deformations and failure of the protective shell.

In the next generation of military helicopters, composite materials will be

used extensively in all primary structure. Composite materials offer considerable

advantages over metallic materials from the perspective of weight and fabrication

cost. Composite materials and structures exhibit brittle failure characteristics, in

contrast to the relatively benign ductile failure characteristics of most metallic

structures. Therefore, prior to the design of the next generation of military

helicopters, sufficient technology must be developed to design crashworthy fuselage

structures utilizing composite materials.

The kinetic crash energy is primarily absorbed by the landing gear and the

subfloor beam structure. A sketch of r. utility helicopter showing the subfloor

assembly consisting of frangible and energy-absorbing beams is depicted in Figure

3. These subfloor beams are also the principal load-carrying members that react the

fuselage bending loads. Based upon current design practices for vehicles designed

,o meet the requirements of Mil-Std-1290, approximately 40 percent of the crash-

related kinetic ene, rgy is absorbed by progressive 'rtlhing of the sl)fxwr hewn

structure. However, energy-absorbing subfloor beanis intst be designed to perform

the dual role of reacting the fuselage bending loads and progressively crush in a

crash to minimize the weit : of the fuselage structure. Three beam web designs

that can be used to meet these requirements are the tangent-half circle (sine-wave)

beam and circular and rectangular tube integrally stiffened beams, as in Fig. 4.
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Simple analytical tools and/or statistical data bases are typically utilized to

design conventional composite structure. Only a small fraction of a comparable

data base exists for energy-absorbing subfloor beams, and no analytical methods

* exist for the prediction of the energy-absorption capability of composite materials

and structures. Development of sufficient data to establish a statistically valid

design data base would be cost- and time-prohibitive. An alteniative to the data

base is the development of a method to predict the energy-absorption capability of

subfloor beam structure.

An in-depth understanding of the cause and effect relationships of crash-energy

absorption in composite materials and structures is necessary prior to the develop-

ment of a method to predict the energy-absorption capability of subfloor beam struc-

ture. Tubular specimens with circular, near-elliptical, ad square cross-sectional

geometry, as depicted in Fig. 5, are crushed to evaluate the energy-absorption

characteristics of composite materials. These tube-crushing tests are analogous to

the material coupon tests used to characterize the mechanical properties of a mate-

rial system. Once the material response is understood and analysis tools have been

developed, efficient energy-absorbing structural subfloor beam concepts, such as

those depicted in Fig. 4, can be designed in a manner consistent with conventional

composite structure design practice.

1.2 Review of Pertinent Literature

Crash-energy absorption of composite materials and structures is a recently

developed technology area. The initial research in this technology area began around

1976. Upon review of contributions by other researchers in this technology area,

7
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refs. 1-19, it is obvious that a very limited understanding exists of how composite

materials absorb energy in a crash. As recent as 1983, D. Hull, ref. 6, stated that

"there tas no scientific basis for selection of particular combinations of fibers, resin,

etc. ". Hull further stated that there is, "no physical understanding of the processes

irvolved in the crushing although there has been a considerable amount of work all

over the world on ti microfracture of compositc material.". Fs irfudl and Hull, ref.

8, in 1987 reiterated a similar feeling in that "there can be no univer.'al relation.hip

to predict the specific energy absorption of composite tubes ".

Without understanding the fundamental relationships that control the material

and structural response, the designer of energy-absorbing structures must utilize

a very limited data base of validated concepts which would result in less-than-

optimum structures. Furthermore, to develop analytical tools to model the crushing

response, an in-depth understanding of the fundamental mechanisms controlling the

crushing response must be developed.

The number of individuals and/or research groups conducting research in this

technical area is small. Five different research groups can be identified that have

made significant contributions to the literature on energy absorption of composite

material and non-sandwich subfloor concepts. These re earch groups and their

respective leaders are: Ford Motor Co. (Thornton, refs. 2-4), University of

Cambridge (formerly Liverpool University) (Hull, refs. 5-8), DFVLR (Kindervater,

refs. 9-15), McDonnell Douglas Helicopter (Sen, refs. 16-19) and the U.S. Army's

Acrostructures Directorate (Farley, refs. 90.27). One of the strongest proponents

of crashworthiness in helicopters is J. D. Cronkhite of Bell Helicopter Textron,

9



Inc. Cronkhite has made significant contributions to the area of crashworthiness

although he has contributed sparingly to the literature pertaining to the crushing

response of composite material and non-sandwich subfloor beam concepts.

The review of pertinent literature will be listed by research groups. The literature

review will be focused upon energy-absorption characteristics of composite materials

with continuous reinforcements and the energy-absorption characteristics of non-

sandwich subfloor concepts. Discontinuous fiber-reinforced composites arc not

applicable to primary helicopter structure because of their lower specific mechanical

properties.

1.2.1 Thornton

Thornton and others, refs. 2-4, have investigated the crushing characteristics

of graphite-, Kevlar-, and glass-reinforced composite materials. The application

of this research is for the automotive industry. Thornton evaluated the material-

crushing rosponse of composite materials using circular, square, and rectangular

cross-section tube spccimens. Studies were conducted to investigate how different

material and specimen structural parameters influence energy-absorption capability.

The.se studies included the effects of specimen geoictry, ply orientation, crushing

trigger mechanism, crushing speed, and reinforcement fiber.

Thornton, refs. 2 and 3, showed that composite materials can be efficient

energy absorbers. Energy-absorption capability was determined to not be a

function of crushing speed for the specimens evaluated. However, crushing speed

was found to affect energy-absorption capability of other materials and specim,.en

10



geometry by Berry and Hull, ref. 7, Kindervater, ref. 10, and Farlcy, ref. 21.

Specimen tube geometry, specimen extensional stiffness, and ply orientation were

deternfined to influence energy-absorption capability. However, these studies were

of limited scope, and general energy-absorption trends were not readily definable.

Thornton also concluded that Kevlar and Kevlar-hybrid composites exhibit unstable

crushing response and are not suitable energy-absorbing materia3s. This conclusion

was shown to be inaccurate for other hybrid configurations by Kindervater, ref.

9, Bannerman and Kindervater, refs. 11 and 12, Sen, ref. 16, and Farley,

refs. 20, 23, and 26. Specimens fabricated by Thornton from unidirectional

prepreg were determined to produce higher energy-absorption capability than

woven material. Farley, refs. 20 and 23 found that for certain combinations

of fiber and matrices, woven materials could exhibit superior energy-absorption

capability to tubes fabricated from unidirectional material. Thornton described the

brittle-fracturing-crushing mode that is exhibited by certain graphite-and glass-

rAnforced composite materials. The local buckling mode exhibited by Kevlar-

reinforced composite materials was also described. Thornton attempted to develop

an understanding, from a mechanistic perspective, of how composite materials

absorb energy. Thornton was one of the pioneering res,:archers in this technology

area and has made many contributions.

1.2.2 Hull

F. nd others, refs. 5-3, conducted several studies on the energy-absorption

capability of glass-reinforced composite materials. Hull, attempted to discuss the

crushing of composite materials based. upon mechanisms. Berry and Hull in ref. 7

11



made a valuable finding in determining that composite materials energy-absorption

capability can be a function of crushing speed. They experimentally determined

that energy-absorption capability was a logarithmic function of crushing speed for

the woven glass-reinforced composite specimens tested. The energy-absorption

characteristics as a function of crushing rate are attributed to the strain-rate

sensitivity of the critical Mode I strain energy-release rate (G) of the glass-reinforced

composite specimens.

Fairfull and Hull, ref. 8, investigated the effects of tube diameter (D) and wall

thickness (t) on the energy-absorption capability of woven glass-reinforced epoxy

tubes. In their study, it was determined that, as D/t increases, energy-absorption

capability decreases in a nonlinear fashion. These findings are similar to those

reported by Farley, ref. 24, for graphite-epoxy and Kevlar-epoxy tubular specimens.

Fairfull and Hull further identified three different crushing modes. These modes

were described as Type I - a long single central interlaminar crack whose length is

greater than the thickness of the wall of the tube, Type II - a central interlaminar

crack whose length is less than the thickness of the tube wall, and Type III - no

central interlaminar crack with the tube wall bending outward from the center

of the tube. The Type I crushing mode is similar to that reported by Farley,

ref. 22, as a hunina bending mode, while the Type II and III modes weem to

be combination of more fundamental crushing modes and geometry-related failure

modes. Finally, Fairfull and Hull, ref. 8, stated that "friction in the crush zone

and between specimen and platen accounts for a significant proportion of the overall

level of energy dissipation".

12



1.2.3 Kindervater

Kindervater and others, refs. 9-15, conducted several studies investigating the

crushing response of cqmposite material and helicopter subfloor beam concepts.

Kindervater investigated the effect of reinforcement fiber, ply orientation, crushing

trigger mechanism, and crushing speed on the energy-absorption capability of

composite materials. Kindervater concluded that + 45 graphite-epoxy specimens

had the highest energy-absorption capability of all specimens evaluated. Farley in

refs. 20, 21, 23, and 26 has shown alternative ply orientations exhibit energy-

absorption capability superior to the + 45 ply orientations. Crushing trigger

mechanism and crushing speed were also determined to influence energy-absorption

capability. Kinder-ater did not discuss crushing mechanisms or address what

properties control the crushing response.

Kindervater has evaluated several energy-absorbing subfloor-beam concepts,

such as sine-wave and integrally stiffened beams. Kindervater concluded that

the composite subfloor beams are good energy absorbers relative to metallic

beams. Geometrically unsymmetric beam concepts exhibited predominantly column

instability collapse modes. Sine-wave beams were determined to be excellent energy

absorbers that exhibited progressive crushing behavior. A relatively constant

crushing load was achieved as well as a progressive crushing response. The specific

energy-absorption capability of the composite sine-wave beams was comparable to,

and in ollme ca.wsc substantially better than, itietallic beatis.

1.2.4 Sen

Sen and others, refs. 16-19, investigated the crushing response of composite

13



materials and subfloor beam concepts. Tube specimens were used to evaluate

material crushing response. The parameters investigated in the material tests

were ply orientation, reinforcement fibers, and tube geometry. Sen concluded that

Kevlar-reinforced composites were superior energy absorbers to grphite-reinforced

composite materials and + 45 ply orientations produced higher energy-absorption

capability than other ply orientations. Sen showed that energy-absorption capability

was a nonlinear function of diameter-to-thickness ratio for Gr-E composite tubes.

The mechanisms that control the crushing process were not discussed.

Sen evaluated the energy-absorption capability of foam sandwich and monolithic

subfloor beams. Sen concluded that the sandwich beam concepts are superior energy

absorbers as compared to sine-wave and integrally stiffened concepts. However,

Kindervater, ref. 15, and Farley, ref. 26, have presented data to show sandwich

beam concepts are significantly less efficient energy absorbers than sine-wave or

integrally stiffened concepts.

1.2.5 Summary

It is difficult to develop a consistent rationale for the crushing response of

composite tubes and beams based upon the results of the previously mentioned

studies. These studies have not gone deeply enough into the problem to uncover

the vital signs of the plhenomena. Interpretations based on sparse data bases

have often been erroneous and misleading. The fifth researcher is the author of

this dissertation. One of the objectives of the author's research is to develop a

consistent understanding of the crushing response of composite materials. T'e

14



research that has been conducted in this technology area, refs. 20-27, is included in

the dissertation along with other material.

1.3 Objective, Scope, and Approach of Research
*

Previous researchers have yet to determine the fundamental relationship between

material and structural variables and the crushing response. Therefore, prior to the

application of this technology to helicopter or automotive applications in a routine

design process, considerable understanding of the basic cause-effect relationship

must be developed.

The objective of this research is to develop a method of predicting the energy-

absorption capability of composite subfloor beam structures. A sketch of a

representative helicopter, subfloor assembly, and energy-absorbing beam is depicted

in Fig. 3. However, it is first necessary ' w develop an in-depth understanding of how

composite materials absorb energy, how material and structural variables influence

energy-absorption capability, and how the material-crushing response is related to

the crushing behavior of structural elements.

The scope of this research consists of material and structural characterization of

tuhitlar l.s)ciniens Um well i.; the, experimental evahUltion and analytic'al prediction of

the crushing response of subfloor beam concepts. Tubular specimens were circular,

square, and near-elliptical in cross-sectional geometry as in Fig. 5. The near-

elliptical tubes depicted in Fig. 5 are elliptic-like cross-section tubes composed

of circular-shaped halves whose centers are not coincident. The beam concepts

were tangent-half circle tubes (henceforth denoted as sine-wave) and integrally

15



stiffened, as in Fig. 4. The integrally stiffened beams consisted of tubular elements

connected by flat webs. The material and structural characterization of tubudar

specimens in this investigation consists of 1) defining the crushing characteristicts of

composite materials, such as the modes, processes, and efficiency, and relating these

crushing characteristics to understandable mechanistic phenomena; 2) determining

the cause and effect relationship of material and specimen structural variables

on energy.absrrption capability; 3) determining how crushing speed influences

energy-absorption capability; and 4) developing an analysis capability to predict

the crushing response of composite tube specimens. Specimen structural variables

investigated are; fiber and matrix stiffness and failure strain, ply orientation,

stacking sequence, fiber volume fraction, hybridization, and specimen geometry.

In the subfloor beam concept phase, only sine-wave and integrally stiffened

beams, as depicted in Fig. 4, will be evaluated. Energy-absorption trends of

beam specimens will be determined and compared with energy-absorption trends

of tube specimens. The relative energy-absorption efficiency of the different

subfloor beam concepts will be determined. A method for predicting the energy-

absorption capability of subfloor beams will be developed. Comparison of predicted

and measured energy-absorpion capability will be performed for sine-wave and

integrally stiffened subfloor beams.

The (nergy-absorptio1 process in composite matcrials is a complex .,xIence of lo-

cal failures. Ideally, analytical methods would be utilized to guide the investigation

of important material property and geometry issues related to the energy-absorption

process. However, prior to this investigation, accurate analytical modeling of the

16



energy-absorption process was impossible because of a lack of understanding of the

fundamental mechanisms controlling the crushing respoiSC.. Therefore, investiga-

tion of the crushing response of composite materials and structural elements must be

initially accomplished by experiment. Once an understanding of the basic phenom-

ena that control the crushing process has been developed, an analytical capability

can be devised. Circular, near-elliptic, and square cross-section tubular specimens,

as depicted in Fig. 5, are used to investigate the crushing response of composite

materials. Representative subfloor beam webs, such as the sine-wave and integrally

stiffened beam web concepts, as depicted in Fig. 4, are used to study the structural

response and validate the prediction method.

1.4 Organization of the Dissertation

In Chapter 2, the fabrication methods used to produce the tube and beam test

specimens are described along with the static and dynamic test methods and test

equipment. In Chapter 3, how the material and structural variables influence

crushing response is discussed. Furthermore, the effects of crushing speed are

described. The finite element analysis method for modeling the crushing response of

tube specimens and the analytical predictions is described in Chapter 4. The finite

element discussion includes (1) how the tube specimens anl the different crushing

mechanisms were modeled and (2) prediction of energy-absoj)tion capability of

* selected specimens. An experimental and analytical evaluation of subfloor beam

concepts is given in Chapter 5. Finally, in Chapter 6, this investigation is

summarized including conclusions and a discussion of future work.

17



Chapter 2 - SPECIMEN FABRICATION METHODS,

TEST EQUIPMENT, AND PROCEDURES

2.1 Specimen Fabrication Methods

Making high-quality parts using composite materials still requires a considerable

level of craftsmanship on the part of the fabricator. The government and industry

have expended a vast amount of resources in the last two decades to make the

fabrication process of composite materials governed by science rather than by

the proficiency of an individual. Structural shapes as simple as tubes can pose

considerable problems even for the experienced composite fabricator. Therefore,

a cost-effective method of fabricating tubular test specimens was one of the first

steps taken in investigating the energy-absorption capability of composite materials.

The variables evaluated were extensive and included; layup method, processing

procedure, and material form.

2.1.1 Composite Tube Specimen Fabrication Method

The circular cross-section tubes were fabricated using a solid metal mandrel.

Mandrels were typically machined to lengths of 2 to 3 feet because multiple tube

specimens were machined from a single long tube. A conventional release agent,

appropriate for the composite material, was first applied to the mandrel. Composite

mnatcrinl in the fornm of resin-impregnated fiber in either it imidirectionml or planar

woven cloth, henceforth denoted as prepreg, was wrapped around the mandrel, using

a "table wrapper".

18



A table wrapper is a machine that facilitates the tight and uniform wrapping

of the prepreg around the mandrel. The prepreg, prior to being wrapped on the

mandrel was laid-up in sheets, denoted as step 1 in Fig. 6, of dimensions equal to the

0 length of the tube and having a width equal to the distance of the total number of

revolutions about the mandrel required to produce the appropriate number of layers.

Sheets of prepreg were laid-up in this manner for each different ply orientation in

the layup. The second step, depicted in Fig. 7, was to stack the prepreg sheets

on top of each other in the appropriate sequence with the beginning of each sheet

staggered approximately 90 to 120 degrees around the circumference of the tubes

from the previous sheet. The third step consists of wrapping the stack of prepreg

sheets about the mandrel using the table wrapper, as depicted in Fig. 8. Once

the prepreg was tightly wrapped around the mandrel, a peel ply was overwrapped

followed by a layer of teflon. A heat-sensitive shrink tube was slid over the mandrel-

prepreg assembly, and a heat gun was used to initially shrink and smooth the tubing

onto the mandrel-prepreg assembly. The assembly was then placed vertically in an

oven for curing. As heat was applied, the tubing shrinks and applies pressure to

the composite. The time versus oven temperature profile is dependent on specimen

and material thickness.

The aforementioned process was used to fabricate all 'ircular cross-section

composite tubes. hitially, several other processing methods were also evaluated,

such as filament winding of tow prepreg to achieve a uniform layup of material,

wrapping shrink tape around the composite material instead of using shrink tubing,

and autoclave curing of the composite tubes instead of the use of shrink tubing and

a oven. The table-wrapping-shrink-tubing-oven )cess produced the best results
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during the fabrication evaluation process in this study. However, with increased

experience and more modern equipment (e.g., a filament winder) than was available

at the time of the fabrication evaluation, the other techniques could be utilized to

0 produce high-quality composite tubes.

After the tube was processed, it was removed from the oven and the mandrel

extracted. Individual tube specimens were machined from the long tube. Typically,

the tubes were machined to lengths of 10.16 cm and one end was chamfered at

a 60 degree angle, as depicted in Fig. 9. The chamfer was incorporated for all

composite specimens to limit the initial failure load and initiatc ' ,e crushing process.

Chamfering on the !nd of the tube reduces the cross-sectional area of the tube that

is initially subjected to an applied load. The load required to fail the chamfered

region of the tube is much less than the load that would cause catastrophic failure

of the tube. Therefore, the crushing should initiate at the chamfered end of the

tube.

The near-elliptical cross-section tube specimens, in Fig. 5 on p. 8, are ellipse-

like cross-section tubes composed of circular-shaped halves whose centers wn not

coincident. These near-elliptical cross-section tubes were fabricated by a different

method thim the circultir ,rOs-section tuls . Prirg shets w.r, mid-up in the

same manner as the circular cross-section tubes. However, the prepreg stack was

* hand wrapped around the mandrel. After the prepreg was wrapped around the

mandrel and followed by the peel ply and teflon layer, then the tube was bagged

and cured in an autoclave in a conventional manner. Shrink tubing produced non-

uniform compaction of the prepreg so this approach was not used. The autoclave
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cure cycle was dependent on both specimen thickness and material. After the tubes

were cured, the mandrel was extracted, and the tube specimens were machined from

the tube as previously described for the circular cross-section tube specimens.

A "trapped rubber" mold technique was used for all square cross-section tubes to

uniformly apply pressure to the composite for curing. A sketch of a typical square

cross-section tube specimen is shown in Fig. 5. The prepreg was cut, stacked,

and wrapped around a square cross-section metal mandrel. Flat metal p.ates were

positioned on the outside of each surface of the tube to assist in obtaining uniform

compaction of the prepreg at the comers of the tube and produce a Smooth outer

surface on the square cross-section tubes. The metal plates were coated with a

release agent and positioned on the prepreg exterior. Shrink tubing was applied

over the assembly and heated to hold the metal plates in place. This assembly

was inserted in a circular cross-section silicon rubber mold. The rubber mold had

a square cross-section hole which was slightly larger than the mandrel-prepreg-

metal-plate assembly. The rubber mold and composite were then inserted in a

circular cross-section pipe, and the ends were clamped. The pipe was then placed

vertically in an oven to cure. The time versus oven temperature profile to cure the

composite was dependent upon the material and thickness of the specimen. After

the composite tube was processed, the mandrel was extracted, and tube specimens

were machined to length and one end was chamfered.

2.1.2 Aluminum Tube Specimen Fabrication Method

The aluminum tube specimens were machined from a long section of constant-

wall-thickness extruded thile stock. Ends of the tub, s,inims were machined flat

25



and parallel. No chamfering was machined on either end of the aluminum tubes

because the tubes will not catastrophically fail as is possible with the composite

tubes.

2.1.3 Composite Beam Specimen Fabrication Method

Both the sine-wave and integrally stiffened beam concepts, as depicted in Fig. 4

on p. 6, were fabricated using conventional "hard" tooling, bagging, and autoclave

cure processing methods. Once cured, the sine-wave beams were machined to final

dimension. The top of the beam web, similar to the tube specimens, and the non-

chamfered edge was mounted in a room-temperature curing epoxy compound. More

discussion of the beam geometry is provided in Chapter 5. The integrally stiffened

beams were fabricated in symmetrical half sections and secondarily bonded together

using a room-temperature curing adhesive (EA-934). The beams were machined

to final dimensions, chamfered, and the non-chamfered end mounted in a room-

temperature curing epoxy compound.

2.1.4 Aluminum Beam Specimen Fabrication Method

Integrally stiffened aluminum beams, similar to the beam concepts depicted in

Fig. 4, were fabricated in symmetrical half sections using conventional metal cold-

forming methods. After the beam halves were formed, they were hicat treated to

a T-6 condition. The beam halves were then secondarily bonded together with

EA-934 adhesive, machined to final dimensions, and one end was mounted in a

room-temperature curing epoxy compound. No chamfer was incorporated on the

aluninuri beams.
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2.2 Test Equipment and Procedures

Static crushing tests of tubes and beams were conducted using conventional

hydraulic loading, frames and data acquisition equipment. High-speed crushing tests

were performed uing a modified closed-loop hydraulic loading frame that provided

relatively constant crushing speed during the crushing process.

2.2.1 Static Test Equipment and Procedures

The test equipment used to load both tube and beam specimens consisted of

universal hydraulic testing machines and automated data acquisition systems. In

the static tests, only two channels of data, crushing force and crushing stroke, were

recorded for each test.

The load platens of the test machine were set parallel to each other and

perpendicular to the load axis. The specimen was centered on the lower test machine

platen, and the upper load platen was lowered until it touched the specimen. During

the initial part of the test, prior to the initial failure of the chamfered part of the

specimen, the crushing rate was between 0.05 cm/min. and 0.08 cm/min. After

the initial failure of the chamfered region and the crushing process initiated, the

crushing rate was increased to between 0.5 cm/min. and 0.8 cm/min. Specimens

were generally crushed in excess of 5.0 cm during a test with between 100 and 400

data points recorded during a test,

The crushing rate during the static tests varied slightly. Variation in crushing

rate was due to operator error or inability to hold a setting in the time frame
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available and control variability of the test machines. However, the differences in

crushing rate are small relative to the Mil-Std-1290 maximum vertical impact speed

of 12.8 m/sec (ref. 1).

Crushing force data were reduced to a specific sustained crushing stresses for

comparative purposes. The specific sustained crushing stress is the average or

sustained crushing force, as depicted in Fig. 10, divided by the product of the

cross-sectional area and density of the tube. Inclusion of density in the energy-

absorption capability parameter, specific sustained crushing stress, facilitates the

comparison between materials of different densities. This parameter is analogous

to the specific stiffness and specific strength properties used in comparing the

mechanical properties of different material systems.

2.2.2 High-Speed Crushing Test Equipment and Procedures

A closed-loop hydraulically operated impact system (CLHOIS), in Fig. 11, was

used to crush composite tube specimens at constant crushing speeds between 0.01

m/sec and 12 m/sec and crushing forces up to 22 kN. The CLHOIS consists of

a stationary and sliding platens mounted to a movable ram, as depicted in Fig.

12. Tube specimens 19.3 cm in length were po-itioned between the stationary and

sliding platens, as in Fig. 12. The load cell was mounted in line with the hydraulic

ram. When the sliding platen impacted the impact plate, the tube specimen is

crusl1(d hetwcci th, Slidilg and stationary l)latens. The tlthe were crushed at a

ccnstant crushing speed for approximately 10.2 cm. Entrapped air escape holes

were incorporated in the design of the sliding platen to reduce any air spring effects

that could occur during the dynamic crshing of a tube specimen. After the tube
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was crushed 10.2 cm, the ram was decelerated, stopped, and returned to its initial

pre-firing position.

A 21 MPa hydraulic pressure supply provided the means to propel the ram and

crushing apparatus at the required speed. The desired crushing speed was set prior

to each test. A ram fire order was initiated, and hydraulic pressure accelerated the

ram to the specified speed. The hydraulic feed-back loop was closed by a speed

transducer feeding back ram speed to a signal conditioner. Actual ram speed was

compared with specified values to produce any necessary changes in ram speed.

The acceleration of the ram to the specified speed was achieved within 10.2 cm of

ram travel. Crushing force and ram speed as a function of time were recorded on a

high-speed storage oscilloscope. All force and speed data were subsequently stored

on a removable mass storage device (floppy diskette) for later analysis.

A representative ram speed profile consists of an acceleration region, a constant-

speed region, and a ram-deceleration region, as depicted in Fig. 13. Ram speed

typically exceeds the set point speed during the acceleration of the ram. However,

the ram is slowed down to the set point speed prior to the crushing of the tube.

The tube is crushed during the constant-speed region. After the ram accelerated to

the constant-specd region, the sliding load platen contacted the impact plate.

The first step in the procedure for dynamically crushing a tube consisted of

mounting the tube in the crushing apparatus. The chamfered end was always

positioned adjacent to the sliding platen. The required impact speed was set, and

the storage oscilloscope was readied. An electronic trigger on the oscilloscope was
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set to trigger prior to the initial impact of the sliding platen on the impact plate.

The CLHOIS and oscilloscope were set, and the system was fired.

The test data stored in the oscilloscope were transferred to a floppy diskette

for subsequent analysis. From each test, ram speed and crushing force profiles as a

function of time were developed similar to those depicted in Fig. 13. Approximately

2000 data points, evenly spaced in time, uvre recorded per ram speed and crushing

force data channel. Within the time interval corresponding to a relatively constant

velocity and uniform crushing response, the maximum, minimum, and average

crushing force and ram speed were determined. Crushing force data were reduced

to specific sustained crushing stresses for comparative purposes.

2.3 Summary

Several different methods were devised and evaluated for the fabrication of the

three different cross-section composite tubular and composite beam specimens. The

quality of the cured tubes was a strong function of the proficiency of the individual

performing the different fabrication steps. The beam specimens were fabricated

using conventional hard tooling, bagging, and autoclave curing procedures.

Tub' sl)(Cii,'iis wre t,.stc at q(uWi-stati' and high v.,aisig rlt,.e while the

beams were tested only at quasi-static crushing rates. The quasi-static tests were

conducted using conventional hydraulic loading frames while the high-rate crushing

tests were conducted in a closed-loop hydraulically operated impact system.
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process are presented. The crushing efficiency of composite materials is also

discussed.

3.1.1 Crmh;ag Modes

Four different crushing modes and combinations of the four modes have been

identified for structural elements (tubes) made of composite materials. These

four crushing modes are 1) transverse shearing, 2) brittle fracturing, 3) lamina

bending, and 4) local buckling. The transverse shearing, brittle fracturing, and

lamina bending crushing modes are exhibited exclusively by brittle fiber-reinforced

composites, i.e., never by ductile fiber-reinforced composite materials. Both ductile

and brittle fiber-reinforced composites can exhibit the local buckling crushing mode.

Most specimens exhibit a combination of these crushing modes. These crushing

modes are a function of the mechanical properties of the constituent materials and

structure of the specimen. These four crushing modes are depicted in Fig. 14 by

the crushed tubes and photo-micrographs of the cross section of the crushed tube

wall. Each mode will be discussed in detail.

"ransverse Shearing Crushing Mode. The transverse shearing mode is characterized

ly conical-shaped laminate cross section with one or multiple short interlaminar

and longitudinal cracks which form partial lamina bundles. The crushing surface

of the tube is scalloped, as in Fig. 15, such that load is not transfered uniformly

across the surface of the tube. The principal energy-absorption mechanism is the

transverse shearing of the edges of the lamina bundles as depicted in Fig. 15. The

number, location, and length of the crack.q are functions of specimen structure and
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constituent material properties. The length of the interlaminar and longitudinal

cracks is typically less than the thickness of the laminate. The interlaminar and

longitudinal cracks form lamina bundles composed of a single lamina or multiple

laminae. The lamina bundles act as columns to resist the applied load. As the load

is applied, the interlaminar cracks grow until the edges of the column are sheared

away forming a conical-shaped cross section as in Figs. 14 and 15. The short length

of the failed material results in an efficient crushing mode.

Brittle Fracturing Crushing Mode. The brittle fracturing crushing mode exhibits

similar crushing characteristics to the transverse shearing mode. The similarities

between modes are (1) interlaminar and longitudinal cracks, (2) scalloped crushing

surface, and (3) principal energy-absorption mechanism (failure of the lamina

bundles) as depicted in Figs. 14 and 16. However, the length of the interlaminar

cracks in the brittle fracturing crushing mode are between one and ten laminate

thicknesses in length as compared to the only one laminate length in the transverse

shearing mode. Long lamina bundles result in more material used in thO fracture

of each lamina bundle. The longer the fractured lamina bundle, the less efficient

the crushing mode. Lamina bundles 'n the brittle fracturing mode exhibit some

bending and usually fracture nea. the base. When a fracture of a lamina bundle

occurs, the load is redistributed within the specimen and the cyclic process of crack

growth and lamina bundle fracture is repeated.

Iaunina Itliing Crushing M,,de. The lamina bienling crushiing mode is characterized

by very long interlaminar, intralaminar, and parallel-to-fiber cracks, as in Figs. 14
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and 17, but the lamina bundles do not fracture. The principal enrgy-absorption

,* mechanism is crack growth. Whereas the interhuninar cracks form and grow at the

interface of adjacent layers, the intralaminar cracks form and grow within individual

layers. The parallel-to-fiber cracks propagate parallel to the fiber direction within

a ply or within several adjacent laminae that have common fiber orientation. The

lamina bundles exhibit significant bending deformation, but do not fracture. The

length of the interlaminar, intralaminar, and parallel-to-fiber cracks are generally

greater than ten times the laminate thickness. The long length of the lamina bundles

and the lack of fracturing of the lamina bundles results in an inefficient crushing

mode.

Local Buckling Crushing Mode. The local buckling mode exhibited by both brittle

fiber-reinforced and ductile fiber-reinforced composite materials is similar to that

exhibited by ductile metals. The crushing mode consists of the formation of local

buckles, as depicted in Figs. 14 and 18, by means of plastic deformation of the

material. Ductile fiber-reinforced composite materials (Kevlar) plastically deform

at the buckle site along the compression side of the buckled fibers. The fibers

can also split along the tension side of the buckled fibers and local delaminations

between plies can occur. Ductile fiber-reinforced composites remain intact after

being crushed and thereby demonstrate post-crushing integrity. The post-crushing

integrity of ductile fiber-reinforced composites is a result of fiber and matrix

plasticity (i.e., significant deformation without fracture) and fiber splitting. When

the fibers are not fractured, the composite remains intact as opposed to the

progressive failure of the material exhibited by the transverse shearing and brittle

fracturing crushing modes.

41



aa

4"o

Sc
I~.aEl

E- "bO

I U

42.



ac

ob

EE

C-

0a 0

ow = = a
c cc .

0E LOU1
43



Brittle fiber-reinforced composites exhibit the local buckling crushing mode only

when (1) the interlaminar stresses are small relative to the strength of the matrix,

(2) the matrix has a higher failure strain than the fiber, and (3) the matrix exhibits

plastic deformation under high stress. Brittle fibers, by definition, do not have

plastic stress-strain response. The high-failure-strain matrix reduces interlaminar

cracks or prevent them from occurring in the crushing process. If the interlaminar

cracks are eliminated, then the tube potentially can fail in a catastrophic manner.

As the buckles form, interlaminar cracks can form at the buckle and propagate away

from the buckle and along the tube.

The local buckling mode is generally an inefficient crushing mode for thin-walled

specimens. The distance between the buckles for thin-walled tubes is large, typically

in excess of ten times the laminate thickness, and only the material in the region

of the buckle is plastically deformed. Therefore, the energy absorbed in thin-walled

tubes by the local buckling mode is inefficient because only a small portion of the

total energy-absorbing potential of the tube is used. The distance between buckles

decreases as wall thickness increases resulting in an increased crushing efficiency.

Summary. Four characteristic crushing modes have been identified for tubes

reinforced with continuous (not short) fibers. Except for tubes that crush in the

local buckling mode, most tubes crush in a combination of the transverse shearing

and brittle fracturing modes or brittle fracturing and lamina bending modes rather

thlm any single nioIf. The principal crushing characteristics of the four modes are:

1. Transverse shearing - interlaminar cracks less than a laminate thickness in
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length that form lamina bundles. The i.c'.es of the lamina bundles progressively

shear to form a conical cross section resulting in an efficient crushing mode.

2. Brittle fracturing - intcrlaninar cracks of a length betweel one and ten

laminate thicknesses that form lamina bundles. The lamina bundles bend and

fracture near the base of the interlaminar crack. The fracturing of the lamina

bundles results in an efficient crushing mode.

3. Lamina bending - interlaminar, intralaminar, and parallel-to-fiber cracks of a

length in excess of ten laminate thicknesses that form lamina bundles. The lamina

bundles exhibit significant bending but do not fracture. The crack-growth, energy-

absorption mechanism results in an inefficient crushing mode.

4. Local buckling - yielding of the fiber and/or matrix which produces buckles

in the tube. The distance between buckles is large for thin-walled tubes. The local

buckling mode is an inefficient crushing mode for thin-wall tubes. As the tube wall

thickness increases, the crushing efficiency increases.

3.1.2 Crushing Process

Just as strain rate can affect the mechanical response of a material, crushing

speed can affect the energy-absorption capability of structural elements fabricated

from composite materials. To understand how crushing speed influences energy-

absorption capability, it is necessary to determine hov crushing speed affects

the mechanisms that control the crushing process. The controlling mechanisms

in the four crushing modes are: transverse lamina bending strength (transverse

shearing crushing mode), matrix strength (brittle fracturing and lamina bending
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crushing modes), lamina bundle tensile strength (brittle fracturing-crushing mode),

and matrix nonlinear stress-strain response. (local buckling-crushing mode). Each

mechanism will be described in the following sub-sections.

Transverse Bending. The transverse bending strength of a hunina is primarily a

function of fiber stiffness and strength. Therefore, if the fiber mechanical response

is a function of strain rate, then the energy-absorption capability of specimens that

crush in a transverse shearing mode should be a function of cruishing speed.

Matrix Strength. Matrix strength controls the interlaminar, intralaminar, and

parallel-to-fiber crack growth in both the brittle fracturing and lamina bending-

crushing modes. Many polymeric matrix materials exhibit mechanical responses

that are a function of strain rate. Therefore, a specimen that exhibits either

the brittle fracturing mode or lamina bending mode can exhibit energy-absorption

capability that is a function of crushing speed. Crushing speed will affect energy-

absorption capability when the percentage of energy absorbed by the hii crlaminar,

intralaminar, or parallel-to-fiber crack growth is a significant portion of the total

energy absorbed. For that reason, specimens that crush in the lamina bending

mode will have energy-absorption capabilites that are affected more by crushing

speed than specimens that crush in the brittle fracturing mode.

Tensile Strength ofdLmina Bundle. The tensile strength of the Ininita bundle controls

the fracturing of the lainina bundle in the brittle-fractuiring-crusliiig mode. The

mechanical response of the lamina bundle is primarily a function of the mechanical
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properties of either fiber (e.g., 0 degree lamina bundle) or matrix (e.g., 90 degree

lamina bundle or low fiber volume fraction material). Therefore, if the mechanical

response of the dominant property (fiber or matrix) is a function of strain rate, then

the energy-absorption capability of the lamina bundle can be a function of crushing

speed.

Matrix Nonlinear Stress-Strain Response. The mechanism that controls the local

buckling-crushing mode is the nonlinear stress-strain response of the fiber-matrix

combination. Brittle fiber-reinforced composites can produce the local buckling

crushing mode only if the matrix has a high failure strain. If the matrix mechanical

properties are a function of strain rate, then the energy-absorption capability can

be a function of crushing speed. The material property that controls the local

buckling-crushing response of ductile fiber-reinforced composites can be either fiber

or matrix stiffness. Therefore, if either the fiber or matrix mechanical response is a

function of strain rate, then the energy-absorption capability can be a function of

crushing speed.

Summary. The crushing response of composite tubes can be a function of crushing

speed (strain rate). The mechanical properties of most matrix materials and of

some fibers are a function of strain rate. Whether a tube's crushing response is a

function of crushing speed is determined by whethe,7 the mechanical properties of

the Inechlhuislu(s) that control the crushing lioc,, aire a function of strain rate.

3.1.3 Crushing Efficiency

Debris size of crushed material (characteristic crushing length) is a qualitative,
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measure of energy-absorption efficiency. An estimate of the characteristic crushing

length of specimens that exhibit the transverse shearing mnode, the brittle fracturing

mode, the lamina bending mode, and the local buckling mode are typically less

than a laminate thickness, between one and ten laminate thicknesses, greater than

ten laminate thicknesses, and greater than ten laminate thicknesses, respectively.

The smaller the characteristic crushing length, the higher the energy-absorption

efficiency.

The energy-absorption potential of a composite material is a function of the

mechanical properties of the constituent materials. The crushing mode can be used

as an indication of how efficiently a composite specimen is being crushed. Composite

specimens fabricated from materials that have high euergy-absorption potential can

crush in an inefficient crushing mode (such as lamina bending) yet still have a higher

energy-absorption capability than a composite specimen of the same geometry but

fabricated with a material having a lower energy-absorption potential that crushes

in an efficient crushing mode (such as transverse shearing).

3.1.4 Summary

The crushing response of composite materials exhibits multiple modes, and

the mechanisms that control these different crushing modes are a function of the

mechanical properties of the constituent materials and structure of the specimen.

Crushing response of composite materials can be a function of crushing speed

provided the mechanica. properties of the mechanisms that control the crushing

process are strain-rnte sensitive. The characteristic crushing length defines the
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efficiency of the crushing process. The smaller the characteristic crushing length,

the higher the crushing efficiency.

3.2 Column-On-An-Elastic-Foundation Analogy

Whenever possible, it is instructive to relate a complec -,ocess, such as the

crushing response of composite materials, to simpler processes that are more familiar

as well as being more easily defined and predictable. These simpler processes need

not necessarily incorporate all of the behavioral characteristics of the more complex

process to be useful. It is sufficient in many cases for the simpler processes to

provide only qualitative trends for the more complex response. For example, being

able to predict, without the use of a sophisticated computer program, whether the

sustained crushing force increases or decreases due to a change in material properties

or structural variables would be beneficial for the designer of an energy-absorbing

structure.

A simple problem that includes many of the important behavioral characteristics

of the crushing response of composite material is the buckling of a column on an

elastic foundation. The buckling load associated with the column on an elastic

foundation exhibits changes similar to the sustained crushing force due to changes

in material properties and specimen structure. That is, for a change in a material

or structural parameter, both the buckling load and crushing force would either

increase or decrease. The similarities in response of these problems, even though the

column on an elastic foundation is an eigenvalue problem and the crushing problen

is a bunditry value problin, suggcmt that most of the inimrtant pl elnIters that

control the response of these problems are of similar form.
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The column-on-an-elastic-foundation analogy is used only as a qualitative anal-

ogy to determine whether a change in a material or structural parameter will result

in a higher or lower crushing force. This simple analogy is not being proposed as a

method of predicting the crushing force or as a method to quantify the change in

crushing force.

The equation for the buckling load of a column on an elastic foundation, as

reported in ref. 28, is:

PC = (Ni)2 * El+ (K) ~f(1

where El is the bending stiffness of the column which is the product of the

extensional stiffness (modulus of elasticity, E) and the moment of inertia (I). The

foundation stiffness (modulus) is K, L is the length of the column, and N is a positive

integer related to the number of half waves of the buckled column.

The column-on-an-elastic-foundation analogy for the crushing of composite tubes

is depicted in Fig. 19. The sustained crushing force is the summation of the crushing

force on each layer. In this analogy each "column" would represent a layer.

In the case of the sustained crushing force (Psu,) of composite tubes, the

coefficents of the stiffness terms in equation (1) must be modified. The change would

consist of elimination of the square term on the "column" stiffness coefficient and

moving the length (L) coefficient of the "foundation" .tiffmeims to the denonminator.

The sustained crushing force (P.su) of the tube is the summation of the sustained
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crushing force for each layer as defined below:

n

PS = [Li (Ni * (EI)i + *i K, ) (2)

The summation is from 1 to n, the nunber of layers. The modulus (Ei) of the

ith "column" would be the component of the stiffness of the ith lyer along the

axial direction of the tube and the moment of inertia (1i) is that of the ith layer.

In determination of the bending stiffness (EI)i of the ith "coiltmn" , the relative

location of each layer through the thickness is important. The "foundation" sfiffness

K1 i is the circumferential stiffness component of the ith layer. The remaining

parameters L i and Ni are the characteristic crushing length of the tube and crushing

mode indicator, respectively.

When fibers are oriented in the circumferential direction of the tsibe, the rebulting

"foundation" stiffness can be much larger than the 'foun, dation" stiffness provided

solely by the matrix material. The higher the stiffness of the "fouudation", the

higher the potential crushing force. Increasing rfoundation" stiffness produces

higher crushing forces for all modes. However, tubes that crush in the lamina

bending crushing mode and certain cases of the local buckling crtshing mode benefit

the most.

The transve se shearing, brittle fracturing, and lamina bending crushing mc-its

all exhibit some form of crack formation and growth. In these crushing modes,

thel "folaudaiion" stops at the rnwk tip. The finction of the "foundation" lwcnes

that of an end support of the lamina bundle. A low "foundation" stiffness would
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be analogous to a pinned end of a column with a flexible torsional spring while

a high "foundation" stiffness would be equivalent to a stiff torsional spring. A

low "foundation" stiffness would result in a lower crushing force than a high

"foundation" stiffness.

The crushing mode indicator N is used to indicate which term, "column" stiffness

or "foundation" stiffness, is the term that will most affects the crashing force.

However, this choice does not mean that the subordinate term can not significantly

affect the crushing force. The coefficient that multiplies the "column" bending

stiffness term in equation (2) has N in the numerator while the coefficient that

multiplies the "foundation" stiffness term has N in the denominator. If N is greater

than 1, then the "column" stiffness coefficient increases whereas the "foundation"

stiffness decreases and hence, the "column" stiffness term is the dominate term.

The converse of this statement is also true.

If a crushed tube exhibits a transverse shearing or brittle fracturing crushing

mode, then N is greater than 1 with the magnitude of N larger for the transverse

shearing crushing mode than for the brittle fracturing crushing mode. Crushed

tubes exbibiting a lamina bending crushing mode would have an N value between

0 and 1. Tubes that crush in the local buckling mode cal, depending upon the

niechanism that is controlling the crushing mode, have an N val te that is either

between 0 and 1 or greater than 1.

For example, an increase in crushing force is achievable for tubes that crush in

transverse shearing or brittle fracturing crushing modes by increasing the "column"

stiffness rather than the "foundation" stiffness. With N greater than 1, the "column"

53



stiffness term becomes the dominant term. Similarly, an increase in crushing

force can be obtained by a tube that exhibits a lamina bending crushing mode

by increasing "foundation" stiffness. Increasing the "foundation" stiffness of a tube

that crushes in the lamina bending crushing mode can result in a change of crusi-ing

mode to the brittle fracturing crushing mode. When the tube crushes in a different

mode, then the dominant term can change. Many tubes crush in a combination

of these modes: therefore, the crushing force might be significantly affected by the

increase of either the "column" or "foundation" stiffness.

Not all material and structural parameters are contained in the column-on-an-

elastic-foundation analogy. Fiber and matrix failutre strain and tube geometry (i.e.,

inside diameter or width) are parameters with significant effect on energy absorption

that are not incorporated in this analogy. Omission of these parameters does not

invalidate the analogy but just limit the applicability of the analogy.

3.2.1 Transverse Shearing Crushing Mode

The characteristics of tubes that crush in the transverse shearing mode are

short interlaminar cracks with shearing of the edges of the lamina bundles. The

characteristic crushing length is less than a laminate thickness. No significant

amiount of bcnding of the hunina a,dles ccurs. For tube('s that crush in this

mode, there is ample "foundation" stiffness to resist local bending or buckling of

the "column". Therefore, further increase of the "foundation" stiffness has little

effect on increasing the crushing force. The "column" stiffness has the most effect

on increasing the crushing force. As previously mentioned, N is greater than 1 for

tubes that crush in a transverse shearing mode.
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3.2.2 Brittle Fracturing Crushing Mode

Tubes that crush in the brittle fracturing mode cxhibit interlaminar cracks

that have lengths of between one and ten laminate thicknesses. The "foundation"

stiffness is sufficiently high to produce fracturing of the lamina bundles. The lamina

bundles exhibit some local bending, but they fracture rather than splay as in the

case of the lamina bending crushing mode. Because some local bending does occur,

atL increase of "found tion" stiffness would increase the crushing force. The crushing

mode indicator N is greater than 1. The shorter the interlarinar cracks, the larger

the value of N.

3.2.3 Lamina Bending Crushing Mode

Tubes that crush in a lamina bending crushing mode exhibit long interlaminar,

intralaminar, and parallel-to-fiber cracks with splaying but no fracturing of the

lamina bundles. Increasing "column" stiffness would have some effect on increasing

crushing force, but increasing "foundation" stiffness generally has the most effect

on hicreasing crushing force. The crushing mode indicator N is between 0 and 1.

The longer the cracks, the smaller the value of N.

3.2.4 Local Buckling Crushing Mode

Two different ni,'II IisHis can produce the local buklinig ,'ru ing mode. The,

first mechanism is typically associated with Kevlar-rceinforced comjposite tubes, The

Kevlar-reinforced tubes crush in the local buckling mode because of the compressive

yielding characteristics of the Kevlar fiber. Increasing the stiffness of the "column"

has the greatest effect on increasing the crushing force.
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The second mechanism is associated with brittle fiber- (graphite or glass)

reinforced composite tubes. Brittle fiber-reinforced tubes crush in the local buckling

mode when the "foundation" stiffness is sufficient low to allow the "column" to

buckle.

The "foundation" stiffness has the most effect on increasing the crushing force for

tubes that are made from brittle fiber reinforcements and crush in the local buckling

mode. The higher the "foundation" stiffness, the higher the crushing force.

3.3 Effects of Changes in Constitutive Material Mechanical Properties
on Crushing Response

A series of studies was conducted to determine the effects of fiber and matrix

stiffness and failure strain on the crushing response of composite materials. Ideally,

only a single variable is changed to evaluate the corresponding effect. However, in

experimental studies, changing the properties of a single variabl, without changing

the properties of other variables is often difficult to accomplish.

In this study, fifteen different fiber and matrix combinations are evaluated to

quantify the effects of fiber and matrix stiffness and failure strain on the crushing

response. The materials and the tube ply orientations used in these investigations

are listed in Table 1. In this study, six different brittle fibers (T300, AS4, AS6, P55S,

and P75S graphite and E-Glass) and one ductile fiber (Ievlar-49), and five epoxy

matrices (934, 974, 5245, HX205, and F185) were evaluated. In all cases, tubes

having ply orientations of [0/+14 and [+016 , where 0=15. 45, and 75 degrees,

were evaluated to ensure any influence of ply orientation was not overlooked. The
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Table 1. Description of tubes used in evaluating the effects

of fiber and matrix stiffness and failure stin

Ply Orientations*

Composite Material [0/±(14 [L016 [0/±4.5/90]S

Graphite-Epoxy

T300-934 Yes Yes Yes
T300-5245 Yes Yes No
AS4-934 Yes Yes No
AS4-5245 Yes Yes No
AS6-934 Yes Yes No
AS6-5245 Yes Yes No
AS6-HX205 Yes Yes No
AS6-F185 Yes Yes No
P55S-934 Yes Yes No
P75S-934 Yes Yes No

E-Glass-Epoxy

E-GI-934 Yes Yes Yes
E-GI-HX205 Yes Yes No
E-GI-F185 Yes Yes No

Kevlar-Epoxy

K-49-934 Yes Yes Yes
K-49-974 Yes Yes No

*0 = 15, 45, and 75 degrees
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stiffness and failure strains of the fibers and matrices used in this study are listed

in Table 2. All tubes were approximately 10.16 cm in length .... had an inside

diameter of 3.81 cm. Unless otherwise noted, three specimens of the same ply

orientation and material were evaluated, and the. ilts presented ar, ,he average

of those tests.

In the subsequent sections, comparisons demonstrating the effects of different

material properties on crushing response were conducted using a single set of test

data. In these studies, the results are rearranged to demonstrate the appropriate

cause-effect relationship.

3.3.1 Effects of Fiber Stiffness on Crushing Response of
Brittle Fiber-Reinforced Composite Tube Specimens

Three studies were conducted to evalu.ate the effect of changes in fiber extensional

stiffness (modulus of elasticity, E) on the crushing response of composite tube

specimens. Composite materials with common matriceb and fibers of different

stiffnesses were compared. The composite materials used in the first study were

T300-934, AS4-934, AS6-934, P55S-934, P75S-934, E-GI-934. In the second study,

AS6-HX205, E-G1-HX205, AS6-F185, and E-GI-F185 composite materials were

examined. Ply orientations of the tube specimens in the first two studies were

[0/±014 and [+016. The third study consisted of comparing the energy-absorption

capability of [0/±1514 AS4-5245, T300-5245, P55S-934, and P75S-934 tubes.

Ir3Iects of Ii1er stifiles ill a iow I iiilr' Strai, lalrix (W11). li t he first. study, the

energy-absorption capability as a function of fiber stiffnes- , presented for T300,
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Table 2. Fiber and matrix material mechanical properties.

Material Manufacturer Extensional Extensional
Stiffiies. (1j. Failure Strain,

GPa czn/cui

Fiber

T300 Union Carbide 231.0 0.012
AS4 Hercules 235.0 0.015
AS6 Hercules 235.0 0.018
P55S Union Carbide 380.0 0.005
P75S Union Carbide 520.0 0.004
K-49 DuPont 124.0, 0.028
E-GI Owens Coming 74.0 0.030

Matrix

934 Fiberite 4.00 0.010
974 Fiberite 3.90 0.020
5245 Narmco 3.80 0.020
HX205 Hexcel 3.86 0.030
F185 Hexcel 2.00 0.130

* Estimated value based upon unidirectional lamina properties.
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AS4, AS6, P55S, and P75S graphite- and E-Glass-rcinforced 934 epoxy composite

tubes. Ply orientations of the tube specimens were [0/±O] 4 and L0e] 6 .

The energy-absorption trends of the composite tubes are similar for all ply

orientations evaluated. Energy-absorption capability increases as fiber stiffness

increased ("column" stiffness increased) from 74 GPa (E-Gl) to approximately 235

GPa (T300, AS4, and AS6) as in Fig. 20. As fiber stiffness further increased to 380

GPa (P55S), a significant decrease in energy-absorption capability resulted. Energy-

absorption capability generally decreased as fiber stiffness subsequently increased

to 520 GPa (P75S). Furthermore, the tubes with the lowest stiffness reinforcement

fiber (E-Gl) generally had higher energy-absorption capability than tubes with the

highest stifness fiber reinforcements (P55S and P75S). Besides the differences in

fiber stiffness, these fibers also have a wide range of failure strain. The failure strain

of E-glass fiber (the lowest stiffness fiber) is more than seven times higher than the

P75S graphite fiber (the highest stiffness graphite fiber). It was not possible to

change the fiber stiffness without also varying the failure strain. Thus, the column

analogy cannot be perfectly utilized.

The E-Glass-reinforced tubes with a ply orientation of [0/±1514 and [±1516

crushed in a lamina bending mode whereas the T300, AS4, and AS6 tubes crushed

ill a coblined lamina bending and brittle fracturing mode. Both the P55S and

P75S tubes crushed in transverse shearing modes.

Energy-absorption capability increased up to 175 percent as fiber stiffness

increased from 74 GPa (E-Gl) to 235 GPa (T300, AS4, and AS6). The only other
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change in fiber mechanical properties between the E-glass and the graphite fibers

is a decrease in fiber failure strain, which in itself would cause a decrease in energy-

absorption capability. Therefore, this increase in energy-absorption capability was

due to increased fiber stiffness. As fiber stiffness increased further from 235 GPa

(T300, AS4, and AS6) to 380 GPa (P55S) and 520 GPa (P75S), energy-absorption

capability decreased. The decrease in energy-absorption capability was due to a

decrease in fiber failure strain. The P55S and P75S fibers have failure strains of

less than half that of the T300, AS4, or the AS6 fibers.

As ply angle E increased to 45 and 75 degrees, the "foundation" stiffness of

the tubes increased due to the circumferential orientation of the fibers. Also, the

"column" stiffness decreased because fewer fibers were oriented along the axis

of the tube. However, the energy-absorption trends were essentially unchanged

from those described for the 0=15 degrees ply orientations. As the "foundation"

stiffness increased, the energy-absorption capability of the E-G1 reinforced tubes

increased even though the "column" stiffness decreased. The energy-absorption

capability increased for the E-Gl reinforced [0/±7514 and [±7516 tubes even though

the "column" stiffness decreased to approximately 30 percent of the "column"
stiffness for the [0--1514 and [L1516 tubes, respectively. For the [0/±7514

and [+756 tubes, energy-absorption capability was relatively unchanged as fiber

stiffness increased from 74 GPa (E-Gl) to 235 GPa (T300, AS4, and AS6). The

crushing response of the E-Gl, T300, AS4, and AS6 tubes is controlled by the

"foundation" stiffness, hence the lack of change in energy-absorption capability.

Energy-absorption capability decreased for the [0/±7514 and [+7516 tubes -s fiber

stiffness increa.-d from 235 GP (T300,AS4, aid AS6) to 380 GPN (P55S) and 520
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GPa (P75S). The decrease in energy-absorption capability is due to the low failure

strain of the P55S and P75S fibers.

Effects of Fiber Stiffness in High Failure Strain Matrices (HX205 and F185). The energy-

absorption capability of tubes fabricated from AS6-HX205 and E-GI-HX205 and

tubes fabricated from AS6-F185 and E-GI-F185 were compared to determine the

effect of fiber stiffness on energy-absorption capability. The stiffness of the AS6 fiber

is three times that of the E-glass fiber. There was little difference in the relative

energy-absorption capability of E-GI and AS6 fiber-reinforced composite tubes using

the HX205 and F185 matrices materials for all ply orientations, as depicted in Fig.

21. The E-GI reinforced tubes typically exhibited equal or higher energy-absorption

capability than the AS6 reinforced tubes. The high failure strain of the matrix

reduced the interlaminar crack growth causing more of the tube to crush in a brittle

fracturing mode than was achieved with lower failure strain matrices. If the matrix

failure strain effects are excluded, these results would support the conclusion that

fiber stiffness has little effect on energy-absorption capability.

Effects of Fiber Stiffness on Tubes With Crushing Mode# Contloled by Fiber Mechanical Prop-

erties. The energy-ahsorption capability of tubes fabricated from T300-5245, AS4-

5245, P55S-934, and P75S-934 having a [0/±1514 ply orientation were compared.

Unlike in the previous two sections, all of these tubes crushed in modes (transverse

shearing P.nd brittle fracturing) that are controlled by the mechanical properties of

the fibers. However, the tubes crushed in predominantly brittle fracturing or trans-

verse shearing modes as seen in Fig. 22. The energy-absorption capability of the
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high-stiffness fiber-reinforced tubes (P55S and P75s) were approximately 25 perct t

of the energy-absorption capability of the AS4 fiber-reinforced tubes as seen in Fig.

23. Even though the stiffness of the AS4 and T300 fibers are similar, the AS4-5245

composite tubes had approximately 30 percent higher e nrgy-absorltion capability

than the T300-5245 composite tubes. The mechanical property that differs between

the T300, AS4, P55S, and P75S fibers, besides the differences in fiber extensional

stiffness, is fiber failure strain. If the effects of fiber failure strain were omitted,

these result suggest energy-absorption capability is inversely proportional to fiber

stiffness which is converse to the column analogy.

Summary. The results of the tests presented in the previous thrm .sections; provide

conflicting evidence on how fiber extensional stiffness affects energy-absorption

capability if the effects of fiber failure strain were not included in the interpretation

of results. For different combinations of fiber and matrix, energy-absorption

capability could increase, decrease, or remain unchanged relative to an increase

in fiber extensional stiffness. If a study of a more limited scope were undertaken, it

would be obvious how erroneous conclusions could be reached.

The choice of available fibers with increasing modulus had various failure strains.

It is suspectxed that the (,nergy-ab)srption capability is a stronger function of fiber

failure strain than it is of fiber extensional stiffizess. It is concluded tHat for brittle

fiber-reinforced tubes an increase in fiber stiffne s can, depending upon the matrix

properties and ply orientation, lroduces higher energy-absorption capability.
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3.3.2 Effects of Matrix Stiffness on the Crushing Response of

Brittle Fiber-Reinforced Composite Tube Specimens

Tests were conducted to evaluate the effects of changes in matrix extensional

stiffness (modulus of elasticity, E) on the crushing response of brittle (graphite

and E-Gl) and ductile (Kevlar-49) fiber-reinforced composite materials. In this

study, the materials used are T300-934, T300-5245, AS4-934, AS4-5245, AS6-934,

AS6-5245, AS6-HX205, AS6-F185, E-Gl-934, E-G1-HX205, E-G1-F185, K-934, and

K-974.

Effects of Matrix Stiffness on T300-, AS4-, and Kevlar-Fiber-Reinforced Composite Tube

Specimens. The effects of changes in matrix stiffness on the energy-absorption

capability of [0/±)4 and [+0]6 T300, AS4, and K fiber-reinforced composite

tubes were addressed. The extensional stiffness of the 934 niatrix is 4.0 GPa and

the elastic extensional stiffnesses of the 974 and 5245 matrices are 3.9 GPa and 3.8

GPa, respectively. Also, the lowest stiffness matrix material (5245) had twice the

failure strain of the highest stiffness matrix (934) material. The influence of matrix

failure strain is its effect on interlaminar crack propagation. The higher the matrix

failure strain, the greater the load that is required to cause a crack to grow.

Based upon the simple analogy of the co' an on an elastic foundation, the role

of the matrix is to stabilize the axial fibers and to control interlaminar/intralaminar

crack gowth. In the case where the crushing mn()ds arc brittle transverse slh'aring,

fracturing, or lamina bending, interlamninar/intralaminia cracks form to separate the

lamina bundles. The role of the matrix then becomes to act as al end support for
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the lamina bundles and stabilize the axial fibers within a lamina bundle. The energy

absorbed is a function of the growth of a crack in the matrix and/or fracture of the

lamina bundles. Therefore, increase in matrix stiffness should have a limited effect

on the energy-absorption capability of tubes that crush in the transverse shearing,

brittle fracturing, or lamina bending crushing modc.

Generally, as matrix stiffness increased for the T300 and AS4 reinforced tubes,

the energy-absorption capability decreased, as in Fig. 24. However, this decrease

in energy-absorption capability is attributed to the higher failure strain of the low

stiffness 5245 matrix material. The high failure strain of the 5245 matrix reduced the

length of the interlaninar cracks resulting in a higher energy-absorption capability.

The energy-absorption trends of the Kevlar-reinforced epoxy tubes exhibited a

small increase or remained constant in energy-absorption capability as the stiffness

of the matrix material increased as in Fig. 24. The "foundation" stabilizes the

"column" to resist buckling. As the matrix becomes stiffer, then the "foundation"

becomes stiffer (the buckling toad increases), hence energy-absorption capability

increases. The energy absorbed in the local buckling mode for K-epoxy tubes is

primarily a function of the plastic deformation of the fiber and matrix. Brittle

fiber-reinforced composite tubes that crush in the local buckling mode absorb energy

by plastic deformation of the matrix and the growth of interlaminar cracks at the

buckles as the tube folds.
4

Effects of Matrix Stifficss on the Crushing Iesponse of ASO (;rapJhil-lIcinflIrred Coniposite

Tbbes. The effects of changes in matrix stiffness on the energy-absorption capability
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of AS6 graphite-reinforced composite tubes were evaluated using 934, 5245, HX205,

and F185 matrices. As previously mentioned, the difference in stiffness of the 934.

5245, and HX205 matrices is less than 5 percent. The stiffness of the F185 matrix

is approximately half that of the other matrices. Energy-absorption capability

increased between 10 and 15 percent as matrix stiffness increased for tubes having

[0/±1514 ply orientations, as seen in Fig. 25. However, for the [0/±] 4 tubes, as

0 increases, the circumferential plies provide the major portion of the "foundation"

stiffness. The effects of matrix stiffness, as part of the "foundation" stiffness,

diminish. As ply angle e increases, the contribution of the matrix stiffness to

that of the "column" stiffness increase. However, the portion of the "column"

stiffness of the [0/±e)4 tubes contributed by the matrix is small relative to the

fiber stiffness contribution from the 0 degree plies.

The +0E]6 tubes exhibited an increase in energy-absorption capability with'an

increase in matrix stiffness as seen in Fig. 25. The [L:1516 tubes exhibited between

a 15 and 90 percent increase in energy-absorption capability with an increase in

matrix stiffness over the range of materials evaluated. The differences in the energy-

absorption capability of tubes made from the 934, 5245, and HX205 matrices are

partially attributable to differences in matrix failure strain. The matrix stiffness

contributes to both "column" and "foundation" stiffness and is a function of ply

orientation. For the L-4516 and [L7516 tubes, the matrix stiffness has an increasing

contribution to the "column" stiffness as 0 increases, whereas matrix stiffness has

a diminishing effect, with increasing 0, on "'fo,,ndation" stiffness.

The [+4516 and [+7516 tubes made from AS6-F185 and AS6-HX205 composite
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materials crushed in a local buckling crushing mode. whereas the AS6-5245 and

AS6-934 tubes crushed in a combined lamina b( nding and brittle fracturing mode.

Energy'absorption capability was relatively cons' ant with increasing matrix stiffness

for the [L4516 and. [+751 AS6-F185 and AS6-HX205 tubes. This energy-absorption

trend occurs because these tubes crushed in a local buckling crushing mode. The

domini.nt term for brittle fiber-reinforced tubei that crush in the local buckling

mode is the "foundation" stiffness. The "foundafion" stiffness is a stronger function

of fiber stiffness than matrix stiffness for Lt451(; and +756 ply orientations. A

slight increase in energy-absorption capability occurred as matrix stiffness increased

for the [+756 tubes. The increase in energy-absorption capability as matrix

stiffness increases occurs because for 0=75 the matrix stiffness makes the major

contribution to the "column" stiffness.

The higher energy-absorption capability of the 5245 [+1516 tubes relative to 934

tubes is attributed to the higher failure strain of the 5245 matrix. This difference in

energy-absorption capability decreased between the 5245 and 934 composite matrix

tubes as 6 increased. The change in relative energy-absorption capability occurs

because the "foundation" stiffness increases as () increases. That is, the fibers are

making a more significant contribution to the "foundation" stiffness than the matrix

as 0 increases. For cxample, the energy-absrpt ion capl)ility of the [+715]6 5245

and 934 t.;bes are essentially equal.

Effects of Matrix Stiffness on E-Glan Fiber.Rcin orc.,d Composite Tube Specimens. Tubes

fabricated from E-Glass fiber-reinfor'ed epo:y composite material were loaded to
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determine the effects of matrix stiffness on energy-absorption capability. The epoxy

matrices used in this study were 934, HX205, and F185. The E-GI-934 tubes

exhibited lower energy-absorption capability than the E-GI-HX205 or E-GI-FI85

tubes while the E-GI-HX205 tubes exhibited higher energy-absorption capability

than the E-Gl- F185 material for [0/±1514 and [0/±4514 ply orientations as seen

in Fig. 26. However, the energy-absorption capabilities of all three materials were

equal for the [0/±7514 ply orientation. 'The increase in energy-absorption capability

as matrix stiffness increased from the F185 tubes to the HX205 tubes was due to

matrix stiffness effects. The stiffer HX205 matrix reduced the bending of the lamina

bundles due to a stiffer end support of the lamina bundle. Higher end support

stiffness produced a slight increase in brittle fracturing, hence the slight inczease h

energy-absorption capability. However, the decrease in energy-absorption capability

between the HX205 and the 934 tubes was due to the lower matrix failure strain

of the 934 matrix. The 934 matrix fails at a relatively low strain which produces

longer interlaminar and intralaminar cracks than in the HX205 tubes. Generation

of long interlaminar cracks typically results in lower energy-absorption capability.

As ply angle 0 increases for the [0/+0J4 tubes, the "foundation" stiffness

increases because as E increases an increasing portion of the "foundation" stiffness is

contributed from the fibers. Therefore, the significance of the matrix contribution

to the "foundation" decreases as 0 increases. At 0=75 degrees, the difference

in energy-absorption capability of the F185 and HX205 matrices is virtually

eliminated.

The energy-absorption capability of the [0/±4514 934 tubes is less than the

evergy-absorption capabilit. of the F185 and HX205 tubes. Even with 0=45
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degrees, insufficient "foundation" stiffness is obttined to significantly increase the

percentage of material that exhibited a brittle fracturing crushing mode. At

0=75 degrees, the circumferential fibers provide equal "foui ation" support to

all materials resulting in equivalent energy-absorption capabilities.

The energy-absorption trends for the [+1516 tubes are the same as described

for the [0/±1514 tubes. The mechanisms that control the crushing response of

these tubes are also the same. That is, the incLea&se in energy-absorption capability

between the F185 and HX205 tubes is due to an increase in matrix stiffness.

However, the low energy-absorption capability of the 934 tubes is due to lower

matrix failure strain relative to the failure strin of either the F185 or the HX205

matrices. The crushing modes of the [+1516 tubes were predominately lamina

bending with some brittle fracturing. Thes! crushing modes changed to local

buckling for the [+456] and [+75]6 F185 and HX205 tubes. The crushing mode of

the 934 tubes remained combined lamina bending and brittle fracturing.

Energy-absorption capability increased as matrix stiffness increased for the

[-45]6 F185 and HX205 tubes. This energy-absorption trend occurred because

for brittle fiber-reinforced composite tubes that crush in the local buckling mode,

as "foundation" stiffies increase a higher force is required to l)ekl,, the "column ";

hence, a higher energy-absorption capability im achieved. The difference in energy-

absorption capability was even greater for the '+75]6 F185 and HX?05 tubes. The

"foundation" stiffnesses of [+7j6] F135 and HX205 tubes are equal because the

"foundation" stiffness is essentially coirrolled by the stiffness of the fibers. However,

the difference in "column" stiffness is primarily controlled by the stiffness of the
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matrix and approximately a factor of two difference exists in matrix stiffness between

the F185 and HX205 matrices. This difference in "column" stiffness nearly equals

the difference in energy-absorption capability b>etween the F185 and HX205 tubes.

The crushing mode of the E-Glass-934 [.O± 6 tubes was combined lamina

bending and brittle fracturing. As ply angle 0 increased, the percentage of material

crushing in a lamina bending mode decreased whereas the percentage of mater.

that crushed in the brittle fracturing mode increased. Also, as ply angle 9 increased,

there was an increase in energy-absorption capability. The change in crushing mode

and energy-absorption capability is a result of an increase in "foundation" stiffness

as ply angle 9 increases.

3.3.3 Effects of Fiber Failure Strain on Crushing Response of

Brittle Fiber-Reinforced Composite Tube Specimens

Four studies were conducted to evaluate the effiect of changes in fiber extensional

failure strain on the crushing response of composite tube specimens. The composite

materials used in these studies were T300-934, AS4-934, AS6-934, E-GI-934, T300-

5245, AS4-5245, AS6-5245, AS6-HX205, E-GI HX205, AS6-F185, E-GI-F185, and

K-49-934. Ply orientations of the tubes in studies one through three were [0/-±14

and L+] 6 . These studies are analogous to those performed in the investigations

examining the effects of fiber and matrix sl iffiss. The first study consisted

of comparing the energy-alsorption calpabilihy of T300, AS4, AS6, and E-GI

reinforcement fiber in a low failure strain matrix ()34). The .econd study conisisted

of evaluating three graphite reinforcements (17300, AS4, and ASO) in a matrix
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having an intermediate failure strain. The effects of failure strain of AS6 and E-G1

reinforcement in two different high failure strain matrice. (HX205 and F185) were

evaluated in the third study. The fourth study consists of comparing the energy-

absorption capability of T300, K-49, and E-GI reinforced 934 epoxy [0/±45/90]S

tubes wherein only the fiber properties were 'anged, i.e., a common matrix was

maintained.

Effects of Fiber Failure Strain in a Low Failure Strain Matrix (934). Composite tubes

fabricated from T300, AS4, AS6, and E-GI fibers in a 934 epoxy were evaluated

to investigate the effect of fiber failue strain on energy-absorption capability.

Graphite-reinforced tubes with [0/±1514 ply orientation exhibited essentially a

constant energy-absorpt.:on capability as fiber f ihlure strain increased from 1.1 to 1.7

percent. Energy-absorption capability of the E-Gl reinforced tubes was substantially

less than the graphite-reinforced tubes. Tubes with ply orientations of L±1510

exhibited an increase in energy-absorption capability as fiber failure strain increases

from 1.1 to 1.5 percent but decreases with further increase in fiber failure strain as

depicted in Fig. 27. In these comparisons, the predominant crushing mode of the

tubes fabricated from the T300/934 material is brittle fracturing while the tubes

fabricated from the AS4 and AS6 fiber-reinorcecd materials exhibit a combined

lamina bending and brittle fracturing crushing riode. Tubes fabricated from E-

GI-934 material exhibit a lamina bending-crus iing mode. Fiber failure strain does

not control the crushing mechanisms associated with the lamina crushing mode.

Therefore, this comparison does not pro'ide a clear representation of how fiber

failure strain influences energy-absorption capability.
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As the ply angle 0 increases, the percentage of fibers in the direction of the

applied load decreases. The decrease in energy-absorption capability occurs because

of a decrease in "column" stiffness. However, a more fibers are oriented in the

circumferential direction of the tube, an increase in "foundation" support is provided

and a greater percentage of material is crushed in , brittle fracturing mode. The net

result is that the energy-absorption capability can increase or decrc-se as ply angle

o increases depending upon the material properties of both the fiber and matrix.

This seemingly random change in energy-a')soption capability occurred as ply

angle increased. The differences in crushing modes suggest that if additional stiffness

were provided to the "foundation", then the AS4, AS6, and E-GI tubes could be

crushed in more efficient crushing modes. Ever though the AS4 and AS6 reinforced

tubes crushed in less efficient crushing modes than the T300 fiber-reinforced tubes,

the AS4 and AS6 reinforced tubes have equal or greater energy-absorption capability

than the T300 fiber reinforced tubes. Therefore, the energy-absorption potential

of the AS4, AS6, and E-GI tubes is higher than that of the T300 fibers. Hence,

ai increase in fiber failure strain can prolhe an increas in energy-absorption

capability.

The energy-absorption capabilities of the :0/_T75.1 E-Gi-034 tubes are equal

to or greater than the graphite-reinforced tue.s. The effect of fiber stiffness was

established to be small for tubes that crush in a lamina bending crushing mode.

Therefore, the increase in energy-absorption (apibility as ) increased for the E-

GI-934 tubes relative to the graphite-reinforced tubes is the result of the E-G1

fiLrs' ability to dfonn more prior to fracthre th;.n was lossible with the graphite
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reinforcements. The crushing modes of the AS4, AS6, and E-G1 still retain a

considerable percentage of lamina bending which suggests that even higher energy-

absorption capability exists provided more "foundation" stipport is p~rovided to

the "column" . Hence, fiber failure strain ciin, depending upon ply orientation,

significantly affect energy-absorption capability.

When the failure strain of the fiber exceeds the failure strain of the matrix, then

the energy-absorption potential of the tube, depending upon the ply orientation of

the tube, can decrease. For example, the crushing modes of the T300-934 tubes

were predominantly brittle fracturing, which is am efficient crushing mode. The

failure strain of the fiber exceeds the failure strain of the matrix by approximately

twenty percent. However, the crushing mode of the E-GI-934 material is lamina

bending, which is an inefficient crushing mode, and the failure straiin of the fiber is

200 percent greater than the failure strain of the 934 matrix.

Effect of Fiber Failure Strain in an latermediateFailrtre-Sqtrain. Matrix (5245). Similar studies

were conducted on the effects of fiber failu.e strain on the energy-absorption

capability of composite material using 5245, HX205, and F185 matrices. Tubes

fabricated from T300-, AS4-, and AS6-5245 composite material and wvth laminate

stacking sequences of [0/±14 and L+16 were evaluated. As fiber failure strain

increased from 1.1 (T300) to 1.5 (AS4), the energy-absorption capability increased

as depi ted in Fig. 28. However, further inirea;s in filbr faiihr,, strain to 1.7

(ASG) percent generally resulted in a decrei.se in e ,ergy-al)sorption capability.

The exception to this trend was the (+1516 tubes which exhibited an increase

in energy-absorption capability as failure strain increased to 1.7 percent. The
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lower energy-absorption capability of the AS6-reinforced tubes occurs because the

AS6-reinforced composite materials exhibit a lower compression strength than the

AS4-reinforced composite material. The lower compression failure strength occurs

because the diameter of the AS6 fiber is smaller than the AS4 fiber which causes

a fiber-microbuckling-mode-induced compression failure. As ply angle ( increased,

which increased the "foundation" stiffness, more of the inatrial cnished in a brittle

fracturing mode. Increasing the "foundation- stiffnes resulted in increasing the

crushing efficiency and energy-absorption capability of the AS6 reinforced composite

tubes. An increase in failure strain can result in energy-absorption capability that

increases, decreases, or remains constant.

Effects of Fiber Failure Strain in High-Failure-StL'ain Matrices (11X205 and F185). The

effects of fiber failure strain were further investigated through an evaluation of

tubes fabricated from AS6 and E-Gl reinforcement fibers in HX205 and F185

matrices for tubes having [0/±E14 and LO±jc ply orientations. The fiber failure

strains of the AS6 and E-Gl fibers are 1.7 and 3.0 percent, respectively. Energy-

absorption capability remained essentially constant or slightly increased as failure

strain increased for either the HX205 or F185 matrices for [0/±15]6 or L.1516

as seen in Figs. 29 and 30. The high failure strain of the matrices reduced the

interlaminar crack length so that even the E-G reinforced tubes exhibited a partial

brittle fracturing crushing mode. The high energy-absorption capability of the E-G1

reinforced tubes was produced even though th,, stifftness of the E-Gl fiber has only

a third the stiffness of the AS6 graphite fiber.

As 0 increased for the [0/±14 tubs, ener:y-b.sorption capability increased or
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remained constant as fiber failure strain increased. These trends support the finding

that as "foundation" stiffness increases, the higher failure. ,train material. even

though it has a lower stiffness, can produce a higher energy-absorption capability

than the graphite fibers with a lower failure strain and higher stiffness.

The L]4516 and [+756 HX205 and F185 tubes exhibited an essentially constant

energy-absorption capability with respect to an increasing fiber failure strain. These

tubes crushed in a local buckling mode. When brittle fiber-reinforced composite

tubes crush in a local buckling mode, the most significant parameter that controls

energy-absorption capabilities is "foundation' stiJIness. The "foundation" stiffness

relative to the "column" stiffness is very high for these tubes, and fiber failure

strain has no significant effect on this parameter.

Effects of Fiber Failure Strain on Quaua-latropic T-100-934, K-94, and &GI.934 Tubes. The

effects of fiber failure strain on the energy-absorption capability of T300-934, K-

934, and E-GI-934 quasi-isotropic [0/±45/90].; tubes are examined in the fourth

study. The energy-absorption capability of the T300-934 and K-934 tubes were

approximately equal while the E-GI-934 tube had approximately 18 percent higher

energy-absorption capability than either the graphite- or Kevlar-reinforced tubes,

as depicted in Fig. 31. The higher energy-absorption capability of the E-GI-934

tubes is dite to the larger deformations, prior to fracturing of the lamina bundles,

that are achievable with the higher failure strain fiber. The crushing mode for

the graphite-reinforced tubes was predoininani-ly brittle fracturing, for the Kevlar

was local buckling, and for the E-glass was a combined lamina bending and brittle

fracturing, as shown in Fig. 32. Increasing Cie stability of the axial fibers, such
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as by increasing the "foundation" stiffness, results in increased crushing efficiency,

hence increased energy-aborption capability. If additional "foundation" stiffness.

such as by using a stiffer matrix or reorienting the + 45 fibers to 90 degrees,

could be provided to the axial fibers of the E-GI tubes, then ftirther increases

in energy-absorption capability could be achieved with the E-GI rinfired tubes.

Furthermore, the energy-absorption potential of the E-GI reinforced tubes exceeds

that of the T300 reinforced tubes.

Sumtary. As has been the case with many of the other studies, such as the

effects of fiber and matrix stiffness on energy-absorption capability, the results are

confusing if care is not taken in interpreting the results. An increase in fiber failure

strain can increase, decrease, or have no effect on the energy-absorption capability

of the tube specimen. However, if adequate "foundation" stiffness can be provided

to the "columns", then increasing fiber failure strain will resdt in increasing energy-

absorption capability.

3.3.4 Effects of Matrix Failure Strain on Crushing Response of

Fiber-Reinforced Composite Tubes

Tests were conducted to evaluate the effects of changes in matrix failure strain on

the crushing response of brittle fiber- (graphite and E-GI) and ductile fiber-(IKevlar)

reinforced composite tubes. In this study, the inaterials used are T300-934. T300-

524,5, AS4-934, AS4-5245, AS6-934, AS6-5245, AS6-HX205, AS6-F185, E-GI-934,

E-GI-HX205, E-GI-FI,5, K-934, and K-974. 'lhe ply olti'itatiowLs of the tlbes are

{o/±e14 and [±e6 •
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Effects of Matrix Failure Strain on T300. and AS4.1teinforced Tubes. The effects of matrix

failure strain on the energy-absorption capability of T300- and AS4-reinforced tubes

were evaluated for [0/+14 and [+0]6 ply orientations. The matrix materials were

934 and 5245 which had 1.0 and 2.0 percent failure strains, respectively. For all

ply orientations and reinforcement fibers, energy-absorption capability increased as

matrix failure strain increased as depicted in Fig. 33. However, the magnitude of

change in energy-absorption capability was a function of ply orientation. As the

matrix failure strain increases, the length of the intcrlaininnr cracks and "column"

decreases. The sustained crushing load is inversely proportional to the length of

the "column". Therefore, as the length of the "column" decreases, the energy-

absorption capability increases.

Effect of Matrix Failure Strain on AS6-reinforced 'ubes. A similar series of tests was

conducted using AS6 graphite fibers in 934, 5245, HX205, and F185 matrices for

tubes with ply orientations of [0/±E14 and [±0O] . As matrix failure strain

increased from 1.0 (934) to 2.0 (5245) percent, there was a corresponding increase

in energy-absorption capability. However, as matrix failure strain increased from

2.0 (5245) to 3.0 (HX205) and 13.0 (F185) percent, energy-absorption capability

decreased, as depicted in Fig. 34. For the [0/±1514, [0/±4514 and [L1516 tubes, the

decrease in energy-absorption capability is due primarily to the high failure strain

matrix's inability to provide sufficient "foundation" stiffness to produce a brittle

fracturing mode. The ASG-HX205 and AS6-Fl.35 tubes exhibit shorter interlaminar

crack lengths, as shown in Fig. 35, than either the AS6-934 or AS6-5245 tubes, but

the lamina bundles exhibit little brittle fractu:ng. The lamina bundles of the AS6-

HX205 and AS6-F185 L+15]6 tubes seem to bcnd as if the crushing mode was local
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buckling, as seen in Fig. 35. Little change in energy-absorption capability occurred

for the [0/+75] tubes with increasing matrix failure strain. The [±4516 and [+7516

tubes crushed in a local buckling mode. The 'rushing modes of the [+45]6 tubes

are shown in Fig. 36. The local buckling mode is generally a less efficient crushing

mode than either brittle fracturing or lamina bending.

Effect of Matrix Failure Strain on E-GI-Reinforced Tubes. Similar energy-absorption tests

were conducted with E-GI reinforced tubes with 934, HX205, and F185 matrices.

The tube ply orientations were [0/±() 4 and [+E] 6 . Increasing matrix failure strain

from 1.0 (934) to 3.0 (HX205) percent, for the [0/±1514 , [0/±4514 , and [1516

tubes, resulted in an increase in energy-absorption capability as seen in Fig. 37.

However, as matrix failure strain increased ftuther to 13.0 (F185) percent, energy-

absorption capability decreased. The decrease in energy-absorption capability was

due to insufficient "foundation" stiffness to produce a brittle fracturing crushing

mode even though the length of the interlaminar cracks was relatively short. The

decrease in energy-absorption capability also occurred for the AS6-F185 tubes

described in the previous study.

The [0/±7514 tubes exhibited essentially a constant energy-absorption capability

over the range of materials evaluated. In this case, the "foundation" stiffness and

the length of the interlaminar cracks is controlled by the circurnfere'ntially oriented

fibers, and the matrix participates minitually.

In the case of the [+4516 and L.:7516 tulbs. the interlaminar cracks were

eliminated and the crushing mode changed frorn. pr.dominately lamina bending with
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the 934 matrix to local buckling with the HX205 and F185 matrices. Therefore,

energy-absorption capability and crushing modes change little with matrix failure

strain.

Effect of Matrix Failure Strain on Keviar-Reinforced Tibes. Tests were conducted using

Kevlar fiber in 934 and 974 matrices made into tubes having ply orientations

of [0/0e1 4 and [+0]6 . In general, as matrix failure strain increases, energy-

absorption capability slightly decreases as shown in Fig. 38. This decrease is

att-ibuted to the nonlinear stress-strain characteristics of the 974 matrix. That is,

at high strain levels, the 974 matrix exhibits considerable nonlinear behavior which

results in a reduced matrix stiffness; hence, le~s "foundation" stiffness is provided

to the "column". The reduced "foundation" .tiffness reduces the buckling load of

the "column" which results in decreased enery-absorption capability.

3.4 Effects of Specimen Structural Variables on Crushing Response

A series of studies was conducted to determine the effects of specimen structural

variables on the crushing response of composite tube specimens. The specimen

structural variables investigated are ply orientation, fiber volume fraction, stacking

sequence, hybridization, and geometry. Isolating the effects of a single structural

variable on the crushing response of composite tubes is relatively straightforward

as compared to fhe previous study where changes in one material property (failure

strain) could not be uncoupled from another property (stiffness).

All tests were conducted using tubular specimens of either circular, square, or
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"near-elliptic" cross section. All tubes were 10.16 cm in length, 3.81 cm in inside

diameter, and were crushed in accordance with procedures described in Chapter 2.

3.4.1 Effects of Tube Ply Orientation on Crushing Response of Composite

Tubes

The most widely used structural variable to tailor the response of a composite

structure is ply orientation. Extension, bending, shear, and torsional stiffnesses of

composite structures are all functions of ply orientation. In this study, tube ply

orientations of [0/-±]4 and [+0]6 were evaluated. Composite materials used in

this investigation were T300-934, K-49-934, and E-GI-934. These materials were

chosen because the energy-absorption trends produced by the materials are a result

of different crushing mechanisms.

Effects of Tube ply Orientation on Crushing Responst- of T300-934 Thbes. The energy-

absorption capability of the T300-934 tubes generally decreases as 0 increases for

both [0/±-]4 and [+0]6 ply orientation tubes as seen in Fig. 39. The decrease

in energy-absorption capability trend follows the same trend as does extensional

stiffness with changes in ply orientation. However, there is an anomaly with the

[±O]6 ply orientations near 0=30 degrees. The energy-absorption capability, as

O decreases from 0=5 degrees, decreases until 0=30 degrees. Energy-absorption

capability begins to increase a 0 increascs between 0=30 and 45 legres and then

decreases as 0 increases from 45 to 60 ,l,,grev.s. At mngles greater tham 60 degrees,

energy-absorption capability decreases as 0 in reses. The "bucket" shape formed

by the energy-absorption curve, as seen in Fig. 39. near 0=30 degrees is attributed
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to the high Poisson's ratio of the ±30 ply orientation. The high Poisson's ratio

causes high interlaminar stresses which facilitate interlaminar crack growth. Long

crack lengths result in longer lamia bundles and lower the buckling load, and hence

reduce the energy-absorption capability.
.4

The length of the interlaminar cracks in the [±30]6 tube is longer than in the

[+15 6 or the [+45]6 composite tubes. Typic-dly, the longer the interlaminar

cracks, the lower the energy-absorption capability of the tube. The predominant

crushing modes for the tubes are combined brittle fracturing and lamina bending.

The percentage of material that crushes in each mode changes with ply orientation.

Generally, as more circumferential support is provided by the circumferential fibers,

more of the material crushes in a brittle fracturing mode. However, as more of

the fibers are oriented in the circumferential direction and the crushing efficiency

improves, the longitudinal stiffness of the lamina bundles decreases. The net result

is a change of crushing modes, and the energy-absorption capability can increase,

decrease, or remain unchanged.

Effects of TMbe Ply Orientation on Crushing Response of ,-GI-934 Tubes. The energy-

absorption trends for both the E-GI-934 [0/±(-]4 and the [Ol]6 tubes in Fig. 40

are considerably different than the energy-absotption trends exhibited by the T300-

934 tubes in Fig. 39. The energy-absorption capability of the [0/±E] 4 E-GI-934

tubes increases as ply .sngle 0 increases until approximately 0=60 degrees. That

is, the increase in energy-absorption capability vs a function of e is larger as a

result of increased "foundation" support from the circumferentialy oriented fibers
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than the decrease in energy-absorption capability as a result of decreased "column"

stiffness. At ply orientations greater than 60 degrees, the energy-absorption

capability decreases as ply orientation increases. As ply angle 0 increases, the

decrease in energy-absorption capability is due to the decreased "column" stiffness.
.4

The failure strain of the fiber and matrix ignificantly affects the crushing

characteristics of the composite tube. In the case of the E-GI-934 composite

tubes, the glass reinforcement has a high failure strain and exhibits brittle failure

characteristics. The matrix has a lower failure strain than the glass fiber, and

the matrix also exhibits brittle failure characteristics. When fibers and matrices

with brittle failure characteristics are combined, then the predominant crushing

mode will be lamina bending. A brittle fracturing mode can be achieved if

circumferentially oriented fibers can stiffen the "foundation" and stabilize the

"column". In the case with the E-GI-934 tubes, the matrix alone can not stabilize

the axially oriented fibers. Therefore, tubes with near 0 degree ply orientations can

have lower energy-absorption capability than tubes with a mixture of 0 degree and

circumferentially oriented fibers. As ply angle 0 increases and the fibers are able to

increase the "foundation" stiffness, then the energy-absorption capability increases.

As ply angle 0 increases beyond 0=60 degrees, further increase in foundation

stiffzic.s from the circunferential fibcrs ii mininial. ALso, Is ply angle 0 increases,

the "column" stiffness decreases. Therefore, a slight decrease in energy-absorption

capability occurs as 0 increases beyond 60 degre s.

The crushing mode of the E-GI-934 tube:; is predominately lamina bending.

Interlaminar crack length generally decreases a.; 0 increases because, as 0 increases,
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"foundation" stiffness increases. Ply orientations greater than 60 degrees provided

little further reduction in iterlaminar crack length.

Effects of Tibe Ply Orientation on Cruwhing Response of K-934 Tubes. The KevIar-

reinforced 934 epoxy matrix material produces energy-absorption trends, in Fig.

41, similar to those of the E-GI-934 composite tubes in Fig. 40. However, the

material mechanical properties that are responible for these energy-absorption

trends are different from the corresponding properties of the E-GI-934. All of

the KevIar-reinforced tubes crushed in a local buckling crushing mode. The 934

matrix, when combined with the high failure strain and ductile compressive failure

characteristic Kevlar fiber, can not provide sufficient "foundation" stiffness to

stabilize the axial Kevlar fibers. Therefore, when 0 is small, that is, when the fibers

are predominantly oriented in the direction of tLe applied load, the tube crushes

at a low applied load, hence a low energy-absorption capability. As 0 increases,

the circumferentially oriented fibers contribute to the "foundation" stiffness which

results in an increase in energy-absorption capability. Beyond 0=60 degrees, the

energy-absorption capability of the 10/±O]4 tuIs continjes to increase while the

energy-absorption capability of the [±e tubes d.!creases. That is, for the [0/±014

tubes, the increase in energy-absorption capability as a function of increasing 0 is

the result of increasing "foudation" support. This 'founation" stiffness is larger

than the decrease in energy-absorption capalility due to a decreasing "ohmn

stiffness. The axial st-1ess of the [±0J6 tub.!s decreases as 0 increases resulting

in a decrease in energy-ab orption capability. Unlike the situation in which 0 is

les than 60 degrees for the [±04 tules, furtier increase in circumferential fibers
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increases the "foundation" stiffness proportionally but decreases the axial stiffness

of the tube. The reduction of axial stiffness results in a lower buckling load and

hence, a decrease in energy-absorption capability.

3.4.2 Effects of Fiber Volume Fraction on
Crushing Response of Composite Tubes

Fiber volume fraction is a parameter that i- not frequently used to change

the mechanical response of a composite struct ur(. Generally, the designer, based

upon manufacturing and other design requiremints and limitations, is required

to use materials having a specific fiber volume fiaction. Most aircraft composite

primary structures have fiber volume fractions between 55 and 65 percent. Laminate

extensional stiffness and strength typically varv linearly wit i fiber volume fraction

because they are fiber dominated. However, to more completely understand the

crushing response of composite materials, it ii iraportant to understand how the

crushing response of the tube changes as a function of fiber volume fraction.

The effect of fiber volume fraction on the energy-absorption characteristics of

T300-934 and K-934 composites was investigated. Preprcg material with (ifferent

percentages, between 40 and 70 percfnt, of fiber by volume were used to make

tube specimens. Fiber volume fraction was determined using a nitric acid digestion

techli(ue, Ref. 29. for the graphite-reinfored composites while a DMSO acid

digestion technique, Ref. 30, was used for the K~vlar-reinforced composites. Ply

orientations used in this investigation were L+,.5]6 , [0/±1514 , and 10/±7514

Effects of Fiber Volume Fraction on Crushing Respons,! of T300-93.1 Tubes. Fiber volume

fractions of the T300-934 composite tubes were between 40 and 55 percent. As

106



fiber volume fraction increases, the [+4516 and 10/±1514 tubes exhibited an

approximate 10 percent decrease in energy-absorption capability wbile the [0/±7514

tubes experienced no change in energy-absorption capability, as depicted in Fig. 42.

Energy-absorption capability as defined in this study is inversely proportional

to the density of the composite material. The density of the composite material

can change as fiber volume fraction changes because the densities of the fiber and

matrix material are usually different. Therefore, composite materials composed

of the same constituent material but having different fiber volume fractions can

exhibit different energy-absorption capabilities even though their average crushing

stress are the same. For example, as fiber volume fraction increases, the density of

the T300-934 composite material increases while the density of the K-934 is almost

unchanged.

As fiber vohrme fraction increases, the volume of matrix between fibers and

adjacent plies decreases resulting in closer fiber spacing. The proxinity of adjacent

fibers can affect the stress state in the matrix in the following manner. The

magnitude of the stresses in the matrix adjacent to a fiber decrease with increasing

distance from the fiber. Provided sufficient distance exists between fibers, certain

stress comlonents will vanish or reach a constant magnitude at som, (listalucc from

the fiber. If ddjacent fibers are closely spaced, ,;hen an interaction exists in the

stress state in the matrix between the fibers. This interaction can result in a stress

statf. f a higher magnitude than if the fibers were more widely spaced. These

higher matrix stresses as a result of higher volume fraction can allow formation

and propagation of cracks at lower load levcs than would occur at lower fiber
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volume fractions. As previously discussed, energy-absorption capability is invesszjy

proportional to interlaminar crack length. Therefore, as fiber volume fraction

increases, the sustained crushing load decreases and the density of the material

increases. The net effect is a decrease in energy-absorption capability for the [+45]6

and [0/±1514 tubes.

The process of forming interlaminar cracks and their subsequent propagation is

also a function of pi-, crientation. The length and location of interlaminar cracks

is a function of the ability of circumferentially oriented fibers to stabilize the axial

fibers. As discussed in the subsubsection on 3...1 Effects of Tube Ply Orientation on

Crushing Response of Composite Tubes, when there are circumferential fibers, in this case

0=75 degrees, to stabilize the axial fibers, the circumferential fibers provide most

of the "foundation" stiffness.

For the case of the [0/±7514 tubes, a hypothesis of the phenomena that controls

the crushing process is as follows: as fiber volume fraction increases, the compliance

between the circumferential and axial fibers decn-ases because there is less matrix

between the circumferential and axial fibers. The decrease in compliance, hence an

increase in "foundation" stiffness results in an increase in the sustained crushing

load. Increase in fiber volume fraction results in an increase in density of the

T300-934 composite material. Therefore, the increase in sustained crushing load is

offset by the increase in material density resulting in little or no change in energy-

absorption capability with respect to changes in fiber volume fraction.

Effects of Fiber Volume Fraction on Crushing Response of K-934 Tubes. Energy-absorption

capability of K-934 [+45]6, [0/±1514 , and [0/±7514 tubes as a function of fiber
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volume fraction between 46 and 70 percent was investigated. Between fiber volume

fractions of 46 and 55 percent, the change in energy-absorption capability was

negligible for all ply orientaticms as seen in Fig. 43. Both the L4516 and [0/±7514

ply orientations exhibited approximately a 10 percent decrease in energy-absorption

capability between fiber volume fractions of 54 aiA 70 percent. The energy-

absorption capability of the [0/±1514 ply orientition increased ripproximately 10

percent between fiber volume fractions of 55 and 66 percent. Unfortunately, the

small magnitude of change in energy-absorptioa hinders resolutio, of the governing

mechanism.

3.4.3 Effects of Stacking Sequence on
Crushing Response of Composite Tubes

A change in stacking sequence can refer to the total description of a laminate

or merely to the mean order of predetermined layer orientations. In this study the

definition of stacking sequence is the later. A change in laininate stacking sequence is

an effective method of changing the bending stiffness o' a laminate without altering

the in-plane stiffness. This technique of tailoring bending stiffness is used sparingly

because more significant changes in bending stiffness can be achieved by the use

of stiffeners or utilizing a sandwich construction. Change in stacking sequence

is generally dictated by manufacturing considerations. Many companies limit the

number of plies of the same fiber direction that are stacked together to reduce

problems with laminate consolidation and free-edge stresses.

Effects of Stacking Sequetice on Crushing Response of 1+4517, 300.931 atd K-93.1 Tubes. In

this study, the effects of stacking sequence are st ud:ed using a family of [+4516 T300-

934 and K-49-934 and a hybrid laminate comp(cse of unidirectional T300-934 and a
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hybrid woven fabric (T300-K) with a 934 matrix. The [+45] pkV oi,,ntations typify

the effects of changes in stacking sequence of most commonly used laminates while

the hybrid fabric would represent special layups dcviscd for high energy-absorption

capability and post-crushing integrity.

Five different [+45] configurations were investigated to determine the effect of

stacking sequence on energy-absorption capability. The two T300-934 and three K-

934 stacking sequences investigated were f±451(; and [+45 3S plus [+456, [+45]3S,

and [+456/ - 456], respectively. The differences in energy-absorption capability of

the two different T300-934 layups were less than I percent as seen in Fig. 44. The

crushing modes for 1oth layups were predominately brittle fracturing. The energy-

absorption capability of the -4-516 and +45 13,,; K-934 tubes were comparable

whereas the energy-absorption capability of the [+456/ - 456] K-934 tubes were

approximately 30 percent less than the other K-034 tubes in Fig. 44. All of the

K-934 tubes crushed in similar local buckling modes. However, the [+456/ - 456]

K-934 tube exhibited more extensive interlaminar delaminations than the other K-

934 tubes. It is doubtful that a designer would pscribe the [+456/ - 456] layup

because of the segregation of ply orientations. A designer would probably use the

[+4513S ply orientation. Therefore, based upon the [+45] family of ply orientations

of T300-934 and K-934 that would typically be us.d in a structure, the effect of ply

orientation is small.

The [±45] layup is not the most efficient with re.spect to energy-absorption capa-

bility. When energy-absorption capability becomes the driving design requirement,

then the structural designer will want to employ more efficient ply orientations than
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[±45] . As shown in previous sections, to increase the energy-absorption capability,

a large percentage of fibers should be oriented in the direction of the applied load.

The following example will show a major pit fall that could await the designer if

stacking sequence considerations were not considered.

Effects of Stacking Sequence on Crushing Response or Hybrid Composite Tube. A hybrid

tube composed of unidirectional T300-934 material oriented at a 0 degree ply

orientation is combined with a balanced plain weave hybrid fabric material (T300-

f+45H/0
K-934) oriented at 45 degrees. The ply orientations of the tubes were [ F / ] S

and [oGrl + 45H ] S where T and F refer to tape. and fabric prepreg, respectively,

Gr refers to graphite, and H refers to a hybrid material composed of alternate tows

of graphite and .:evlar. The [+45/ 05G ] S tube energy-absorption capability was

300 percent higher than the [0G7r/ + 45H] tubes as seen in Fig. 45. The difference

in energy-absorption capability is attributed to the different crushing modes. The

tubes that had 0 degree fibers on the outside of the stacking sequence exhibited

a lamina bending crushing mode for the 0 degree plies and a local buckling mode

for the hybrid fabric as depicted in Fig. 45. As previously (liscumed, the lamina

bending mode is not as an efficient crushing mode as the brittle fracturing mode.

The crushing mode of the ply orientation where the 0 degree T300-934 plies are

imbedded in the center of the stacking sequence i., brittle fracturing of the 0 degree

T300-934 plies, and the hybrid fabric on the oul er plies tended to peel away from the

unidirectional graphite as the tube was crushed. The hybrid fabric, because of the
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high-failure-strain Kevlar fibers, provided the necessary "foundation" stiffness to

stabilize the 0 degree T300-934 plies to facilitate the crushing in a brittle fracturing

mode. The peeling of the hybrid fabric outer ply would not occur in a luilt-up

beam structure because the outer ply would be molded into the beam cap. In a

beam composed of these hybrid materials, the outer ply would probably delaminate

as the beam was crushed and fold producing a lcal buckling mode. The folding of

the outer ply would provide the beam with post-crushing integrity.

3.4.4 Crushing Response of Hybrid Composite Materials

The term hybrid composite materials encompasses a broad category of materials

and material forms. Generally, the term hybrid composite materials is used in

reference to combinations of different fiber reinforcements, such as graphite-Kevlar

hybrids. Mixed-matrix materials are difficult to cure properly, so mixed-fiber,

single matrix hybrid materials are practical examples of hybrid composite materials.

Hybrid materials offer the potential of increased energy-absorption capability and

post-crushing integrity that is not readily achievable with a single-fiber composite

material system.

In this investigation, three examples of hybrid materials will be presented to

demonstrate the energy-absorption capability and lst-crushing integrity that is

achievable with hybrids. The first example is a hybrid balaticed woven fabric

composed of 50 percent T300 and 50 perceni K-49 fibers in a 934 matrix. The

ply orientation of the hybrid fabric is [±45F].. rhe energy-absorption capability

of the hybrid material is compared with the er.ergy-absorption capability of [±45]6

116



T300-934 and K-934 tubes. The energy-absorptirn capability of the hybrid fabric

tube is approximately the average of the T300-934 and K-934 tubes of the same

ply orientations in Fig. 46. The crushing mode of the hybrid fabric tube is a local

buckling mode as seen in Fig. 47. Based upon these results, the hybrid fabric
4

material could be directly substituted in an energy-absorption application that is

currently using an all-Kevlar material without losing the post-crushing integrity

capability. The hybrid design would increase the energy-absorption capability and

increase the in-plane extensional and shear stiffnss.

A second example of hybrid composite materials is a tube with hybrid woven

Kevlar and T300 graphite fabric encapsulating unidirectional T300 graphite in the

center of the stacking sequence. The ply orientation of this tube is [+45H/O]

The energy-absorption capability of this tube is more than twice that of the

[-45] , in Fig.45.

The third example of the hybrid composite materials is L45K/ 0 N Gr]S Ply

orientations where N=3, 6, 9, and 12. In these speimens, the percentage of 0 degree

T300-934 and + 45 K-934 was varied to determine the effect on energy-absorption

capability. The Kevlar + 45 degree plies were ued to stabilize the unidirectional

graphite plies to produce a brittle fracturing crtshing mode. Based upon tests,

described in subsubsection 3.4.1 Effects of Tube Ply Orentation on Crushing Resporne of

Composite Tubes, as the percentage of graphite oriented in the direction of the applied

load increases, the energy-absorption capabi;ity should incrawie. However, the

opposite energy-absorption trend occurred. As the percent of graphite increased,
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the energy-absorption capability slightly decreastd as in Fig. 48. Explanation of

this trend can be determined by examination of the crushing modes of the tubes

shown in Fig. 49. The graphite plies crushed in a brittle fracturing nmode fior

the tubes with N=3. However, as the number of graphite plies increased, the

crushing mode gradually changed to predominantly lamnina bending, as exhibited

by the [+45K/012 Gr]s tubes. To achieve a brittle fracturing mode of the 0 degree

plies for N=12, circumferentially oriented plies must be interspersed throughout the

stacking sequence. The congregation of plies together, such as the 0 degree plies,

increased the compliance in the 0 degree lamina bundles resulting in a change in

crushing mode to the lamina bending mode.

3.4.5 Effect of Specimen Geometry on Crushing Response

The subfloor structure of a helicopter is composed of a grillwork of beams

interconnected to carry the aircraft bending loads. The webs of the subfloor

structure are generally composed o! flat and circular sections such as that found

in sine-wave and integrally stiffened beams. The crushing characteristics of these

sections can be represented by three tubular shapes; circular, square, and near-

elliptical. The near-elliptical tube, as depicted in Fig. 50, is actually two halves of

a circular tube where the radii of curvature of the halves are not coincident. The

greater the distance between the two centers, the smaller the included angle (4) of

the tube.

In this study, the effects of tube geomwtry for the three different tube cross-

sectional shapes are studied. The geometrical pa.ameters varied in this study are

diameter (D) to thickness (t) ratio (D/t) for tho cLcuhar cross-section tubes and the
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near-elliptical tubes and inside tube width (W) to thickness (t) ratio (W/t) for the

square cross-section tubes. The diameter (D) of the near-elliptical tubes is "defined"

to be actually twice the radius. Another param,,ter studied of the near-elliptical

tubes is the included angle (4) as denoted in Fig. 50. Tubes were fabricated from

T300-934 and K-934 composite material, and the ply orientations were [. 4 5]N.

Circindr Cros-Section Tlbe Specimens. Circular cross-section compo.sitc tubes were

fabricated with diameters of 2.54 cm, 3.81 cm, and 7.62 cm. The number of + 45

pairs (N) were 2, 4, 6, and 12. The energy-absorption capability of the T300-934

tubes was a nonlinear function of tube D/t ratio. Each diameter tube produced a

different nonlinear response. For a given D/t ratio. the energy-absorption capability

decreased with increasing tube diameter as in Fig. 51. The crushing modes

exhibited by all tubes were combined brittle fracturing and lamina bending as seen

in Fig. 52. The differences in energy-absorption capability can be directly related

to changes in crushing modes. As tube D/t increases, the percentage of material

that crushed in the lamina bending mode decrea..ed. Also at a given D/t ratio, as

the tube diameter increased, the percentage of matterial that crushed in the lamina

bending mode also increased. As the percentage of material that crushed in a lamina

bending mode increased, a reduction in energy-absorption capability occurred.

The energy-absorption capability of the L 45IN K-934 tubes is a nonlinear

function of D/t ratio as shown in Fig. 53. Unlik.! the T300-934 tubes, the K-934

energy-absorption test results do not show a .hiff.,rent energy-absorption response

as a function of tube inside diameter. Between D/t values of 1.4 and 56.0, the
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energy-absorption capability is essentially a linear function of D/t ratio. All of the

K-934 tubes crushed in the local buckling mode.

In this series of tests where tube D/t was wried to investigate the effects of

specimen geometry on energy-absorption capability, the effects of geometric scaling

can also be studied. If the energy-absorption capability of tube specimens can

be geometrically scaled, then for a specific D/t, but different diameters and wall

thicknesses, the specimen should exhibit similar energy-absorption capability. The

D/t=20 T300-934 tube test results for 2.54 cm, 3.81 cm, and 7.62 cm inside

diameters tubes exhibited less than a 10 percent difference in energy-absorption

capability. There also exists a 25 percent difference in energy-absorption capability

at approximately D/t=50 for the 3.81 cm and 7.62 cm diameter tubes. These

results suggest that energy-absorption capabilities of T300-934 [+45]v tubes are

not geometrically scalable. The lack of scalability of these tube results is attributed

to the change in crushing modes. That is, the percentage of material that crushed

in the brittle fracturing and lamina bending-crushing modes changed with tube

diameter and tube wail thickness.

The K-934 tubes, for a particular D/t ratio, exhibit little difference in energy-

absorption capability for all configurations tested. These results indicate that

energy-absorption capability of K-934 [+45]N tubes can be geometrically scaled.

The scalability of K-934 is reasonable because the crushing modes did not change

with changes in geometry.

Square Cros-Section Tube Specimens. A series of iquare-cross section tubes was tested
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to determine the effect of tube width to thickness ratio (W/t) on energy-absorption

capability of T300-934 and K-934 [+45]N tubes. Inside tube widths were 1.27 cm,

2.54 cm, 3.81 cm, and 7.62 cm. The number of + 45 pairs (N) were 2, 4, and 8

resulting in a range of W/t values of between 6.4 and 150.0.

The energy-absorption trend is a nonlinear funetion of W/t ratio and the energy-

absorption capability, generally decreases with increasing W/t ratio. Regardless

whether plotted in terms of similar tube internal widths, as in Fig. 54, or similar

wall thicknesses, no single nonlinear function represents the overall response. A

family of unique curves representing the effects o-' W/t ratio on energy-absorption

capability for tubes having similar internal widtl.s or wall thicknesses is shown in

Fig. 55. With respect to tubes of similar intrmnd widths at small values of W/t,

energy-absorption capability increases with increasing W/t until a maximum is

reached. Energy-absorption capability then decreuses nonlinearly as W/t increases.

At sufficiently large W/t values, the walls of the tube will buckle and the tube will

not crush but fails catastrophically. The W/t value corresponding to the maximum

sustained stress increases with increasing tube width. For tubes having similar wall

thickness, energy-absorption capability decreases nonlinearly with increasing W/t

as in Fig. 55.

The square cross-section tubes exhibit laminlr bending or a combined brittle

fracture and lamina bending mode coupled with laminate tearing at the comers of

the tubes, as shown in Fig. 56. As the W/t ratio increases, less brittle fracturing

occurs and, for W/t=125 ([±452 with W=7.62 cm), the [+45] tubes exhibit mostly

a lamina bending mode. As the number of plies increases, the tubes still exhibit
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the lamina bending mode, however, with an increased amount of interlaminar crack

formation. Also, as the number of plies increases, for a constant tube width, the
percentage of material that crushes in the brittle fracturing mode increases. As the

percentage of material that crushes in the brittle fracturing mode increases. there is

a corresponding increase in energy-absorption capability. As W/t further decreases,

more secondary interlanihlar cracks are fi)rnmd which r.sult.s ill a 'reductiou ill local

bending stiffness and a decrease in energy-absorp.ion capability.

The energy-absorption capability of square cross-section K-934 tubes were eval-

uated in a similar manner to the square cross-section T300-934 tu.ies described in

this section. The energy-absorption trends of the K-934 tubes correspond to a bi-

linear function with the two linear regions between W/t of 0 and 60 and the second

linear region between W/t of 60 and 150, as i:i Fig. 57. These energy-absorption

trends are similar to that described for circular .ross-section tubes. The increase

in energy-absorption capability with decreasing W/t ratio is related to the reduced

interlaminar cracking and the buckling load of an equivalent edge-supported plate.

This increase in energy-absorption capability as W/t decreases is consistent with

the buckling load characteristic of edge-supportud, flat plates. All of the K-934

tubes crushed in the local buckling mode as shown in Fig. 58. The buckle wave

length is a function of tube geometry (width and wall thickness).

For the tests conducted on the square cross-section tubes, the energy-absorption

capabilities of the T300-934 tubes were not geometrically scalable. As the tube

width W changed, the percentage of material that cnshes in the lamina bending

nd brittle fritctitring mode changes. Howvv'. I iv ,'lUJrgy.ahlurltiou capahilitim
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of the K-934 tubes were geometrically scalable. These results are consistent with

those found for the circular cross-section tubes.

Near-Elliptical Cross-Section Tube Specimens. A series of "near- elliptical" cross-section

tubes were tested to determine the effect of tub' includel anglh (4)) on energy-

absorption capability of T300-934 and K-934 [±451N tubes. Inside tube diameters

were 2.54 cm, 3.81 cm, and 7.62 cm. Included angles ((D) were 180, 160, 135, 115,

and 90 degrees. Tubes having an included angle of 180 degrees are circular in cross-

sectional shape. The number of + 45 pairs (N) were 2, 4, 6, and 12 plies resulting

in a range of D/t values between 7 and 135.

The energy-absorption trend is a nonlinear function of D/t value for all values

of included angle and internal diameter. (2.54, 3.81, and 7.62 cm) for graphite-

reinforced materials as seen in Figs 59 thru 61. Combining the energy-absorption

data contained in Figs. 59 thru 61 and depicted in Fig. 62 produces a single

continuous nonlinear curve representing the energy-absorption capability as a

function of D/t value. For values of D/t between 0 and 30, the energy-absorption

capability is a nonlinear function of D/t value. Between D/t values of 30 and 135, a

near-linear relationship exists between energy-absorption capability and D/t value.

Energy-absorption capability increased between 10 and 30 percent as included angle

decreased from 180 to 90 degrees. The variation in energy-absorption capability as

a function of included angle increased as tube diameter decreased.

The.w energy-absorption trends can be explained by exauination of the crushing

modes. The crushing mode of the "near elliptical" tubes, as scen in Fig. 63, near
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the "corner" is different than the crushing mode away from th, "corner". The

crushing mode near the "corner" of the tube that has an included angle of 90

degrees is predominately brittle fracturing whereas, away from the "corner", the

crushing mode is predominately lamina bending. The crushing mode of the tube

having an included angle of 180 degrees, as in Fig. 63. is similar to the crushing

mode away from the "corner" of the tube having an included angle of 90 degrees.

Therefore, as included angle decreases, a greater percentage of the tube crushes in

the more efficient crushing mode and hence energy-absorption capability increases.

Energy-absorption capability of the Kevlar-reinforced tubes was a nonlinear

function of tube D/t value for all included angles and all tube inside diameters

evaluated. Energy-absorption capability was a single nonlinear function for tube

D/t value and included angle for tubes having an inside diameter of 2.54 cm, as

seen in Fig. 64. However, for tubes with in~side diameters of 3.81 cm and 7.62 cm,

energy-absorption capability seemed to be a function of included angle, as in Figs.

65 and 66. For tubes of 3.81 cm and 7.62 cm inside diameters, energy-absorption

capability generally increased with decreasing magnitude of included angle. The

magnitude of these changes in energy-absorption capability is between 10 and 30

percent. If all of the data contained in Figs. 64 thru 66 were plotted together, a

single nonlinear curve would result representing energy-absorption capability as a

continuous nonlinear function of tube D/t value as in Fig. 67. All Kevlar-reinforced

tulxs crushed in the locad buckling mode.

3.5 Effects of Crushing Speed on

Crushing Response of Composite Tubes
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All of the previously described tests in Chapter 3 were conducted at a quasi-

static crushing rate to facilitate the understanding of the crushing process and so

that the influence of crushing rate was not a factor in interpreting the crushing

response. However, the actual crash environment is dynamic, so it is important

to understand if and how crushing rate influences the crushing process. In this

study, tubes were fabricated from T300-934 and K-934 prepreg material having

ly orientations of [0/±0]2 and [±] 3 where O=15, 45, and 75 d.grees. T300-

934 tubes having ply orientations of [0/±1512 and [±1513 could not be evaluated

because the magnitude of the sustained crushing load of these tubes were higher

than the capability of the test machine. Crushing speeds was between 10-2 m/sec

and 12 m/sec.

3.5.1 Effects of Crushing Speed on Crushing Response of T300-934 Tubes

The average energy-absorption capability of the [01/±4512 T300-934 tubes

increased between crushing rates of 10 xi/sec and 6 in/sec. Then, energy-absorption

capability decreased between crushing speeds of 6 m/sec and 12 m/sec as seen in Fig.

68. Although this change in energy-absorption capability seems to be a function

of crushing speed, the energy-absorption capability at a crushing speed of between

6 and 12 m/sec is within the data range of the data proclced at a crushing rate

of 10-2 m/sec. Without further data, the energy-absorption capability of [01+4512

T300-934 tubes can not be conclu3ively identified as a function of crushing speed.

The energy-absorption capability of the [0/±7512 T300-934 tubes exhibited a slight

variation with respect to crushing speed. However, this variation in crushing speed

may be within noiniiial data scatter.

147



'Co

CD

0 - 0

+I +I-- "

21

0o 00.

0 i-Co
0m0

i-Co

i-o6

040)
ul),C

+1148



All the T300-934 tubes crushed in a brittle fracturing mode with some lamina

bending. The circumferential orientation of the + 45 and + 75 plies provides

increased "foundation" support to the axial fibers. In both the [0/±4512 and

[0/±7512 tubes, the fiber has the dominant role as both the "column" and the

"foundation". Therefore, because the mehanical properties of the fiber are not

strain-rate sensitive, then the energy-absorption capability should not be a function

of crushing speed. The results in Fig. 64 are consistent with this description of the

crushing mechanisms.

The energy-absorption capability of [±013 T300-934 tubes was a function of

crushing speed as shown in Fig 68. As ply orientation angle 0 increased from 45

to 75 degrees, the magnitude of the effects of crushing speed on energy-absorption

cpability increased. Energy-absorption capability increased as much as 25 percent

over the speed range tested for the [±7513 tubes. All [±01_3 tubes crushed in

a ,',,uJmined brittle fracturing and lamina bending mode. As the ply orientation

angle increased from 45 to 75 degrees, the mechanical response of the lamina

bundles became more strongly influenced by the matrix properties than the fiber

properties. The percent of the total energy absorbed by the fracturing of the axially

oriented fibers decreased. Therefore, the energy absorbed by the interlaminar crack

growth relative to the total energy absorbed increased. Thus, the energy-absorption

capability of the specimen is a function of crushing speed because the mechanical

properties of the matrix are a function of strain rate.

3.5.2 Effects of Crushing Speed on Crushing Response of K-934 Tubes

The energy-absorption capability of a!l (0/+012 and [(±0:. K-934 tul)es
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evaluated was a function of crushing speed as seen in Fig. 69. The percent change

in energy-absorption capability as a function of crushing speed was most significant

between speeds of 6 m/sec and 12 m/sec. Energy-absorption capability increased

most as a function of crushing speed for the [±1513 and [0/±1512 tubes relative to

the [±4513 , +75] 3 , [0/±4512 , and [0/±7512 tubes, respectively. Between the 10-2

m/sec and 12 m/sec crushing rates, energy-absorption capability increased 25 and

66 percent for the [0/±1512 and [+1513 tubes, respectively. The percentage increase

in energy-absorption capability decreased as 0 increased for both K-934 [0/±0]2

and +01 3 tubes. The [0/±012 T300-934 tubes exhibited no change in energy-

absorption capability as a function of crushing speed while the K-934 [0/±012 tubes

did exhibit such characteristics. In the case of the T300-934 [+0]3 tubes, as 0

increased, the percentage change in energy-absorption capability increased. This

energy-absorption trend for the T300-934 [+03 tubes was the opposite for the

K-934 [+013 tubes.

The principal mechanism that is responsible for the crushing speed effects on the

energy-absorption capability of the K-934 tubes is related to the origin of the Kevlar

fiber. The Kevlar fiber is a polymer-based fiber. The mechanical properties of most

polymers are strain-rate sensitive. For both the [0/±012 and [±013 K-934 tubes,

the change in energy-absorption capability with respect to change in crushing speed

was greater for tubes having ply orientation of 0=15 degrees than for tubes having

ply orientation of 0=75 degrees.

All K-934 tubes exhibited the characteristic local buckling mode. No noticable

change in crushing modes was evident between different crushiiig speeds.
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3.6 Summary

The crushing energy-absorption process of composite tubes consists of a compli-

cated series of events. The phenomena that occur consist of crack growth, progres-

sive failure of material, strain-rate sensitivity, and large strains and rotations. Few

mechanics problems are as complicated as the crushing process of composite tubes.

In Chapter 3 the four characteristic crushing modes in descending order of

crushing efficiency were identified: transverse shearing, brittle fracturing, lamina

bending, and local buckling. The crushing mechanisms for each of these modes were

identified along wth the constituent materials' mechanical property that controls

the crushing mechanism. A method was identified to determine whether a tube's

crushing response would be a function of crushing speed.

A simple analogy was presented to identify how certain material and specimen

geometry variables affect the energy-absorption capability of the tube. The analogy

does not include all of the material and geometrical variables that were evaluated

in Chapter 3. However, the simple analogy was very useful in the interpretation of

the crushing results.

Crushing tests were conducted to evaluate the cffects of fiber and matrix exten-

sional stiffness and extensional failure strain on the energy-absorption capability

of ductile and brittle fiber-reinforced composite materials. The magnitude of the

effects of these material properties on the energy-absorption capability of compos-

ite tubes was a function of the mechanical properties of the constitutent materials

and the structure of the tube specimen. It is virtually impossible to formulate any
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broad conclusion of how any one of these variables affects energy-absorption capabil-

ity without focusing on a specific tube configtration. Through understanding how

the numerous material and structural parameters influence the crushing r(sponse,

it is possible to rationally choose material and structural parameters.

The mechanical properties of the constituent materials were also measured to find

how different geometrical variables affect the energy-absorption capability. The

specimen variables evaluated are; ply orientation. fiber volume fraction, hybrid

materials, stacking sequence, and specimen geometry. Just as ply orientation has an

effect on the mechanical properties of composite laminates, it also has a significant

effect on energy-absorption capability. The energy-absorption treud as a function

of ply orientation does not necessarily follow the same trends as the laminate

mechanical properties. Fiber volume fraction is another variable where the effect on

the mechanical response of a laminate is reasonably well understood. However, the

energy-absorption trends as a function of fiber volume fraction does not coincide

with the laminate response. Hybrid materials were found to be excellent vehicles to

produce high energy-absorption capability while still having post-crushing integrity.

Ply stacking sequence was shown to be a potentially serious pit fall for the designer

of energy-absorbing structure. The effects of minor changes in stacking sequence

were found to be negligible. However, the effects of stacking sequence for the

[+45H/OG] tube was determined to be significant. If the plies are rearranged

such that the 0 degree plies were the outer layers, then the energy-absorption

capability decreased to a third of its original value. Tube geometry was found to be a

nonlinear function of tube characteristic dimension (D/t or W/t) for both graphite-
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and Keviar-reinforced tubes. Dynamic crushing tests wvere conducted to evaluate

the effects of crushing speed on energy-absorption cap~ability. Tubes fabricated froml

the same material, although with a different ply orientation, produced conflictinig

results. The effects of crushing sp)eed onl energy-albsorption. capability were found

to be a function of the strain-rate sensitivity of thme niaterial property that controls

thc crushing mechanism -,f the tube.
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Chapter 4 - THEORETICAL PREDICTION OF

THE ENERGY-ABSORPTION CAPABILITY

OF TUBULAR SPECIMENS

It is important for several reasons to be able to predict the response of a

structural element. (1) Once the fundamental mechanisms that control the response

of a structural element are understood, a predictive capability generally reduces

the expense associated with investigating how material and geometric variables

influence a response. (2) An accurate predctive capability also provides an effective

alternative in a trade-off study to performing additional experiments. (3) Finally,

response predictions for a structural element are the mechanistic relations that are

essential in structural design.

In this Chapter, the method of predicting the energy-absorption capability

of composite tubular specimens is discussed. These discussions will include a

description of the phenomena inherent to the crushing process, calculation of energy-

absorption capability, numerical considerations and finite element modeling, and a

discussion of the results.

4.1 Phenomena Inherent to the Crushing Process

Four diffe~r,,tt ,'rushiing nides ,,c'1, ill c,,nthm,,u. l film, .r 1-vlf,,rce,1 <' mp<,sit,,

tubes; they are trans-.crse shearing, brittle fracturing, laniiiia beiding, and local

buckling. The phenomena that make up these different crushing modes are

quite complex. The phenomena include interlaminar, intralaminar, and in-plane
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crack initiation and propagation; local fracturing of lamina bundles; and large

deformations including large strains and large geometric rotations.

The interlaminar/intralaminar cracks form at the interface between plies and
within a ply, respe~tivel.. Interlaminar cracks predoininatcly occur in specimens

that crush in the transverse shearing, brittle fracturing, and lamina bending

crushing modes. Interlaminar cracks can also occur in brittle fiber-reinforced

composite specimens that exhibit the local buckling-crushing mode. Interlaminar

cracks are not as prevalent in ductile fiber-reinforced composite specimens as

in brittle fiber-reinforced composite specimens. The interlaininar cracks in the

specimens that crush in the transverse shearing, brittle fracturing, and lamina

bending crushing modes are Mode I, the opening mode, as depicted in Fig. 70.

The interlaminar cracks that form in specimens that crush in the local buckling

mode are a combination of Modes I and II, where Mode II is the forward shear

mode as in Fig. 70. The length of the interlaminar cracks is a function of the

mechanical properties of the fibers and matrix and the structure of the specimen.

Intralaminar cracks in crushed tubes are a Mode II type of crack and primarily

form in specimens that exhibit a lanina bending-crushing mode. Tubes having

intralaminar cracks generally exhibit a central interlaminar crack forming two

main lamina bundles. Within each lamina bundle, secondary interlaminar cracks

form. The length of these secondary interlaminar cracks is less than the central

interlaminar crack. Intralaminar cracks are generally formed where the lamina

bundles experience the highest bending-induced strains. This region of high bending

induced strains typically occur where the lanmina bundles come into contact with
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the load platen as shown in Fig. 71. The radius of curvature of the lalaina bundle

is the smallest on the outer surface, opposite the side of th, laiina bundle making

,'hitact with the load 1 1at-'n. IIINtrhauiii.1ir and iutr;hiiz,,i;r St tiIS a,n higher at

the outer surface due to the smaller radius of curN ature of the lanina bundle. As the

load platen is moved, crushing the tube, secondary interlaininat and intralaminar

cracks grow. The length of the secondary interlaminar and intralaminar cracks are

typically longer at the outer surface than on the inside surface of the main lamina

bundle.

Two types of in-plane cracks form in composite specimens: longitudinal cracks

and parallel-to-fiber cracks. The longitudinal cracks occur in tubes that crush

in transverse shearing and brittle fracturing-crushing modes. Longitudinal cracks

extend through the thickness of the lamina and have length. ;ilong the longitudinal

axis of the tube, on the order of the thickness of a single ply as depicted in Fig. 72.

As a result of the formation of the longitudinal cracks, the surface of the crushed

region is scalloped in an irregular manner &Iong the crushing surface as depicted in

Fig. 73. The height of the sclIops varies but is on the order of the thickness of a

lamina. When the specimen is being crushed, the load platen pushes against these

scallops. Load is introduced into the scallops across the crushing surface of the

tube. The scalloped regicn in the crush zone is typically the points of the highest

stresses and is the site of local failures. As one set of scallols fail, a new set of

Salholjs is formed.

Parallel-to-fiber cracks occur parallel to the fibers in a .single ply or in a grup of

plies that are oriented in the same direction. The parallel-to-fiber cracks generaljy
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occur in the outer ply of a tube. as in Fig. 72, or in a tube whose ply orientation is

primarily unidirectional and crushes in a lamina bending-crushing mode. Parallel-

to-fiber cracks consist of an interlaminar crack component and an in-plane crack

component that propagates parallel to the fibers. The interlaminar crack component

of the parallel-to-fiber cracks can result in a significant amount of energy absorption

because the surface area of the crack is large. However, the component of energy

absorbed by the in-plane crack propagation parallel to the fibers is small because

the crack surface area is small.

As the interlaminar, intralaminar, and in-plane cracks are formed, the subse-

quently formed lamina bundles can undergo large in-plane strains and large geo-

metric rotations. These large deformations result in nonlinear material and non-

linear geometric responses. When the deformations get large, the lamina bundles

can also fracture. The specimens that crush in the local buckling-crushing mode

exhibit large deformations consisting of large geometric rotations and nonlinear ma-

terial response at the folds in each buckle. Interlaminar cracks can also form at the

buckles of the specimen.

4.2 Definition of hie Energy-Absorption Capability

The measure of energy-absorption capability of tube specimens, as defined in

Chapter 2, is the specific sustained crushing stress. The specific sustained crushing

stress is the sustained crushing load (average crushing load) divided by the product

of the cross.sectional area of the specimen and the density of the material. The

progr,'sive crushing 1r,c.'s is at cyclic serits of failu', ,events which prcoluces a

fluctuating crushing force. However, the average crushing force for any cycle is
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relatively constant, as shown in Fig. 74. Therefo re, to dteriniie the average

crushing force, only the predicted maximum and mininmm crushing force of a

representative cycle of the crushing process need be determined. A representative

cycle of the crushing force-deflection response is the high-low-high cycle of force as

depictei in Fig. 74. The average crushing force is the average of the maximum and

minimum crushing forces of a representative crushing cycle.

To determine the maximum and minimum crushing force in a representative

cycle, an end-shortening displacement is applied in an incrmentaI process to the

model to represent load introduction into the specimen. Displacements, strains,

and reaction forces of the model are calculated at each increment of applied end-

shortening displacement (load step). At each load step, the total strains are

calculated and material properties are updated to account for any material nonlinear

behavior. The initiation and growth of interlaminar and intralaminar cracks are also

accounted for at each load step.

Specimens that crash in the transverse shearing, brittle fracturing, or lamina

bending-crushing modes exhibit different crushing mechanisms that are related

to the formation and growth of cracks. As the load is applied, interlaminar and

intralmninar cracks 4nitiate and grow. The fonnc tion of the cracks produces lamina

bundles. As the crack lengths increase, the lamina bundles bend producing large

local strains. The cyclic process of increasing the load step and the calculation of

* model dispiacements, strains, and reaction forces during crack growth is repeated

until the strains in a .i;-;na bundle reach the failure strain of the material.

For tubes that cush in the transverse sheming or brittle fracturing crushing
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modes, the maximum crushing force used in calculating the average crushing force

is defined as the maximum reaction force when lamnina fail. The mininmni crushing

force is the minimum reaction force calculated from the model in the failure process

of the lamina. The maximum crushing force for specimens that crush in a lamina

bending mode corresponds to the maximum reaction force when the crack grows.

The minimum crushing force corresponds to the reaction force when the crack

stopped gTowing after unstable crack growth occurs.

For specimens that crush in the local buckling-crushing mode, the reaction

forces will increase with each load step until a maximum crushing force is reached.

When the maximum load is reached, the reaction forces will decrease with further

application of the end shortening displacement. The decrease in the reaction force

corresponds to the collapse of the wall of the specimen. When the formed local

buckle of the wall has collapsed upon itself, the reaction forces will increase with

further increase in applied end shortening displacement. The cycle then repeats

itself.

4.3 Numerical Considerations and Finite Element Modeling

The finite element method was chosen as the general analysis method to

,alculate energy-absorption capability. The finite element method provides inherent

3exibility in modeling a relatively complex structure. Enhancements, including

material nonlinear,ties, crack initiation and propagation, and failure of elements,

were incorporated as external processors to an existing general-purpose geometric

n,')nlinear finite element program, ref. 32 (Engineering Analysis Language, EAL).
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The factors relative to the modeling of the response of a structure that must be

evaluated prior to conducting the analysis are; 1) crack initiation and growth, 2)

material and geometric nonlinear response, 3) fracture of an individual lamina or

laminae, 4) numerical considerations, and 5) element type and level of discretization.

Each of these factors will be addressed.

4.3.1 Crack Initiation and Growth

The strain energy release rate, G, was calculated to determine crack initiation and

growth. Interlaminar crack growth is modeled by disconnecting coincident nodes

of adjacent elements along an interface and calculating the strain energy associated

with the resulting deformation state, as depicted in Fig. 75. However, calculation of

the strain energy of the entire model includes the effects of all components of crack

growth, provided all of the components are present. Only crack growth Modes I

and II are assumed to be significant for the crushing of composite tubes.

The strain energy release rate is calculated as the difference in strain energy

between the previous state and the present state (which has a larger crack area)

divided by the change in crack area. The strain energies associated with the previous

state and present state were calculated using a geometrical and material nonlinear-

elastic analysis. If G is greater than a critical value, Ge , then the crack grows. If

G is smaller than Gc, then additional load must be applied to the specimen to force

crack growth.

4.3.2 Geometric and Material Nonlinear Modeling

Large deformations (deflections and strains) are modeled in the crushing of
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composite tubes. Geometric nonlinear response is modeled in an incremental

manner using a Newton-Raphson iterative solution scheme, ref. 33, to ensure

convergence of the solution to the equilibrium condition. The nonlinear system

of equations to be solved is :

R = F(x,r) + P (3)

where R is the force imbalance term of the system of equations. If the solution is

converged to the equilibrium condition, then R equals zero. The sum of all internal

point forces (F) exerted by the element joints on the system joints is a function of

model displacements (x) and reaction forces (r). The parameter P represents the

external forces acting on the joints of the model. The objective is to determine the

values of x that will make R equal to zero. The approach taken to make R equal to

zero is to use the Newton-Raphson method. For a single degree-of-freedom system,

the displacements x are determined in an incremental manner where the ith value

of the displacement x is:

x i -- i_ 1 - R(zi_1 ) * R'(xi - 1)-I. (4)

Successive x's are calculated until R equals zero.

The EAL finite element program has no material nonlinear solution scheme

for 2-D orthotropic finite elements. Therefore, a solution strategy had to be

devised utilizing the mathematical utility processors existig in EAL. Material

nonlinear beh,,ior was modeled using a direct iteration solutiou procedure, ref. 33.

Incorporation of the direction iteration solution strategy consists of 1) updating the

material properties of each element and 2) repeating the analysis using the updated
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material properties. This process of recalculating the material properties and

performing another analysis is repeated until the change in deformations becomes

small.

The nonlinear material stress-strain data are repres.nt,i ,, piece-wise linear

segments. It was assumed that the material is nonlinear elastic. That is, no

permanent deformation of the material occurs and any unloading occurs along the

initial nonlinear stress-strain curve as depicted in Fig. 76.

In the modeling of the crushing process, the load-deflection response of the tube

was solved for in an incremental fashion. The nonlinearity of the load-deflection

curve is a function of both the material and geometric nonlinear response. A

series of geometric nonlinear analyses were performed to advance the snlution from

load point i to i+1, as in Fig. 77. This series of analysxs were performed in an

iterative manner. In each geometric nonlinear analysis, bctween point i and i+1,

the material properties of the finite elements were constant. The strains in the

finite elements were calculated at point i+1 for each iteration and the material

properties of the finite elements were updated in accordance with the strain state

in each element. The difference between the strains in the finite elements at point

i+1 for each successive iteration decreased. When the difference in strains between

successive iterations produced no change in the material properties, the analysis

was assumed to be converged. For the composite tubes analyzed. the number of

* iterations between points i and i+1 was typically less than 4. This process of

iterative analyses was rcpeat.d at each load step.

The procedure for modehng the geometric and material response of the tube
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is clearly less than optimal. Compromises in the formulation of the analysis were

necessary because of the unavailability of suitable commercial computer codes and

because the development of a new computer program tailored to modeling the

crushing response of composite tubes was beyond the scope of this research activity.

For example, the modeling of the material nonlinear response requires an excessive

number of iterations of the geometrically nonlinear finite element analysis. These

additional analyses result in increased computer cost and increased amount of time

required to complete an analysis of a tube. The actual dollar cost and the through

put of the individual analyses is a function of the computer hardware, software, and

work load of the computer. The analyses, described in this study. each required

approximately four man-days of effort to complete.

4.4.3 Fracture of Lamina Bundles

Fracturing of lamina bundles produces a significant amount of energy-absorption

capability. Unlike the failure characteristics of some composite structures which

tend to be catastrophic, the fracturing process associated with energy absorption

is progressive and benign. The progressive fracturing process, as modeled for the

crushing of composite tubes, is a series of local failures. These failures can be either

matrix- or fiber-controlled failures depending upon the ply orientation and the local

stress state. At the convergence of each load step, the stress-strain state of each

lamina is calculated, and a failure deternination is performed. If a failure has been

determined to have orcurred in an element, thn the mcchai'al prolpertics relative

to the failure mechanism are reduced appropriately to simulate a failed element.

For example, if a failure in the fiber direction occurred, then the Young's Modulus
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(Ell) parallel to the direction of the fiber is reduced two orders of magnitude. If the

bmodulus were reduced to zero, then the finite element stiffness matrix could become

singular and EAL would abort the analysis. The analysis with the reduced material

properties is repeated and the failure analysis of other elements is repeated. If

additional elements are determined to have failed, then the appropriate mechanical

properties are reduced, and the analysis is repeated. After all the elements in

the lamnina bundles fail or exhibit a lamina bending crushing mode, then the next

increment in load is applied. The modeling of the failure process is continued

until a maximum and minimum crushing force in a representative cycle have been

determined.

Lamina failure is based upon the maximum allowable strains in the principal

material directions. The allowable failure strains are represented as the ultimate

values of the material stress-strain data curves shown in Figs. 78, 79, and 80 for

T300-934, K-934, and aluminum, respectively. Allowable strains refer to both tensile

and compressive strains. When the strains along the principal material directions

of a lamina exceed the allowable strains of the material, the lamina is assumed to

have failed.

4.3.4 Numerical Considerations

Modeling the ixial collapse of tubes poses munerical problems related to the

existence of bifurcation buckling loads that are within the load range of interest.

At the bifurcation loads, the finite element stiffness matrix is singular. In the

current implementation of the nonlinear solution strategy of the firite element code

used to model the crushing response of the tubes, there is no direct method for the
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solution to proceed past these singularities. An alternative approach is to make the

singularities occur beyond the load range of interest. Creating a situation where

the singularities occur beyond the load range of interest can be accomplished by

the application of concentrated forces that correspond to local imperfections in

the structure. Another approach is to incorporate an impe.fection in the original

geometry of the structure. The choice of the type of imperfection and the magnitude

of the imperfection is based upon experience. Ideally, the chosen imperfection would

eliminate numerical difficulties without adversely affecting the original response of

the structure.

A half sine-wave radial imperfection along the length of the tube was incorporated

in the model to produce a geometrical imperfection. An exagerated example of this

type of imperfection is shown in Fig. 81. The maximum increase in the radius

of the tube model was 0.0025 cm and occurred at the mid-length of the tube.

Based upon preliminary analysis, the computed maximum crushing force used to

calculate energy-absorption capability was very sensitive to the magnitude of the

imperfection. For example, when the magnitude of the imperfection was on the

order of the thickness of the tube wall the maximum crushing force was reduced by

more than 50 percent.

Numerical problems occurred in modeling the unloading portion of the load-

deflection curve associat,(d with tubes thft crilsh in the local bucking mode. The

linear and initial nonlinear response of the load-deflection response was predicted

using EAL. The linear and initial nonlinear response region is repreoentative of

small deflections in the tube. When the slope of the load deflection response, as in
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Fig. 82, decreases to zero, EAL's solution algorithm would not reliably converge

and EAL aborted. The unloading portion of the load-deflection curve occurs as a

buckle forms. During the unloading portion of the load-deflection response the slope

of the load-deflection curve is negative. The slope of the load-deflection curve is

zero when the walls of the buckle collapse upon themselves. Further loading of the

tube produces an increase in load and the hill and valley load-deflection response

of the formation of the next buckle repeats.

The Newton-Raphson interative solution method, as implemented in the EAL

finite element program, had difficulties in converging near the peak of the load-

deflection curve. Techniques for advancing the solution beyond numerically difficult

points have yet to be implemented in the EAL finite element code. Therefore, the

calculation of the unloading portion of the load-deflection curve was not possible.

Calculation of the energy-absorption capability requires determination of the

maximum and minimum crushing force for a representative crushing cycle. For

those specimens that crush in the local buckling mode, it was impossible to calculate

the minimum crushing force. Therefore, for the sake of this study, the mimimum

crushing force was considered to equal the niximuni crushing fore for tubes that

crshed in the local buckling-crushing mode. The difference in mrtximmrn and

minimum crushing forces is typically less than 15 percent of the average crushing

force, ref. 24. Assuming the maximum, the minimum, and hence the average

crushing forces are equal results in an error of typically less than 8 percent.

4.3.5 Element Type and Level of Discretization

The phenomna that must be modeled generally define the type of elements that
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are required in the model and the level of discretization that must be used. Prior

to the analysis of the crushing process, the length and location of interlaininar,

intralaminar, and in-plane cracks are unknown, and the crushing surface of the

tube can be scalloped and irregular in shape. Therefore, to separately model these

geometrical changes, it is necessary to model each layer of the specimen. Adjacent

layers are mathematically attached at coincident element nodes as depicted in Fig.

75. As a crack grows along an interface, the mathematical connections between

element nodes (layers) are removed.

The next issue that must be addressed is whether each layer must be modeled

with two-dimensional (2-D) planar elements that have membrane, bending, and

membrane-bending coupling, or three-dimensional (3-D) solid elements. If 3-D solid

elements were used, then the interlaminar stress components can be calculated.

However, it is not mandatory to model these interlaminar stresses when using

the strain energy release rate to predict crack initiation and growth. If 3-D

solid elements were used, then the level of element discretization within a layer

to maintain an aspect ratio on the order of one would require substantially more

elements than would be required if 2-D elements were used. Therefore, 2-D elements

were used in the finite element modeling of the tubes.

The progressive nature of the crushing process results in a relatively constant

crushing load, as in Fig. 74. The crushing load varies as the tube is crushed as

a result of different local failure events occurring in the crushing process. These

failure events are cyclic, and the crushing loads for most materials are relatively

constant.
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The region of the tube that is involved during the progressive crushing of a

composite tube is small relative to the entire tithe. The strain level in the tube

outside of the crush zone is small relative to the corresponding strains required

to induce local buckling of the tube wall or small relative to the failure strain

of the material. Modeling the progressive crushing process requires modeling of

the crush zone and a sufficient portion of the uncrushed tube so that boundary

condition effects do not influence the crushing response. The cyclic nature of the

crushing response facilitates determination of the energy-absorption capability from

a representative cycle of the crushing process. Based upon the cyclic nature of the

crushing process, only a section of tube of a length representative of a crushing

cycle must be modeled. Therefore, the length of tube that must be modeled is the

greater of either of (1) the length requirements "o'tisfy boundary condition effects

or (2) crushing cycle distance.

Whenever possible, it is desirable to take advantage of any symmetry conditions

or other repetitive features of the structure being modeled to reduce the number

of degrees of freedom in the finite element model. The circular cross-section tube

specimen, an axisymmetric structure, lends itself to significant simplication through

the use of axial symmetry.

Utilizing a portion of the tube instead of the entire tube can result in exclusion of

important failure modes. An example where exclusion of important failure ncxles

can occur is in the nodcling of the buckling of a cylinder. Modeling a portion

of the cylinder using symmetric boundary conditions excludes any unsymmetrical

buckling modes. If the effects of the symmetric and unsymmetric buckling modes
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need to be quantified, then an analysis with each type of boundary condition must

be performed. However, based upon the crushing of similar metallic tubes that

crushed in both symmetrical and unsymmetrical local buckling modes, the difference

in energy-absorption capability between the tubes that crushed in symmetric and

unsymmetrical buckling modes was small. Therefore, modeling only a portion cf

the tube using symmetrical boundary conditions is a reasonable approximation.

The finite element representation used in this study was a one-quarter symmetric

four-layer model with one layer for each ply of the composite tube. The metallic

tube was also modeled with four layers to account for through-the-thickness plastic

deformation. Each layer of the tube, as depicted in Fig. 83, was modeled with five

elements in the circumferential direction and fourteen elements along the length.

The model had 360 nodes and 2160 degrees of freedom. Finite element nodes

for each layer were coincident with adjacent layers. The finite element model

depicted in Fig. 83 shows the different layers a finite distance apart. However, the

layers as modeled are coincident. Mathematical "zero-length" springs with axial

and rotational stiffness were used to connect adjacent layers. The "zero-length"

springs are shown as axial springs in Fig. 83; however, these springs have axial and

rotational stiffnesses in all three coordinate directions. Interlaminar crack growth

was represented by the removal of the "zero-length" springs between layers, as in

Fig. 75.

Two-dimensional plate finite elements that had membrane, bending, and

membrane-bending coupling stiffness were used. The neutral axis of each layer

of elements was shifted radially to account for its relative through-the-thickness po-

sition. The tube finite clement model was 1.27 cm in length. A half sine-wave radial
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imperfection along the length of the tube, as depicted in Fig. 81, was incorporated

with a maximum increase in radiu3 of 0.0025 cm located at the mid-length of the

tube.

* 4.4 Results of Finite Element Studies

Three different computer studies were performed to verify the energy-absorption

prediction capability of the analysis. The first study was of a 6061-T6 aluminum

tube that was 3.81 cm in inside diameter with a nominal wall thickness of 0.25 cm.

The second and third studies were of K-934 and Gr-934 [L+O]S tubes, where 0=15,

45, and 75 degrees. Tube inside diameter was 3.81 cm and wall thickness was 0.24

cm.

The T300-934, K-934, and aluminum material mechanical properties used in

these case studies are shown in Figs. 78, 79, and 80. The Mode I critical strain

energy release rate, Go, used to evaluate crack growth for the T300-934 materval

was 142 Nm/m 2 .

4.4.1 Aluminum Tubes

Predicted and ineasured energy-absorption capabilities for the alumimun tube

were 68.2 and 79.2 Nin/g, respectively. The predicted value was 16 percent less than

the measured value. The lack of agreement between the predicted and measured

energy-absorption capability is attributed to the lack of integrated methods for

modeling material stress-strain nonlinearities, the coarseness of the finite element

mesh, and the inability to predict the unloading portion of the load-deflection curve.

185



The aluminum tube crushed in the local buckling mode, and the mechanism for

energy-absorption was plastic deformation. Plastic deformation or yielding initially

occurred along the inside of the tube at the point of maximum imperfection. As

the tube is crushed, the plastic region progressively increased along the length of

the tube and through the thickness of the tube with increasing applied load.

4.4.2 Kevlar-Reinforced Tubes

In the second study, the [.O+]S K-934 tubes also crushed in the local buckling

mode. No interlaminar cracks were initiated. Predicted energy-absorption trends

were similar to the experimentally determined trends as seen in Fig. 84. The

predicted energy-absorption capability slightly increased between 0=15 and 45

degrees and decreased between 0=45 and 75 degrees. The predicted energy-

absorption capability was less than 25 percent higher than the experimental values.

The characteristic crushing length, based upon this analysis, is probably inaccu-

rate. The type of imperfection defines the characteristic crushing length. That is,

if a full sine-wave imperfection were used, then the characteristic crushing length

would be half the length in the current model where a half sine-wave was incorpo-

rated. If it crushing initiator, such ;s a chanifered etid, were included in the model,

then it might be possible to eliminate an imperfection in the model. Inclusion of

the crushing initiator would also provide a mechanism to investigate the effects of

initiator design on energy-absorption capability. Unfortunately. the inclusion of an

initiator in the finite element model would increase the size of the finite element

model. Any increase in model size and complexity, such as would occur with the
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inclusion of an initiator, would require additional computational load steps and

computational time per load step to obtain a solution.

4.4.3 Graphite-Reinforced Tubes

The third study was of T300-934 [+0].t tubes. The predicted energy-absorption

trend, except for the [±75]S tube, was in agreement with the experimental trends

as seen in Fig. 85. For the range of ply orientations analyzed, the predicted energy-

absorption capability was highest at 0=15 degrees and decreased in a near-linear

manner as 6 increased. The predicted energy-absorption capabilities were less

than 28 percent higher than the experimental values at 0=15 degrees while at

0=75 degrees the predicted value was only 22 percent of the experimental value.

The crushing modes were lamina bending for the I+_15]s and [+45JS tubes and

brittle fracturing for the +75]S tubes. The location of the interlaminar cracks was

between layers 2 and 3 for both [L+5]s anid f+4 5 ]S tubes. Based upon lamina

strains in the principal material coordinate system, the + 15 laminae were not likely

to fracture when crushed. However, lamina failure strains in the fiber direction of

the + 45 laminae were approximately 80 percent of the fiber-direction failure strain

at the maximn crushing force. It is possible that with mote detailed modeling of

the tube, i.e., more layers and a finer finite element nmesh, some brittle fracturing of

plies would be predicted in addition to the prrdicted lanina bending. This possible

crushing mode scenario is consistent with the experimentally observed crushing

response for the [-4 5]S tubes. The brittle fractuing crushing mode that was

predicted for the [±75]S tubes was a compressive failure of the matrix transverse
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to the longitudinal axis of the fiber. Interlaminar cracks in the [±75]S tubes also

occurred between layers 1 and 2 and layers 2 and 3.

The low predicted energy-absorption capability for he [±7 51.5 tube could be

due to unrealistically low allowable compressive strains transverse to the fiber. The

author does not believe there currently exists an acceptable material compression

test. He further feels that the different compression test methods currently used in

the composite materials industry produce very conservative results for unidirectional

material in the transverse-to-the-fiber direction.

4.6 Summary

The predicted energy-absorption trends, crushing modes, and crushing mecha-

nisms presented in this study provide sufficient evidence that the basic approach

to predicting the crushing response of composite tubes is reasonable. The agree-

ment between analysis and experiment svggests that the important phenomena of

the crushing process have been included in the model. Improvements in the it-

erative solution strategy, incorporation of crushing initiators, and enhancement of

other modeling details should produce even better agreement between experiment

and analysis. Further improvements between the piedicted and measured energy-

absorption capability could be realized if material used to produce the tubes and

the material test specimens were of the same batch. This analysis should be ap.

plied to tubes having other ply orientations, material comblinations (hybrids), and

geometries.
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Chapter 5 - EXPERIMENTAL AND THEORETICAL

EVALUATION OF SUBFLOOR BEAM CONCEPTS

* Crash-energy absorbing helicopter subfloor beams consist of the beam caps, the

crushing initiator, and the energy-absorbing web, as shown in Fig. 86. The beam

caps provide bending-load-carrying capability and the mechanism for attachment

of the beam to the floor and the outer fuselage skin. The beam caps do not directly

contribute to the energy-absorption process. The crushing initiator produces a local

failure of the beam web at a predetermined load. The non-crash loads in the web

must be transferred into the caps of the beam through the crushing initiator. The

crushing initiator depicted in Fig. 86 is a "J", ref. 34. When a crushing load is

applied to the bean at local-bending monicnt is l)roduwd in the radius portion of

the "J". The initial feilure of the beam occurs at the point in the "J" where the

bending moment is the the highest in magnitude. The failure load of the "J" can

be tailored by changing the radius of curvature of the "J". In a crash, when the

fuselage lower skin impacts the ground, the crushing initiator transfers these loads

into the beam webs. without failure, until the design failure load is reached. When

the failure load of the initiator is reached, the initiator fails and the crushing process

of the beam web begins. Typically. the design failure load of the crushing initiator

is less than or equal to the sustained crushing load of the beam web. The energy

absorbed by the crushing initiator is swall relative to the energy absorbed by the
4

beam web. Therefore, in the investigation of the en.rgy-absorption characteristics

of beams, it is only necessary to evaluate the energy-absorption characteristics of

the beam webs.
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The beam webs evaluated in this study incorporate no beam cap or beam

iutUection structural details. A chamfer crushing initiator was incorlporated along

the top edge of each beam web as depicted in Fig. 87. The chamfer crushing

initiator is suitable for laboratory evaluation purposes. However, chamfering is an

inappropriate crushing initiator for flightworthy structure. The bottom edge of the

beam web opposite the chamfered top edge of the beam web is mounted in a room-

temperature-curing-epoxy base. Each end of the beam webs was unsupported in

these tests. Typical sine-wave and integrally stiffened beam webs are shown in Fig.

88. The sine-wave beam web is a continuous series of tangent-half-circle tubes. The

centers of each of the half tubes are positioned along the center line of the beam. The

circular-tube- and rectangular-tube-stiffened beams resemble beams where circular

and rectangular tubes are attached with flat webs between tubes. The stiffened

beams are fabricated in halves and bonded together along the centerline of the

beam.

In this chapter, the crushing response of composite sine-wave and integrally

stiffened beam webs is discussed. Included is the energy-absorption capability of

the different beam concepts and how different structural and material variables

influence the crushing response. A method of predicting the energy-absorption

capability of the beam web concept is also presented.

5.1 Experimental Evaluation of
Sine-Wave and Integrally Stiffened Beam Web Specimens

Sine-wave, circular, and rectangular cross-section tubular stiffened beam webs

were statically crushed with the test procedure used on the tubular specimens

described in Chapter 2. In these tests, the energy-absorption capabilities were
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determined, and the crushing modes of the beams were identified. The variables

evaluated include geometry, ply orientation, and material properties.

5.1.1 Effects of Beam Geometry on Energy-Absorption Capability

The effects of beam geometry on the energy-absorption capability of sine-wave

and integrally stiffened beams were investigated. Beams were fabricated from T300-

934 and K-934 composite material. The ply orientation of the composite beams

was +451N . The beams were not alvays fabricated using a symmetric stacking

sequence. No noticable warping of the beam occurred due to the unsymmetric

stacking sequence. One circular tube and one rectangular tube integrally stiffened

aluminum beam were also fabricated for pioposes of comparison with composite

beams of comparable geometry. In this study, sine-wave beams with different

diameter (D) to wall thickness (t) ratios (D/t) were experimentally evaluated. The

ply orientations, material, diameter, thickness, length, and height of the sine-wave

beam specimens are presented in Table 3. The integrally stiffened beams evaluated

in this study had elements of the beam with different geometry (i.e., stiffener cross-

sectional shape, wall thickness, diatneter or width, and spacing between stiffeners)

to facilitate understanding how geometry influences energy-absorption capability.

The ply orientation. material, stiffener geometry, length, and height of the integrally

stiffened beams are presented in Tables 4 and 5.

sine-Wave fleatit ebm.,. Graphite- and Kevlar-r(inf( rced epoxy sine-wave beams

were loaded with a crushing f aa: i - azid the r(nergy-absorption results were compared

to energy-absorption results from tube specimens of comparable geometry. The
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Table 3. Sine-wave beam geometry.

Ply Material Diameter, Thickness, Length,

Orientation cm cm cm

L+456s T300-934 7.62 0.36 27.9
+45 4S T300-934 7.62 0.23 27.9
+452, T300-934 7.62 0.09 27.9
0/+1 ' 4 T300-934 3.81 0.07 22.2
01"454 T300-934 3.81 0.07 22.2
o/+75 4 T300-934 3.81 0.07 22.2
+45 6S K-934 3.81 0.32 27.9
+464S K-934 3.81 0.25 27.9
+452S K-934 3.81 0.11 27.9

1+45 K-934 3.81 0.06 27.9
+45 6S K-934 7.62 0.41 22.2
+45 4S K-934 7.62 0.30 22.2
+451S K-934 7.62 0.06 22.2
0/-154 K-934 3.81 0.07 22.210454 K-934 3.81 0.07 22.2101_45 4 K-934 3.81 0.07 22.2
S45F s T300-K-934 3.81 0.06 22.2

45FI/O, 3]T T300-K-934 3.81 0.06 22.2

The height of all beams was 15.2 cm.

1
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Table 4. Circular cross-section tube stiffened beam geometry.

Ply Material Diameter Distance Thickness Length,

Orientation of tube, between of wveb, cm

cm tubes, cm cm

L 454'S T300-934 1.27 2.54 0.08 22.8
+4154S T300-934 2.54 3.S1 0.08 25.4L +454 IS T300-934 7.62 2.54 0.08 30.9
+454. S IC-934 1.27 2.54 0.08 22.8

1±454 sc I-934 2.54 3.81 0.08 25.4
s+51 K(-934 7.62 2.54 0.08 30.9

N.A. Aluminum 2. 54 3.81 0.09 25.4

The height of all beams was 15.2 cm.

N.A. = not atpplicable

Table r. Rectangular cross-section tube stiffened beam geometry

Ply Material Width of Distance Thickness Length,

Orientation rectangular between of web, cm

tube, cin tubes, cm cmn

[54]S T300-934 1.27 3.81 0.08 30.5
+5S T300-934 2.54 3.81 0.08 25.4

+4541S T300-934 7.62 2.54 0.08 30.5
[±454jS K-034 1.27 3.81 0.08 30.5
L±454 S K-934 2.54 3.81 0.08 25.4

L44s K-934 7.62 I2.54 0.08 30.5
N.A. Aluminum 2.54 3.81 0.09 25.4

The height of all beams was 15.2 cmi.

N.A. = not apIplicabIle
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inside tube diameter of the graphite-reinforced sine-wave beams was 7.62 cm, and

the range of D/t values was between 21 and 83. The energy-absorption capability

of the sine-wave beams was similar to the energy-absorption capability of tubular

specimens of similar geometry, as shown in Fig. 89. In Fig. 89 the solid symbols

represent the energy-absorption capability of the sine-wave beams. A slight decrease

in energy-absorption capability was obtained as beam D/t value increased which

was also consistent with the energy-absorption trends of the tubular specimens.

All graphite-reinforced beams crushed ini a combined brittle-fracturing and lamina-

bending crushing mode as in Fig. 90.

Inside tube diameter of the Kcvlar-rcinforced sine-wave beams was either 3.81

or 7.62 cm. The range of D/t values was between 11 and 113. The magnitude

of the energy-absorption capability of the beams was typically the same as the

energy-absorption capability of tubes of similar geometry, as shown in Fig. 91.

Energy-absorption capability of the beams decreased as D/t increased. This energy-

absorption trend is consistent with the tubes' energy-absorption trend. However,

three beams with D/t values between 15 and 25 exhibited slightly lower energy-

absorption capability than tubes of comparable geometry. All of the Kevlar-

reinforccd beans exhibited a local buckling crushing io,, as depicted in Fig.

92. At the unsupported ends. the characteristic crushing length wais much longer

than the characteristic crushing length at the center ,f the beam. The longer

the characteristic crushing length. the lower the energy-absorption capability. The

three beams having D/t values between 15 and 25 exhibited a larger region of long

characteristic crushing length than the other beams and hence their lower energy-

absorption capability.
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Integrally Stiffened Beam Webs. A direct comparison of veiergy-absorptio data for

tubes and integrally stiffened beanis can not be made because the integrally stiffened

beams are composed of multiple elements of different geometry instead of a single

continuously repeating element. However, the energy-absorption trends of the

beams can be compared with energy-absorption characteristics of tube specimens.

The energy-absorption trends of the circular and rectangular cross-section tube

integrally stiffened beams are similar to those found for circular and square cross-

section tube specimens. As the tube diameter D or width W increases, and hence

the D/t and W/t values increase, the energy-absorption capability decreased, as

depicted in Figs. 93 and 94. In both Figs. 93 and 94, the distance between

stiffeners is denoted as S. The web between the stiffeners crushes in a similar mode

to that of a side of the rectangular tube stiffener. Therefore, interpretation of

the effects of stiffener spacing on energy-absorption capability stiffener spacing, the

distance between stiffeners S is equivalent to the wall width W of a tube. As the

distance between stiffener increases, the corresponding W/t of the web between

stiffeners increases, and the energy-absorption capability of the beams decreases.

This energy-absorption trend is consistent for both graphite- and Kevlar-reinforced

beams.

The crushing modes for the composite beams were also consistent with the crush-

ing modes of the tube specime'ns. The flat ,.leulwnts of the gral)hite-reinforced beanls

,rusid ini a predominantly lanin , bending mode with some brittle fractuiing as in

Fig. 90. Curved elements of the graphite bvams crushed in a predominantly brittle

fracturing mode with some lanmina bending as in Fig. 90. Both the flat and curved
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elements of the Kevlar-reinforced beams crushed in a local buckling mode as in Fig.

92.
4

The geometry of the Aluminum integrally stiffened beams were fabricated com-

lop parable to one configuration of graphite- and Kcvlar-circular-tube- and rectangular-

tube-stiffened beams. The energy-absorption capability of the aluminum beam was

equal to the energy-absorption capability of a comparable geometry K-reinforced

beam as shown in Figs. 93 and 94. However, the energy-absorption capability of

the aluminum beams was approximately half the energy-absorption capability of

the graphite-reinforced beam. These results demonstrate that K-reinforced com-

posite beams have equal energy-absorption capability to aluminum beams whereas

graphite-reinforced beams are substantially superior energy absorbers. Based upon

tube energy-absorption capabilities, alternative composite materials and ply orien-

tations could more than double the energy-absorption capability of the graphite-

reinforced composite beams in Figs. 93 and ?4.

5.1.2 Effects of Ply Orientation on the Crushing Response

of Composite Sine-Wave Beams

Sine-wave beams fabricated from T300-934 and K-934 prepreg were crushed

to determine the effect of ply orientation on the crshing response of composite

beam specimens. The laninate stacking sequence of the beams was [0/±014

where O=15, 45, and 75 degrees. Energy-absorption capabilities of tube specimens

that had the same laminate stacking sequence and material are also presented for

comparative purposes.
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The crushing modes of all beams were observed to be the same as the tubes

with the same laminate stacking sequence and geometry. The energy-absorption

capability of the beam specimens, presented in Fig. 95, was generally less than 10

percent different from the tube specimens of the same ply orientation except for

the [0/±1514 T300-934 and [0/±7514 K-934 beams. In both cases, the energy-

absorption capability of the beam was less than the tube specimens. The crushing

modes of the [0/±1514 T300-934 and [0/±7514 K-934 beams near the unsupported

ends significantly differed from the central part of the beam. The differences in

crushing mode, hence, the lower energy-absorption capability, are attributed to the

unsupported ends of the beam. It is suspected if either of these beams were part of a

built-up structure in which there are no unsupported ends, the changes in crushing

mode and lower energy-absorption capability would not occur. Good agreement

in energy-absorption capability was obtained between tube and beam specimens,

except for bea-ms which exhibited crushing modes at the unsupported ends that

were different than tubes of the same ply orientation and geometry.

5.1.3 Effects of Graphite-Keviar Hybrid Material on the Crushing Response

of Sine-Wave Beams

Sine-wave beamis were fabricated from T300-K-934 hybrid woven fabric and a

combination of a T300-K-934 hybrid woven fabric and T300-934 tape prepreg. The

laminate stacking sequences for these two beams are [±45F] and [45F /OT, 3

The []~ tube has wore 0 degree T300-934 plies than the T4 .

beam. However, the crushing modes were observed to be similar, and, for compar-
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ison purposes, the tube should have a slightly higher energy-absorption capability

because the tube has more 0 degree T300-934 material.

The energy-absorption capabilities of the hybrid sine-wave beams compare

favorably with results from tubes of similar structure as seen in Fig. 96. The

energy-absorption capability of the [±45F]$ sine-wave beam was approximately

20 percent less than the tube of the same ply orientation. The difference in energy-

absorption capability between the tube and beam is partially attributable to the

unsupported ends of the beam. These unsupported ends allowed the ends of the

beam to buckle in a mode that was not consistent with the central portion of

the beam as depicted in Fig. 97. The energy absorbed near the unsupported

ends was less than elsewhere on the beam. The energy-absorption capability of

the [45r/'I' beni, was alproxinat(ly 5 percent less than the [45F/OT, 5]s

tube. The crushing mode of the [45 F /0 r 3] beam was brittle fracturing for the

0 degree T300-934 plies whereas the outer plies of hybrid woven fabric delaminated

and rolled up as depicted in Fig. 98. The crushing modes of both of these hybrid

composite beams were identical to those of the tube specimens. Both [±45F ]

and [45F/O~ r 3]. . beams exhibited post-crushing integrity similar to the tube

specimens, as seen in Figs. 97 and 98. The energy-absorption capability of the

[51"/0" bea(e' 3] s 1)('Ct t il ('4' y ;11).l ]o nJ ill cap ability of ot Iwr all graphite-

reinforced tube specimens and alitninmu t .be specimens evaluated in this study.
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5.2 Theoretical Evaluation of Subfloor Beam Concepts

At present, the state-of-the-art systems-design procedure for crashwortby struc-

ture relies heavily on a limited empirically determined data base. A test data base

approach has been employed because no other method existed for predicting the

energy-absorption capability of a structural concept. These structural concepts are

therefore point designs, and thus limited guidance has been developed with respect

to the effect of changes in material and test specimen structure. Utilization of a test

data base foi the design of energy-absorbing structure generally results in a heavy

design. A heavy dcsign is produced because test data bases are typically based

upon a limited number of material and structural variables. The development of

any experimental data base is expensive and the cost of creating an experimental

data base is an increasing nonlinear function of the number of variables. Ideally, the

designer would conduct concept tradc-off studies to investigate the effects of chang-

ing material and geometric variables to achieve the optimal design. However, the

designer has no established basis of mechanistic relations to conduct such studies.

The subfloor beam webs consist of an assemblage of flat and circular elements

as depicted in Fig. 99. As has been shown in the previous sections on the crushing

characteristics of beams as a function of beam geometry, ply orientation, and

mrterial, the crushing characteristics of beam webs are similar to those of tubular

specimens. Energr-absorption trends and crushing mods have been shown to be

similar for beam and tube specimens of similar characteristic geometry and material.

The following hyp)othesis was formulated for predicting the energy-absorption

capability of structural elements: the crash energy-absorption capability of a
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structural element is the sum of the area-weighted average of the energy-absorption

capabilities of its characteristic elements. Mathematically, ini terms of the specific

sustained crushing stress (o/p), where (or) is the sustained crushing stress and (p)

is the density of the material, the c.iergy-absorption capability can be expressed as:

= A (5)

The terms Ai c.e. and .4,,.c. are the cross-sectional areas of the ith characteristic

element (c.e.) and the structural element (s.e.). respectively. The (a/p)i .,. and

(a/p)a.e. are the specific sustained crushing stress of the ith characteristic element

and the structural element, respectively.

In this hypothesis. the structure is assumed to be properly designed to progres-

sively crush prior to catastrophic failure. Other requirements are that the tube

specimens must have the same geometrical characteristics as the characteristic el-

ements of the beam (i.e., the same D, W, and t), the same stacking sequence,

material, and have the same material form (e.g., tape, woven, or filament-wound).

The .nergy-absoption capabilities of a. beam's characteristic elements are

based upon the energy-absorption capabilities of tubular specimens. The energy-

absorption capabilities of fiat characteristic elements of a beam are determined from

square cross-section tube specimens. Similarly, the energy-absorption capability of

half or complete circular characteristic elements can be determined from circular

(" f.S-S('ct ion tilies.
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An example of the prediction method is given for a circular cross-section-tube-

stiffened beam fabricated with K-epoxy. Web width between tube stiffeners was

2.81 cm, and web thickness was 0.20 cm resulting in a W/t value of 19. The cross-

sectional area of each web was 0.76 cm. The web extended bcyond the stiffeners

1.27 cm on each side of the beam. The W/t value of the web beyond the stiffeners

was 6 and the cross-sectional area was 0.25 cm 2 . The composite layup in the web

region was [+4 5 13S . The stiffener was a circular tube with an inside diameter of

2.54 cm and a wall thickness of 0.09 cm resulting in a D/t of 28.2. The layup of

the tube was [+45]3 , and the cross-sectional area was 0.78 cm 2 . Using equation

5 to compute the energy-absorption capability of the beam with the appropriate

circular and square cross section tube data results in:

(cr/p),.e. = [4 * ATube * (C/P)Tube + 3 * AWeb * (alP)Web
(6)

+2 * AEnd of Web * ("/P)End of Web] /As.e.

(/p)s.e = 30 Nm/g (7)

The measured energy-absorption capability of the beam was 28 Nm/g. The

difference between the predicted and measured values was approximately 7 percent

which is excellent agreement for in analysis of this level of sophistication.

This prediction method was verified using the previous example for the integrally

stiffened circular-cross section tube stiffened K-934 beam, a sine-wave T300-934

beam, and a rectangular tube stiffened T300-934 beam. The differences between

the experimentally determined and the predicted energy-absorption capabilities for

the composite beams were less than 10 1Trc(,nt as seen in Fig. 100.
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5.3 Discussion of Beam Experimental and Theortical Results

Based upon the experimental energy-absorption results, properly designed com-

posite beams are more efficient energy absorbers than metallic beams of comparable

geometry. Sine-wave beams are more efficient energy absorbers than integrally stiff-

ened beams.

Energy-absorption capability is not the only design driver of the suhfloor struc-

ture of helicopters. Non-crash flight loads must also be reacted by the subfloor

structure. It is not uncommon that the crash and non-crash loading conditions

drive the design in opposite directions. The problem of opposing design require-

ments is most prevalent with sine-wave or honeycomb sandwich subfloor beam con-

cepts. Integrally stiffened subfloor beams can be used to uncouple, to some extent,

the effects of these design conditions. The in-plane shear carrying capability of the

integrally stiffened beams is predominantly provided by the web between the stiff-

eners whereas the stiffeners would be designed to be the primary energy-absorbing

component of the structure. Even though the integrally stiffened beam concept is

a less efficient energy absorber than a sine-wavc concept, the integrally stiffened

concept may prove to be the best concept because of its versatility and it is a more

controllable design.

The crushing characteristics (i.e., energy-absorption capability and crushing
4

mode) of the energy-absorbing beam web concepts have been determined to be

similar to tubular specimens of similar material and structure. This similarity

in crushing characteristics facilitated the development of a simple, yet accurate,
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method of predicting the energy-absorption capability of more complicated struc-

ture. The prediction niethod requires energy-absorption data obtained from tube

specimens. The unber of different tube configurations necessary to establish a

data base for preliminary design purposes is small. Furthermore, utilizing this pre-

diction method, the designer of energy-absorbing structure, has for the first time,

a rationale for selecting material and structural parameters to achieve a prescribed

energy-absorption capability. Utilizing this predictive capability can reduce the

number of ancillary tests required to validate the response of a structure which

should reduce the final design cost and weight of the structure.
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Chapter 6 - SUMMARY AND RECOMMENDATIONS

The goal of this study was to develop a method of predicting the energy-

4 absorption capability of composite helicopter subfloor beam structure. To reach

this goal, it was first necessary to develop an in-depth understanding of how a

multiplicity of parameters influences the crushing response of composite structures.

This multiplicity of parameters that is available to the designer of energy-absorbing

structure can be both a blessing and a hinderance. A slight change to a parameters

can result in significant change in the structure's energy-absorption characteristics.

The increase or decrease of a parameter may have a beneficial effect on energy-

absorption within a limited range. However, further increase or decrease of the

parameter may result in drastically different energy-absorption trends. Therefore,

the understanding of how these parameters influence the crushing characteristics of

composite materials is paramount.

As discussed in the review of literature section, many researchers have attempted

to develop broad conclusions from a limited data base without realizing the

limitations of these conclusions. An attempt will be made to quantify the range of

applicability of the findings from this study. There still exists some danger of over

geanralizing the results. For exalle, the suitiinary of findings for the tube material

mechanical properties is based upon the effect of changing a single parameter with

all other parameters held constant.

6.1 Summary of Research

Sonic of the observations and accomplishments developed from this study were:
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1. The four characteristic crushing modes for tubes. transverse shearing, brittle

fracturing, lamina bending, and local buckling, have been identified, and the

mechanisms that control the crushing process have been defined.

2. An in-depth understanding has been developed of how the different material

properties, structural variables, and loading conditions affect the crushing response

of composite tubes. The influence of each of these parameters on the energy-

absorption capability of a tube is a function of the design of a specific tube. The

effects of these parameters can be quantified only on a case-by-case basis.

3. A simple buckling of a column-on-an-elastic-foundation equation was modified

that proved to be very useful in understanding how different material and structural

variables influence the energy-absorption capability of a laminated tube.

4. Energy-absorption capability of tubes increases as fiber stiffness increases

provided the stiffness of the "column" is significantly influenced by the stiffness of

the fiber. Increasing fiber stiffness, within the range of materials evaluated, has little

influence on energy-absorption capability as a result of increase in "foundation"

stiffness.

5. ill'' is 1latrix stifliess of t.il,.s in,'rases energy-t-sorpti,,n capability

of tubes where "foundation" stiffness significantly influences "column" buckling.

Therefore, specimens that crash in the local buckling mode are affected most by

changes in "foundation" (hence, matrix) stiffness. Matrix stiffness has a small effect

on the energy-absorption capability of specimens that exhibit transverse shearing,

brittle fracturing, and lamina bending.
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6. Fiber failure strain of tubes has a significant effer' ,on energy-absorption

capability. The effect of fiber failure strain has different results on the energy-

absorption capability depending upon the properties of the matrix and the structure

of the tube. Increasing fiber failure strain in a tube that exhibits a lamina bending
4

crushing mode would result in a negligible change in energy-absorption capability.

However, increasing the fiber failure strain in a tube that exhibits a transverse

shearing or brittle fracturing crushing mode will result in an increase in energy-

absorption capability.

7. Matrix failure strain has a similar effect on energy-absorption capability as

fiber failure strain. An increase in matrix failure strain can have different results

depending upon the properties of the fiber and the structure of the tube. For

example, an increase in fiber failure strain of a tube that exhibits a lamina bending

crushing mode will result in an increase in energy-absorption capability. However,

if a tube exhibits a transverse shearing crushing mode and matrix failure strain is

significantly increased, then it is possible to cause catastrophic failure of the tube or

force the tube into the local buckling crushing mode. Failure of the tube or crushing

in the local buckling mode would result in lower energy-absorption capability than

was achieved when the tube crushed in the transverse shearing mode.

8. Tube ply orientation can have a significant effect on energy-absorption

capability. The magnitude of the effect of changing tube ply orientation on energy-

absorption capability is a function of the crushing mode exhibited. If a tube

exhibits predominantly a transverse shearing or brittle fracturing crushing mode,

then energy-absorption capability increases as the percentage of fiber oriented in the
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direction of the applied load increases. If a tube exhibits either a lamina bending

or local buckling crushing mode, then the change in energy-absorption capability as

a function of a change in ply orientation is not as large as the case where the tube

crushed in the transverse shearing or brittle fracturing nodes. Energy-absorption

capability of tubes that crush in either the hunina bending or local buckling crushing

modes does not change monotonically with changes in ply orientation.

9. An increase in fiber volume fraction can result in a decrease, no change, or

an increase in energy-absorption capability of tubes. Fiber volume fraction affects

material density, interlayer compliance, and "foundation" strength. For example,

an increase in fiber volume fraction can produce a decrease in energy-absorption

capability for tubes that crush in a lamina bending crushing mode. The increase

in fiber volume fraction reduces the volune of matrix between fibers. Reducing the

matrix between fibers decreases the interlaininar strength and hence reduces the

energy-absorption capability.

10. Small changes in stacking sequence generally result in negligible changes

in energy-absorption capability of tubes. However, changes in lamina stacking

sequence can have a potentially significant effect on energy-absorption capability.

For example, two hybrid tubes with different stacking sequences had a 300 percent

difference in energy-absorption capability.

11. Hybrid material consisting of graphite- and Kevlar-reinforcements can

produce, depending upon the structurv of the tube, higher energy-absorption

capability than tubes fabricated from cithe(r all graphite- or Kevlar-reinforced tubes.
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Tubes fabricated from hybrid combinations of graphite and Kevlar reinforcements

also exhibit post-crushing integrity.

12. Circular cross-section tube diameter (D) to thickness (t) ratio (D/t) and

4square cross-section tube width (W) to thickness (t) ratio (W/t) significantly affect

energy-absorption capability. As tube D/t and W/t decrease, energy-absorption

capability increases. Energy-absorption capability of Kevlar-reinforced tubes are

geometrically scalable whereas the energy-absorption capability of graphite- rein-

forced tubes is not geometrically scalable. Tubes that are geometrically scalable

have a one-to-one correspondence between their energy-absorption capability and

the characteristic geometrical parameter (i.e., D/t or W/t).

13. Energy-absorption capability of tues do not seem to be a strong function

of tube included angle (4). Tube included angle is the angle formed between radial

lines originating from the center of curvature of one side of a "near-elliptical" tube

and extending to the comers of the tube.

14. Energy-absorption capability of composite tubes is a function of crushing

speed. The influence of crushing speed on energy-absorption capability is controlled

by the strain-rate sensitivity of the mechanism that controls the crushing process.

Tubes, whose crushing response is controlled by mechanisms that are not a function

of strain rate, do not exhibit effects of crushing zpced on energy-absorption

* capability. Tubes, whose crushing response is controlled by mechanisms that are

a function of strain rate, exhibit effecti of crushing speed on energy-absorption

capability. Both fiber anid matrix meclanical properties can contribute to the strain-

rate effects of the criLshing meclinisms of the composite tubes.
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15. A finite element analysis was developed to predict the crushing response of

composite tubes. The difference between analysis and experiment was, generally,

less than 30 percent.

16. The crushing response of composite beams was evaluated and found to

follow the same trends as tube specimens that have similar material and structural

characteristics.

17. The energy-a!sorptiou capability of graphite-epoxy and Kevlar-epoxy struc-

tural elements were foiud to be equal or superior to aluminum beams of similar

geometry.

18. A simple, yet accurate, analysis was developed to predict the energy-

absorption capability of composite beams.

6.2 Recommendations for Future Research

The crushing process of composite structures encompasses some of the most

complex phenomenta related to the mechanics of composite materials and structures.

The state of the art. of energy-albsorbing composite materials and structures has

been significantly advanced. However, there are a considerable number of topics

that warrant further study. The following comments are offered as guidelines for

future work in the area of energy absorption of composite materi,-ls and structures.

1. The analysis method to predict the energy-absorption capability of composite

tube specimens needs to be improved and more fully validated. Improvements, such

as better nonlinear solution strategies. lamina failure criteria. inclusion of crushing

initiators, and dynamic crushing effects should be inado to the analysis.
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2. An understanding of dynamic crushing mechanisms needs to be developed.

This study should focuis on the dynamic niedikdnical prollrties. 'orresj Inding to the

different ,'niiltiuig u,,,'hIasixIs.

4, 3. Dynamic crush testing of subfloor beani specimens is needed to assure that

the crushing characteristics are similar to those produced by tubes.

4. Realistic crushing initiators need to be developed for subfloor beam structures.

5. Terminology, test methods, and test specimens should be standarized.

2
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