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(ABSTRACT)

The objective of this study was to lnvestigate the bending strength and failure characteristics ‘

of AS4/3501-6 and AS4/1806 graphite/epoxy angles sections as a function of processing in-

duced defects and porosity. The angle sections were removed from 30·inch long angles fab-

ricated at Lockheed Georgia Company with two quasi—isotropic stacking sequences,

(;l; 45/90;/ IF 45/0,), and (j;45/Üz/ ¥ 45/90,), . Various degrees of porosity were introduced

into the angles using four processing techniques: a standard lay-up, a soivent wipe during

lay-up, moisture introduction between plies during lay·up, and a low pressure cure cycle. Two

2.5-inch wide angle sections, each with a 1.5-inch short leg and a 3.0—inch long leg, were

bonded together along their long leg to form a T-shaped specimen. Bending of the T-

specimen was introduced by pressing up on the underside of the flanges while holding the

base of the specimen fixed. The experimental results have shown a signilicant effect of the

processing induced defects on the failure load and bending stiffness for AS4/3501-6 speci-

mens, but not for AS4/1806 specimens.

An anisotropic analysis of the angle curved section was performed using Lekhnitskii's stress

function approach. Stress and strain fields were studied and two failure criteria (Dual maxi-

mum stress and Tsai-Wu) were investigated in order to predict T-specimen failure load and

failure mode. Reasonable correlation between prediction and experiments was found for the

AS4/3501-6 (i45/90,/ ZF45/0,), T-specimens, but both failure criteria were found to be too

conservative in predicting failure for the AS4/3501-6 (;(; 45/0,/ FF 45/90,), T-specimens. The



predlcted failure modes were in good agreement with the experimental observations for both

Iaminates.
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1 .0 Introduction

Fiber reinforced composites continue to generate interest in their application to high per-

formance structure. They are being used increasingly more as load bearing structural com-

ponents. This is mainly because of their superior strength and Iighter weight compared to

conventional materials. Graphite/Epoxy systems are commonly used in both commercial and
h

military aircraft applications. One such utilization is in the construction of angle connectors

for wing and empennage structures. ln this application, angle connectors are subjected to

loads which tend to open the angle. Figure 1 shows a typical example of how Internal fuel

pressure in a wing leads to this kind of loading.

Based on the theory of curved beams [1], this loading condition ls known to induce normal

and shear stresses through the thlckness of the angle structure. Although Graphite/Epoxy

materials possess good load bearing capabillties in the plane of the lamina, their strength ln

the interlaminar direction is known to be low. Furthermore, these laminates contain volds

which may have an influence on the mechanlcal properties of the material system. The void

content depends on the resin type, Its viscosity characteristics, lts volatile components, the

processing temperature, pressure and time [2]. The combined effects of the out·of-plane

stresses and high porosity level may affect the load bearing capabillties of the angle connec-

tors. The analytica! methods are wel! known for determining the strength of flat laminates but
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the behavior of curved composites ls poorly characterized. Recently, several linite element

codes have been developed in order to estimate the strength of liber relnforced composite

bends [3-6]. In addition, plane strain analyses have been performed for curved lsotropic

sandwiches [7] and specially orthotropic bends [8]. Several investigations have exper-

imentally determined the effect of porosity level on the different moduli and strengths [9,10].

The present investigation was part of a larger project which was almed at the determlnation

of the feasibility of coupllng simple test data like lnterlaminar tension results from a quality

control panel, with the analysis of an actual angle in a production run to determine the ac-

ceptability of a defective part. lnterlaminar tension tests were performed by Tomasino [10] in

order to determine lnterlaminar tensile strength and interlaminar Young modulus.

The objective of the present investigation was to experimentally determine the effect of

porosity on the strength and stiffness of AS4/3501-6 and AS4/1806 graphite/epoxy angle

specimens. Two quasi·isotropic lamlnates with stacking sequences (i45[Üz/ $45/90,), and

($45/90;/ $45/0z)s with void contents ranging between 0.5 and 7% were tested in outward

bending. The porosity level was determined by Lockheed with the ASTM D 2734 Standard Test

Method for the void contents of relnforced plastics. The angle curved region was analyzed in

plane strain using Lekhnitsl<li's stress function approach [11]. Stresses, strain and displace-

ments were calculated at every position inside the curved region. Several failure criteria were

applied to the analytica! results in an attempt to predict laminate failure load and failure mode.

lnterlaminar tensile strength results from flatwlse interlaminar tension tests [10] are used as

input in the failure analysis in order to determine the oorrelation between experiments and

analysis.

Introduction
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2.0 Experimental program

The primary purpose of these experiments was to determine the effects induced by porosity

on the strength and failure characteristics of the graphite/epoxy angle sections in bending.

In addition, the combined effect of Iaminate stacking sequence, material properties, and defect

level was investigated.

The T·specimens (Figure 2) used in this study consisted of two 2.5-inch wide graphite/epoxy

angle sections, each with a 1.5·inch short leg and a 3.0-inch long leg, bonded together along

the long leg of the angle sections. The angle sections were cut from twenty 30-inch long an-

gles (Figure 3) manufactured by Lockheed Georgia Company. The angle sections were man-

ufactured from two material systems AS4/3501-6 (designated material A in the following

sections) and AS4/1806 (material B) with istacking sequences of ( ;l; 45/90,/ ZF 45/0,), (Iaminate

A) and (3; 45/0,/ FF 45/90,), (Iaminate B). The 0° direction lies along the 30-inch length of the

angles, and along the 2.5-inch width of the T-specimens;

Various degrees of porosity were introduced into the angle specimens using four processing

techniques. The angles were qualitatively ranked into four defect levels based on the results

of C·scans performed by Lockheed. The first, or baseline, processing method used a standard °

lay-up and cure producing an angle with minimal porosity (defect level 0). The other proc-
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esses, which produced angles with generally increaslng porositles, lncluded a solvent wipe

during lay-up for removal of resin (defect level 1), the introduction of moisture between plles

during lay-up (defect level 2), and a low pressure cure (defect level 3).

Each T-speclmen was made from angle sections cut from two angles havlng the same material

system, stacking sequence, and defect level. Two angle sections were bonded such that the

lay-up was symmetric with respect to the bond plane of the T-specimen, the 45° Iayers on the

outer surface of the angle sections pointing in the same direction. To accomplish this, each

quasi-isotropic laminate stacking sequence (laminate A and lamlnate B) was produced in both

a positive and negative coordinate system. The ten combinations of material system, lamlnate

sequence, and defect level used in this study are listed in Table 1. At least four T-specimens

of each combination were tested.

2.1 Experimental method

The experiments were performed using a displacement controlled, screw driven, United

Testing Systems 20.0 kip capacity tension/oompression machine (Model FM·20—A·E), the cross

head motion of the testing machine controlled with an IBM-XT. The data acquisitlon system

consisted of Measurement Group’s Vishay 2100 system amplifier, a DT board used for data

acquisitlon ln conjunctlon with the IBM-XT, and the soltware package MATPAC2 developed

at Virginia Polytechnic Institute and State University [12]. A data acquisitlon rate of approxi-

mately three data sweeps per second was achieved while plolting the load-displacement re-

sponse on the computer monitor in real time. This plot was used to follow the progress of the

test. High magnilication video tapes of all the tests were made in order to analyze the failure

mechanisms. The test set·up is pictured in Figure 4.
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2.1.1 Fixture deslgn

Two test fixtures, one for testing the specimens and one for bonding, were developed. Each

lixlure was fabricated of cold rolled steel.

2.1.1.1 Testing fixture

Bending was lntroduced lnto the T-specimens by pressing upward on the underside of the

tlanges of the T while holding the base of the T fixed. The tixture designed to introduce this

load consisted of two parts, a supporting lixture and a gripping flxture. A schematic of the

fixture is shown in Figure 5. The 2.5·inch wide tlanges of the T-specimen are supported on

three-inch wide edges (loading noses) to insure that the load is distributed along the entire

width of the specimen. The edges of the loading noses are round to avoid stress concen-

trations in the specimens at the contacting surface. Tests in this study were conducted with

the edges located 1.4 inches apart, centered with the centerline of the flxture. The distance

between the loading noses, however, is adjustable (from 1.4 to 2.3 inches) and can be changed

by using shims. A 2.5·inch wide, self tlghtenlng grlp holds the base of the T-specimen fixed

as the cross head of the test machine is raised, Introducing load In the flanges through the

edges. Shims were used to insure that the gripping fixture was 1-Inch below the top surface

of the T·specimen. The set-up of the testing fixture ls shown in Figure 6.

2.1.1.2 Bonding fixture

Preliminary inspection of the angle sections indicated some irregularities in the specimen

geometry. The angle between the short leg and the long leg of the angles was intended to

be 90°. However, differences from this nominal value of more than 2° were measured for
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some of the angle specimens. These lrregularities were introduced into the specimen in

manufacturing and are possibly due to the thermal effects resulting from the cure cycle. When

' bonded together, lrregularities in the angles could result ln uneven introduction of the load to

the T-specimens. Prior to loading the specimen, both üanges of the T-specimen must be in

contact with the loading noses and the bonded long legs of the specimen perpendicular to the

plane tangent to the supports. lf one of the angles has a corner angle different than 90° the

plane tangent to the loading noses will not be perpendicular to the bonded long Iegs of the

T·specimen. The bonding üxture was designed to insure correct alignment of the T-specimen.

This üxture ls essentially a replica of the testing üxture, except, two flat alignment surfaces

(see Figure 7) are introduced to force the angle sections to be bonded such that the long Iegs

of the angle sections are perpendicular to a hypothetical plane tangent to the loading noses.

Furthermore, the bond surface and the üxture axis of symmetry coincide. Bonding the speci-

men in the same configuration as is used in testing insures introduction of equal displacement

and force in the short Iegs as they are displaced (see Figure 8).

2.1.2 Specimen preparation

Before testing, the angle sections were desiccated in a vacuum oven at 100° F until an equi-

librium weight was attained in order to remove moisture induced during the machining. The

long Iegs of the angle sections were carefully sanded with 320 and 400 grit emery cloth to re-

move the peel ply and mold release residue without damaging the übers of the surface layers.

The angle sections were bonded back to back using Hysol EA309 NA adhesive and 5 mil. glass

beads to insure minimum bond thickness. This same adhesive was used in üatwise tensile

tests of this Iaminates and has been shown to carry stresses exceeding 5 ksl [10]. Normal

stresses in the bond line between the angle sections were not expected to reach this level.

In bonding the angle sections to form the T-specimens. the angle sections were set and

slightly tightened in the bonding üxture to force the excessive adhesive out. Excessive adhe-
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slve was removed before curlng. The bonded T-specimens were cured in the fixture at room

temperature for 12 hours. After this time the adhesive was hard enough to allow T specimens

to be removed from the bonding fixture while maintaining the desired configuration. The T-

specimens were then cured in the oven at 150°F for one hour. Due to irregularities in the

corner angles some T-specimens had non-uniform adhesive thickness along the bonded leg.

' This, however, was not expected to be a problem during testing because of the low stresses

expected along the bondline. Part of the reason for the low stresses ls that most of the bonded

section was in the gripped region of the specimen during testing. One side of the T-specimen

’ was then polished to obtain a clean surface for videotaping.

2.1.3 lnstrumentation

Strains were measured with electrical resistance foil gages. A maximum strain of 1% was

expected in the tests based on the finite element analysis performed by Lockheed Georgia

Company. A strain gage rosette (model TML FRA 2-11; gage length 2mm) with arms at 0°, 45°

and 90° orientation and uniaxial gage (TML FLA 2-11; gage length 2mm), manufactured by

Tokyo Sokky Kenkyujo Co. Ltd., were used for these tests. These strain gages are capable

of measurlng up to 4% strain. Most of the specimens were gaged but it was impossible to

instrument some of them. The outer layers of these specimens (11-2/14-2, 11-4/14-4, 11-6/14-6)

were already delaminated or damaged, thus gages readings would have been meanlngless.

At least three gages were mounted on each specimen. The gage locations are shown in

Figure 9. The locations were selected so that the gages were on the flat portion of the angle

section but not too far from the curved region, and also away from the support points where

there may be stress concentrations. With gages 1 and 2 (see Figure 9), it is possible to mon-

itor the symmetry of the load introduction, whereas gages 2 and 3 are intended to be used for

determining the bending strain in one flange (see Figure 9.a). This strain gage arrangement

was used for all the specimens, when possible. Other strain gage arrangements were used
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in order to determine the variation of the strains along the width and the length of the short

legs. ln some tests, straln gages were mounted along the long leg length to check the loading

symmetry (Figure 9.b).

2.2 Testing procedure

2.2.1 Test set up

Based on the results of previous investigations ([3,4]), the T-specimens were not expected to

carry Ioads greater than 700 lbs. Consequently, a 1 kip load cell was felt to be appropriate for

all the tests. Load was directly measured from the load cell. For all tests a linear displace-

ment transducer, RDP-Electrosense DCT5wA, with a working range of j; 0.5 inches was used

to obtain accurate displacement measurements. The transducer was connected to the grip-

ping üxture and measured the distance between the grip and the bottom of the supporting

tixture (see Figure 10). Therefore, the measured displacement corresponds to the relative

displacement of the long leg with respect to the support points on the short leg of the speci-

men. Load, displacement, and straln data were sampled during the test and stored on com-

puter. A straln rate of 0.1% lminute was chosen for the experimental program in order to

simulate a quasi static loading. The raw test data were then post-processed using the pack-

age MATPAC2. The most critical part of the set·up of the test was to insure an accurate

alignment of the supporting and gripping lixtures and specimen. Shims were designed so that

the specimen and the lixtures axes of symmetry coincide. After removing the shims, symmetry

of the specimen positioning was checked with a micrometer.
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2.2.2 Video taping

lnformation relative to failure initiation and growth is valuable for understanding the angle

specimen behavior. Therefore, crack growth events were continuously monitored during the

tests. Videotaping of the specimen during experiments was found to be the most convenient

way of observing crack growth. A layout of the videotape/camera/microscope set-up used ls

shown in Figure 11. The equipment included a Questar model QM-1, long distance micro-

scope, a Nikon model FM-2, 35 mm camera, a Sony model AVC·3210 video camera, a Sony

VO-2611 video recorder, and a Videotech RM-19B monitor. The video camera was mounted

on the back of the microscope.

In order to correlate the real time load displacement curves generated by the MATPAC2 pro-

gram with the actual failure events observed during testing a K SYSTEMS VO-CGA video

board was used. The VO-CGA allowed superposition of the load-displacement curve and the

test video record on the same screen. A microphone was connected to the video recorder in

order to obtain audio recording of the test. The microphone was mounted next to the speci-

men to pick up any cracking from the specimen which otherwise may have been indistin-

guishable in the background noise of the testing machine.

2.3 Material characterization

ln parallel with the experimental program reported here, several additional experimental

programs were carried out by others. The results of the other experiments may relate and

explain some of the observations and will be mentioned later in appropriate sections. Fol-
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lowing ls a brief description of these experiments. A complete description of these tests is

given ln [10].

2.3.1 Flatwise tenslle tests

This experimental program was designed to apply tension to the faces of circular specimens

ln a direction perpendicular to the laminate midplane. The same graphite/epoxy material

systems, stacking sequences and porosity levels as in the current experimental program were

used. The aim of this project was to determine the interlaminar strength and the interlaminar

Young modulus as a function of increasing void content. These results will be introduced as

inputs for the analysis of the curved region presented in Chapter 4.

2.3.2 Compression tests

Compression tests were performed to determine the laminate in-plane properties, E„, Ey, and

vyy. Those properties will be also used as inputs for the analysis.

2.3.3 Porosity determination

The specimen porosities were determlned by Lockheed in accordance with the ASTM D 2734

standard test method for the void content of reinforced plastics. These results will be used to

determine if the specimen strength and stiffness measured during the present testing program

are porosity dependent.
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3.0 Experimental Results

Bending strength allowables for AS4/3501-6 and AS4/1806 angle speclmens, having different

porosity levels and different Iaminate stacking sequences [Iaminate A: (;|; 45/90;/ ¥ 45/0,), and

Iaminate B: (;l; 45/0,/ ZF 45/90,),] were determined by T·specimen testing. In addition to ob-

taining strength, the load·displacement response measured during the tests was used to de-

termine the bending stiffness of each specimen. A total of 53 tests were performed. Since the

grip stiffness was high compared to the specimen stiffness, the effect of grip and fixture def-

ormations is assumed to be negligible in the detlection measurement.

Two different procedures were used to determine the load carried by each angle section of the

T-specimens as well as the load carrled by the T-specimen. The effect of porosity on the

failure load of each angle is studied. The load-displacement slopes, or specimen stiffness,

calculated from the load·displacement curves, were also studied. Furthermore, load·straln

curves were examined using the measurements from strain gages located on the short legs

of the T·section specimen.

Typlcal load-displacement plots are presented in Figures 12 to 14. These plots indicate a

smooth linear behavior (although the two small legs undergo large rotations with respect to

one another) up to the first failure. The first failure corresponds to the failure of one of the
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angle sections; the load carried by the specimen at this first failure ls called initial failure load

(IFL) in this chapter. A load decrease is observed alter first failure and then the load in-

creased llnearly until the second angle component failed. ·The maximum of the failure load

of the two angles ls called the Maximum Failure Load (MFL). The fallures include matrix

cracking and delamlnations and occur ln a progressive manner. For AS4/3501-6 specimens,

after the failure of the two angles, the damaged specimens were able to carry a fairly constant

load for a large displacement as shown in Figure 12. This characteristic load is called average

load after fallures (LAF) throughout this report. For AS4/1806 specimens, on the other hand,

following the initial fallures the load seemed to increase in small amounts followed by a sud-

den decrease, this mechanism occurrlng several times. No constant load was attained even

for a specimen deflection exceeding 0.4 inches (see Figure 13).

ln all tests, failure occurred in the curved section of the specimen and no failure was observed

in the straight legs before the curved section had been damaged. In some of the experiments,

the fallures of the angle sections were almost simultaneous and, therefore, the initial failure

load corresponded to the maximum load carried by the T·section as shown in Figure 12 for

an AS4/3501-6 (5; 45/0,/ ZF 45/90,), (or laminate B) specimen. In other tests, the initial failure

corresponded to the failure of one of the angle sections and the damaged specimen was able

to carry loads higher than the initial failure load as shown in Figure 14 for an AS4/3501-6

(5; 45/90,/ ZF 45/0,), (or laminate A) specimen. Since the two angle sections in the T·specimen

are cut from different angles, their strength can dlffer, which explalns the higher load carried

by some specimens even after initial failure. Load·displacement curves for all the specimens

are included in Appendix A. The results for the initial failure load, maximum failure load and

average LAF as a function of material, stacking sequences and defect levels are given in Ta-

bles 2-4.

The bendlng stiffness of the angle structure is defined to be the slope of the initial portion of

the load·deflection curve. According to this definition, the bendlng stiffness of the T-specimen

is actually composed of the bendlng stiffness of the short legs and of the angle region, and the
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tenslle stiffness of the long legs. T-specimen bending stiffness as a function of material,

stacking sequence and defect levels are given in Tables 5-7.

Strain gages were bonded on the short legs of the T-specimens in order to check the sym-

metry of the load introduction and to measure the bending strain. They were located 0.4

inches from the T-specimen axis of symmetry and measured strain ln the hoop direction (90°

direction). A typical load·strain curve with the strain gages location is given in Figure 15. As

for the load·displacement curves, the load-strain curves are linear until the ürst failure occurs.

Gages 1 and 2 measurements give almost the same results up to the first failure load, thus the

load carried by the two angle sections of the T-specimen is the same. After the first failure

occurs, strain measurements from gages 1 and 2 differ indicating an uneven distribution of the

load. lf we consider the strain in the short legs just after the first failure, at load equal to 330

lbs. (Figure 15), and the strain just before the failure, gage 1 which is located on the failed

angle indicates a strain decrease whereas gage 2 measures an strain increase in the un-

damaged angle. Thus, after first failure, the undamaged angle carries more load than the

failed angle. With gages 2 and 3, it is possible to calculate the bending strain in the short legs

before and after the first failure. lt can be deduced from Figure 15 that strain measurements

of gages 2 and 3 give exactly opposite results up to first failure. Consequently, the short leg

is subjected to a bending moment without any load in the hoop direction ( 90° direction).

Furthermore, strain gages 2 and 3, which are bonded on the undamaged angle give opposite

results even after the first failure occurs. The load strain curves for the specimens gaged with

this arrangement are included ln Appendlx B. Load·strain slopes for the three gages are

calculated from the initial part of the load·strain curves (up to first failure). The load-strain

slopes as a function of material, laminate stacking sequence and defect levels are presented

in Tables 8-10. Load-Strain curves are used in Section 3.2.3 to determine the failure load ln

each angle.

Rosettes, bonded 0.4 inches from the specimen axis of symmetry were used to measure strain

in the hoop direction 6,,,, strain in the 0-degree direction (width direction) 6,, , strain in the 45°
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direction 6,, ln the Iamlnate plane (see Figure 5 for the coordinate dlrectlons). In some spec·

imens, the measured strains were used to determine the state of strain in the cartesian co-

ordinate system; 6,,= 6, , 6,"= 6,, and y,„= 26,,- 6,, — 6, ln the plane of the laminate.

Representative strain response data are shown in Figure 16 up to first failure load, for an

AS4/1806 Iamlnate-A specimen with a defect level of 0. It appears that 6,, and y,,, are very small

compared to 6,, at this location. This can be explained by the fact that the specimen width is

large compared to its thickness ( thickness to width ratio = 0.032 for this specimen), therefore

0°·direction strains (in the x-direction) are negligible compared to hoop strains (y-direction).

Thus it can be assumed that the specimen ls subjected to a state of plane strain, at least away

from the freee edges.

For some specimens, unidirectional gages were bonded on the T·specimen base in the hoop

direction in order to verify the symmetry of the load introduction in each angle during the test. ~

Gages 1 and 2 are symmetrically bonded on the angle long legs, 0.5 inches from the plane

formed by the short legs, as shown in Figure 17. Strain measurements indicate a linear be-

havior up to ürst failure. Results from strain gages 1 and 2 also indicate that strains in each

long leg are equal, confirming symmetry of the load carried by each angle until first failure

occurs. After first failure, strain gage 1, which is located on the failed angle long leg, show a

strain release whereas strain gage 2 located on the undamaged angle long leg measures a

strain increase. Therefore, the undamaged long leg of the specimen carrles more load than

the damaged long leg after first failure occurs. Strain gage 3 is located on the short leg, 0.4

inches from the specimen axis of symmetry and measures strains in the hoop direction, as

shown in Figure 17. The strains in the long legs are very small compared to strains on the

short legs. Experimentally determined strains of the long leg were also compared with the

strain for a plate subjected to pure extension. Laminated plate theory gives a load-strain

slope of 3.18 10° lb/%strain assuming 6,, and y„ equal to 0 compared to a load-strain slope of

3.0710* lb/%strain measured from strain gages located on the long leg. Consequently, the
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effect of bendlng of the angle regions on the long Iegs at the locatlon where the stralns are

measured is negligible (Figure 17).

3.1 Maximum ·FaiIure Load

The effects of material system, stacking sequence and porosity level on the experimentally

determlned Maximum Failure Load (MFL) of the T·specimens are lnvestigated ln the three

subsequent sections.

3.1.1 Effects of material system

The two materials studled differ only ln the matrix properties. To determine the effects of

matrix properties on the MFL of the T·speclmens, specimens of the two materials having the

same defect level and the same stacking sequence were compared. Figure 18 shows results

for defect level 0 (standard Iay·up) laminate A specimens. The average MFL differs by more

than 25% for the two material systems, with 410 lbs. for AS4/3501-6 specimens and 514 lbs.

for AS4/1806 specimens. A larger difference in the MFL is found for defect level 2 laminate

A specimens (see Figure 19). The average MFL for AS4/3501-6 specimens is equal to 225 lbs.

compared to AS4/1806 specimens with a average MFL of 529 lbs. Clearly, the T-specimen

MFL is a function of the matrix properties, as well as the defect levels.
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3.1.2 Effect of stacking sequence

To determine the effect of stacking sequence on the MFL, results from laminate-A and

laminate-B specimens having the same defect level and the same material system were

compared in Figures 20 and 21. The AS4/3501-6 specimens in Figure 20, with a laminate-A

stacking sequence and a defect level of 0, had an average strength of 410 lbs. compared to

laminate-B specimens with an average strength of 354 lbs. The average strengths for the two

specimen combinations differ by 15%. For the first three processing methods (defect levels

0 to 2) the MFL for laminate·A specimens is higher than for laminate-B specimens. However,

for defect level 3 specimens, and for the same material system, laminate-A specimens carry

smaller load than Iaminate-B specimens, i.e. 242 lbs. and 289 lbs., respectively (see Figure

21).

3.1.3 Effect of defect level on the Maximum Failure Loads.

MFL as a function of defect level is plotted in Figures 22 to 24. For AS4/3501-6 laminate-A

specimens, processing induced defects signilicantly affect the MFL (see Figure 22). Note that

the maximum loss in MFL ls obtalned for defect level 2 specimens (moisture introduction).

The same conclusions are reached for AS4/3501-6 Iaminate·B specimens (see Figure 23). The

nature of the defects created by the moisture introduction causes a large reduction in the

strength compared to the low pressure curing. This may be explalned based on the optical

analyses from flatwise testing portion of this program. There ls an indication that the defects

due to the moisture introduction combined together to form thin delaminations between the

layers, whereas under low pressure curing, the pores were smaller and more randomly dis-

tributed in the laminate. For AS4/3501-6 specimens, the defect level 2 produced the lowest

MFL. Thus the strength of the AS4/3501-6 T-section specimens is affected by processing in-
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duced defect levels. For AS4/1806 specimens, only two combinations of defect levels are

available (defect levels 0 and 2). lt appears that the effect of defect level on the MFL of

' AS4/1806 T-section specimens is negllgible as shown in Figure 24: the average MFL ls almost

the same for both defect level combinations with 514 lbs. and 529 lbs. for defect level 0 and

defect level 2 specimens, respectively.

3.2 Effect of Porosity on Failure Load of Angle Sections

The effect of porosity on the failure load of each angle section is studied using two different

methods. Porosity measurements were done by Lockheed Georgia Company. The first

method used to calculate the failure load of the angle sections is based on the load-deflection

diagrams, and the second one uses the load-strain curves.

3.2.1 Porosity results

Angle porositles were determined by Lockheed Georgia Company ln acoordance with the

ASTM D 2734 Standard Test Method for the void contents of Relnforced plastics. Average

porosity levels for each angle panel are given in Table 11. lt appears that the porosity level

ls almost the same for AS4/3501-6 defect levels 0-1 angles with a value of about 2%. The

porosity level is the same for AS4/3501-6 defect levels 2-3 angles with a value of about 5%.

For AS4/1806 angles, the porosity level is lower for defect level 2 angles than for defect level

0 specimens. This result was unexpected since moisture introduction was intended to

produce a high level of porosity. Thus, the moisture introduced during the lay-up had no effect

on the mechanical properties of AS4/1806 angles because of the low porosity obtained for an
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unknown reason. The 1806 matrix may have a poor wettability to water such that most of the

moisture introduced during lay-up has escaped during the processing.

3.2.2 Effect of porosity on the failure load determined from

load-displacement curves.

Failure Ioads of the various angle sections as a function of the porosity level are given in Ta-

bles 12 to 14 for AS4/3501-6 laminate-A and Iaminate·B specimens, and AS4/1806 laminate-A

specimens, respectively. ln the determination of the effect of porosity on the strength of the

T-section specimens, the failure of each angle of the specimen was identified and reported

rather than using a single failure load for each T-specimen. Thus there are two failure

strengths reported in Tables 12-14 for each specimen, as opposed to only one per specimen

in Tables 2-4. The analysis of each angle of the T-specimen was necessary since each of the

two angle sections come from different panels and, in general, have different average porosity

levels. The procedure developed for identifying the failure load of each angle section ls based

on the experimentally determined load displacement curve of the T-specimens. In general,
l
the load displacement diagrams exhibited two distinct failure Ioads followed by a oonstant

° load carrylng capability. The two Ioads are the failure Ioads for each of the angle sections.

Although the load carried by each of the angles was equal up to failure of the first angle, fol-

lowing the first failure the amount of load carried by the undamaged angle cannot be deter-

mined exactly and, therefore, the load at second failure may not correspond to the load

carrylng capacity (or Load After Failures) of that angle section. We can however establish

bounds on the failure load of the second angle section. This is done by assuming that the load

carried by the failed angle to be equal to half of the load carrylng capacity (or LAF) of the T-

specimen after both angles fail. That is, the failure load of the second angle section is cal-
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culated by taking the load level at the second failure and subtracting half the value of the LAF

of the T—section specimen (determlned from the load displacement dlagram) from lt.

Failure Ioads calculated by using the procedure described above are plotted against porosity

ln Figures 25 to 27. There is a delinite decrease in the failure load for AS4/3501-6 laminate-A

angles as the porosity level increases (Figure 25). Note that the maximum loss in failure load

· of the angle sections is obtained for a porosity level of 4% which was produced by moisture

introduction during lay·up (defect level 2). The same conclusions are reached for AS4/3501-6

laminate-B angle sections: the failure load decreases as the porosity level increases. The

maximum loss in failure load ls also obtained for defect level 2 angle sections (Figure 26).

No signilicant difference between the failure Ioads of the two laminates for AS4/3501-6 speci-

mens is observed. However, the amount of scatter in data for laminate-A angles is much

larger than the scatter for laminate·B angles. There may be an explanation of this apparent

difference between the two laminates based on the lamination sequence which may alter the

escape routes for the pores during the curing process. Assuming that the liber direction is a

natural escape route for the pores, lt ls possible that more pores are trapped in the 0° plles

which are along the length of the angles compared to the 90° plles which offer a shorter dis-

tance for the pores to escape. From (10], a comparison of photomicrographs for AS4/3501-6

specimens shows the lamlnate-A angles to contain a greater number of large voids ooncen-

trated in the 0° plles and nonuniformly distributed. Based on the theory of curved beams, the

middle of the curved region (at r=.210 in.) ls subjected to the greatest interlaminar stresses.

Therefore, the 0° plles are sublected to high interlaminar strain and stress, thus a large pore

can initiate failure of the overall specimen. Since those pores are not uniformly distributed

the load needed to initiate the specimen delamlnation may vary slgnlticantly and therefore the

scatter in the data may be larger. The laminate-B angles have a more uniform distribution

of large voids leading to a smaller scatter in the experimental results. This difference in the

porosity distribution may also affect the scatter of various other quantities such as stiffness

or load strain slopes. The range of porosity level for AS4/1806 laminate-A specimens was not
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large enough to make conclusive statements about the effect of porosity level on the strength

of the T specimens (see Figure 27).

3.2.3 Effect of porosity on the failure load determined from load·straln

CUTVBS .

ln the previous section, the failure loads were reported based on the load cell measurements.

A different procedure for calculating the failure load of the individual angle sections is based

on the strain measurements. This procedure relies on the strain measurements obtalned from

the back-to-back gages (gages 2 and 3 in Figure 15) and the load measured from the load cell.

Slopes of the load-strain curves measured from gages symmetrically bonded on each of the

short legs of the speclmen are the same up to the first failure, indicating that the load carried

by the two angle sections is the same until one of the angles fails. Therefore, the maximum

load carried by the first angle F, ls equal to: F, =%-, where P, is the load measured from the

load cell at the first failure. Upon initial failure the overall load decreases suddenly and then,

as the test progresses, it lncreases up to failure of the second angle. Based on the strain

measurements from the back-to-back gages of the lntact angle, it is possible to evaluate the

load carried by each of the angles up to second failure. At first failure load, the stralns ln the

two angles are the same, say, 1:,, and back-to-back gages lndicate equal and opposlte stralns.

Even after first failure, measurements from back-to-back gages located on the lntact angle

lndicated equal and opposlte stralns. This suggests that the undamaged angle ls still sub-

lected to a moment without any net force resultant ln the plane of the Iaminate along the 90°

direction. Consequently, it is still possible to evaluate the load carried by the undamaged

angle, even after the other angle failed based on the measured bending from the gages. lfthe

strain in the lntact angle is equal to e, at the onset of the second failure, then the load carried

by the undamaged angle prior to the failure ls: F, = .
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The results of this procedure proved to be consistent with the results obtained earlier in that

the strength (or maximum load) of the second angle determined by this procedure is within

the bounds established in the method described ln the previous section. Strength results of

AS4/3501-6 angles are shown in tables 15 and 16 and are plotted as a function of porosity in

Figures 28 and 29. The conclusions reached in the previous section apply to these results.

There is a detinite decrease ln the failure load as the porosity increases for both laminate·A·

and laminate·B angles. The procedure described in this section seems to result in a reduced

_ scatter in the data shown in Figures 28 and 29 compared to the Figures 25 and 26. However,

scatter in the data for laminate-A angles ls still much larger compared to scatter for

laminate-B angles. The load-strain response of AS4/1806 speclmen is not linear after Initial

failure, thus the procedure described in this subsection cannot be applied.

3.3 Average Load After Failures

As mentioned earlier for AS4/3501-6 specimens, after the two major failures occur in the

curved regions, damaged angles are able to carry a fairly constant load for a large dispIace·

ment. The AS4/1806 specimen behavior after lnltlal failures is not the same. The load in the

AS4/1806 specimens alter the angle failures contlnues to be a functlon of the speclmen de-

formation and does not quite attaln a constant level before the test ended at a detlectlon of

0.4 inches. The effects of material system, stacking sequence and defect level on the average

LAF (Load After Failures) are dlscussed ln this section.
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3.3.1 Effect of materlal system

As mentioned above, AS4/3501-6 and AS4/1806 specimens have a different behavior after lni-

tial failures. Although the AS4/1806 specimens do not exhibit a constant load for a large dis-

placement, the load carried by those angles for a displacement of 0.3 lnches_is recorded in

order to compare the LAF as a function of material system. The average LAF, for defect level

0 laminate-A specimens is presented in Figure 30. lt appears that the average LAF for

AS4/1806 specimens is higher than for AS4/3501-6 specimens. The average LAF for AS4/1806

specimens is equal 181 lbs. whereas it is equal to 147 lbs. for AS4/3501-6 specimens. This

result is confirmed by comparing defect level 2 specimens, for the same stacking sequence

as above (Figure 31). The two specimen combinations exhibit a difference in the average LAF

of more than 65 %, with load capabilities of 240 lbs. for AS4/1806 specimens and of 143 lbs.

for AS4/3501-6 specimens. Therefore, AS4/1806 specimens resist failure or damage propa-

gation after the initial failures better than AS4/3501-6 specimens. This behavior may be ex-

plained by the fact that 3501-6 matrix is a relatively brittle matrix compared to 1806 matrix.

Composites which possess a brittle matrix fall more easily and suddenly than a more ductile

matrix which is subiected to more progressive damage.

3.3.2 Effect of stacking sequence

The effect of stacking sequence on the average LAF is presented in Figures 32 and 33 for

specimens having the same defect level and the same material system. AS4/3501-6 speci-

mens in Figure 32, with a laminate-A stacking sequence and a defect level of 0, had an aver-

age Load After Failures of 147 lbs. compared to laminate-B specimens with an average LAF

of 135 lbs,. The average LAF for the two laminates in Figure 32 differ by 9% with the first

laminate being stronger than the second one, This difference is not significant if compared
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to the scatter ln the data. Furthermore, Figure 33 compares AS4/3501-6 laminate-A and

laminate·B specimens for a defect level of 1. The average LAF are 134 lbs. and 148 lbs., re-

spectively. The average LAF's differ by 10 % with the second laminate stronger than the first

one. Consequently, the experimental data indicate that the average LAF does not significantly

differ for the two quasi-lsotropic lamlnates studied.

3.3.3 Effect of defect level

The average LAF as a function of defect level ls plotted in Figures 34 and 35 for specimens

having the same material system and the same stacking sequence. ln Figure 34, LAF is

plotted as a function of the defect level for AS4/3501-6 laminate-A and laminate-B specimens.

No change in the average LAF is observed as the defect level varies. For AS4/1806 specimens

(figure 35), there is a increase in the LAF for defect level 2 specimens. Since 1806 is a tough

matrix, its resistance to fallure may be affected by a change in the defect level. Note the

porosity level for AS4/1806 defect level 2 specimens is lower than for AS4/1806 defect level 0

specimens, with 1.30% and 1.54%, respectively. Thus, an increase in the porosity may de-

crease the average LAF since the porosity affects the matrix properties and thus may de-

crease the toughness. However, the small difference in porosity between the two specimen

combinations does not allow concluslve statements.

3.4 T-Specimen Bending Stiffness

The stiffness of the T-specimens is calculated from the load deflection diagrams and corre-

sponds to the initial load deflection slope (up to first failure). The effects of material system,

stacking sequence and defect level on the T-specimen stiffness are studied in this section.
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3.4.1 Effect of material system

To determine the effects of matrix properties on the T-section stiffness, specimens having the

same defect level and the same stacking sequence are compared. Stiffness results for defect

level 0 laminate-A specimens are presented in Figure 36. The average stiffness for AS4/3501-6

specimens is equal to 11000 lb/in compared to an average stiffness of10200 lb/in for AS4/1806

specimens. The average stiffness differ by no more than 8%, thus no stiffness dependence

on the matrix properties ls observed, considering the scatter ln the data. Durlng the tests,

T-specimens are mainly subjected to bending. For the stacking sequence studied, bending

stiffness depends principally on the liber properties. Since the two material systems only

differ by the matrix properties, no significant stiffness difference was expected.

3.4.2 Effect of stacking sequence

In this section, AS4/3501-6 specimens having the same defect level are compared to deter-

mine the effect of stacking sequence on the T-specimen stiffness. Defect level 0 specimen

stiffness is studied in Figure 37. The average stiffness of laminate—A and laminate-B specl-

mens are 11000 and 6300 lb/in, respectively. The average stiffness values differ by 75%. For

defect level 3 speclmens, made of the same material, the average stiffness for the two laml-

nates, 9684 and 6465 lb/in, differ by 50%, in Figure 38. Thus, the experimental data lndicate

a signilicant difference in the stiffness of the two laminates. The difference between the two

laminates results in the exchange of 0° and 90° layers. For an angle subjected to bending,

90° layers, where the fibers run in the hoop direction, are stiffer than 0° layers. For laminate·B

speclmens, the stiffest layers are in the middle, thus this laminate will be softer than the

laminate in which the stiffest layers are near the outer layers.
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3.4.3 Effect of defect level

The T-specimen stiffness as a function of defect level is plotted in figures 39 to 41. As with the

effects of defects on MFL, there ls a loss of stiffness for defect levels 1 to 3 for AS4/3501-6

laminate·A specimens as shown in Figure 39. The average stiffness decreases from 10970

lb/in to 5845 Ib/in as the defect level increases for defect level 1 and 2 specimens, and then

lt increases for defect level 3 specimens (9684 lb/ln). As with the effects of defect level on

MFL, the moisture introduction creates defects which cause a large stiffness reduction com-

pared to the low pressure curing. Moisture introduction creates large voids located at the

layer interface whereas low pressure curing produces smaller voids randomly distributed in

the laminate. Large voids at the interface may cause debonding of the layers and then a de-

crease in stiffness. The defect level did not significantly change the stiffness of AS4/3501-6

Iaminate·B specimens (figure 40). The largest stiffness reduction was caused by moisture

introduction; The average stiffness for defect level 0 specimens is equal to 6306 lbs./in. com-

pared to 5171 lbs./in. for defect level 2 specimens. For both laminates, with the AS4/3501-6

material system, low pressure curing produced the lowest stiffness reduction compared to the

standard processing method. It has been observed that low pressure cure specimens are

slightly thicker in the curved region than defect level 0 through 2 specimens. Consequently,

a thicker specimen may exhlbit a higher stiffness. For AS4/1806 specimens (Figure 41), defect

level 0 specimens seem to be slightly stiffer than defect level 2 specimens. However, because

of the small difference in porosity between the two combinations of specimens, it is impossible

to determine if AS4/1806 specimen stiffness is porosity or defect dependent.
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3.5 Load Strain Curves

Thls section examlnes the load-straln curves obtained for the specimens from the strain gages

located 0.4 inchesl from the T-specimen axls of symmetry and measuring strain in the hoop

direction (90° direction). Load strain slopes are directly calculated from the initial part of the

load strain diagrams. The effects of material system, lamlnate stacking sequence and

porosity level on the load strain slopes are investlgated. Only strain measurements from

strain gages located on the top face of the short legs are considered.

3.5.1 Effect of material system

Load strain slopes for T—section specimens as function of material system is shown in Figure

42 for defect level 0 lamlnate-A specimens. The average slope for AS4/3501-6 specimens ls

equal to 1939 lb/%strain compared to 2018 lb/%strain for AS4/1806 specimens. Since the

average slopes do not differ by more than 4%, hoop strains on the short legs of the T·

specimen are not functions of matrix properties. Using classical lamlnate theory for a plate

subjected to pure moment, it can be shown that the strains for the stacking sequences studied

do not change dramatlcally when the matrix properties change. However, strains are strong

functions of tiber dominated properties such as the Young’s modulus ln the liber direction E,
4

. Since the two materials differ only by the matrix properties, no dependence on the material

system was expected.
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3.5.2 Effect of stacking sequence

Specimens having the same defect level and the same material system are compared in Fig-

ures 43 and 44 in order to determine the effect of stacking sequence on the load strain slopes.

AS4/3501-6 specimens in Figure 43, with a laminate·A stacking sequence and a defect level

of 0, had an average slope of 1939 lb/%strain compared to lamlnate-B specimens with an

average slope of 999 Ib/%strain, differlng by more than 94%. A comparison of defect level 3

specimens in Figure 44 shows the AS4/3501-6 lamlnate-A specimens, with an average load

strain slope of 2066 lb/%strain, to differ from the lamlnate-B specimens, with an average slope

of 1044 lb/%strain, by 98%. This result is compared with the Classical Lamination Theory.

For a plate subjected to pure moment and having the same material properties and stacking

sequences as the specimens studied, the load strain slope for lamlnate A is 2.01 times as

large as the load—strain slope for lamlnate B, the same result as for the experimentally de-

termined load strain slopes. {

3.5.3 Effect of defectlevelThe

effects of porosity on the slopes of the load strain curves is presented ln Figures 45 to 47.

The load strain slope for AS4/3501-6 laminate-A specimens as a function of defect level ls

shown in Figure 45. As opposed to the stiffness response, the local strains in the short legs

along the 90° direction do not seem to be alfected by the varlation in the defect levels (and

therefore in the porosity level). The average load strain slopes for these specimen combina-

tions are equal to 1939, 1868, 2029 and 2066 lb/%strain for defect level 0 through 3, respec-

tively. Furthermore, the average load strain slopes for AS4/3501-6 Iaminate-B specimens do

‘ not exhibit any dependence on the defect level, with slopes of 999, 1124, 969 and 1044

lb/%strain for defect level 0 through 3, respectively (Figure 46). For AS4/1806 specimens, no
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load strain slope dependence on the defect level is observed (Figure 47). The lack of effect

of defects on the load strain slopes can be explained by the fact that the specimen laminates

studied exhibit the same behavior even if the properties in the matrix are alfected. Load strain

slopes are a weak function of matrix properties. Thus a change in defect level which can be

equated to a change in the matrix property has little effect on the load strain slope. These

· results do not mean that the hoop strain in the curved region is independent of the defect

levels since no strain gage was bonded in curved region and the gages were located far from

this region.

3.6 Failure Characteristics

All the tests were videotaped to observe damage initiation and crack growth in the speci-

mens. Initial failures of the specimens were located in the curved region of the specimens

and no failure in the flat regions was observed before the whole curved region had been

totally damaged. No visible damage (liber breakage) has been observed in the 90° layers

during the tests. In most cases, the failures were located in the 0° layers and at the ;l; 45°/0°

interfaces. However, there were different characteristics ln the location and progression of

the damage depending on the lamlnate conliguratlons.

AS4l3501-6 lamlnate-A speclmens:For lamlnate-A specimens, the failure is observed to occur

in the middle of the lamlnate, either in the 0° layers or at the interface between 45° layer and

0° layer closer to the inner radius of the specimen. A schematic of this type of failure is shown

in Figure 48. Once initiated in the curved region the failure path seems to cross the entire

thickness of the 0° layers and extend to the interface between the 45° and 0° layers in both the

long and the short leg of the angle section. ln some of the tests, the outer 45° layers are also
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broken and the failure path follows the outer -45°/+45° Interface. After first failure, peeling

of the inner +45° layer is also observed in some of the tests.

AS4I3501-6 Iaminate-B specImens:For Iaminate-B speclmens, instead of one major failure as

for laminate-A angles, two failures are observed. The first failure appears close to the inner

radius either in the 0° Iayers or at the interface between the 0°/-45° Iayers. Similar to

laminate-A specimens, the failure path seems to cross the two 0° Iayers, and reach the -45°/0°

interface closer to the outer radius in the long and short Iegs of the specimen as shown in

Figure 49. lt was observed that the failure path for laminate-B specimens was not as smooth

as the failure path for laminate-A specimens. The failure crossed the 0° Iayers in a direction

close to the radial direction, lndicating a possible matrix cracking. The second failure path,

also described in Figure 49, appears to start again either in the 0° Iayers or at the interface

between the 0°/-45° Iayers but this time close to the outer radius. The failure crosses two 0°

Iayers, and reaches to the 0°/-45° Interfaces on the short and long legs of the specimen. ln

the short leg the failure sometimes crosses the outer -45° layer and follows the outer

+45°/-45° interface.

Another major difference between the failure characteristics of the two lamlnates for

AS4/3501-6 specimens has been noted from the review of the video tapes. Prlor to the initial

failure, no audible noise was recorded for the laminate-A specimens. For the Iaminate-B

speclmens, however, there was some acoustic noise before the initial failure load. lt Is pos-

sible that the laminate-B specimens experienced matrix cracking ln the 0° Iayers produclng

the pinging noises, but initial cracks are small and invisible, and apparently do not affect the

specimen stiffness (no effect on the load·displacement slope).

AS4I1806 Iamlnate-A specimens: AS4/1806 specimens exhibit the same behavior as

AS4/3501-6 specimens up to the failure of each angles, but their behavior differs after the ini-

tial failures. For the AS4/3501-6 specimens following the initial failures the damages In the
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specimen contlnuously grew without experienclng an increase In the load carrying capability

of the speclmens. There was a constant load carrying capability. For AS4/1806 specimens,

on the other hand, following the initial failures the load seemed to increase in small amounts

followed by a sharp decrease associated with a crack growth in the damaged section. The

same mechanism took place several times before the end of the tests, but the load drop in

each crack growth did not fall below a threshold value which was similar to the load carrying

capability of the AS4/3501-6 speclmens. This behavior can be attributed to the difference of

matrix properties for the two material systems. The 3501-6 ls a more brittle matrix material

compared to the 1806 resin. Because of its low toughness the AS4/3501-6 specimens have

poor resistance to crack growth and fall contlnuously after the initial failures.

3.6.1 Effect of large pores on damage Initiation

Large voids in the specimens have a slgnlflcant effect on the damage initiation. ln some of

the tests, where large voids were located along the typlcal failure path, failure crossed those

voids. ln other tests, although large voids were far from the typical failure path, they produced

failure of the angle. Figure 50 shows the damaged curved section of a defect level 3

laminate-A speclmen. The large void located near the middle of the curved section may be

responsible of the damage Initiation and failure of this curved region. Note that the failure

path did not attain the interface between 45° and 0° layer closer to the inner radius of the

specimen. The closest failure location from this Interface was the pore location.

3.6.2 Effect of specimen geometry

Specimen geometry is another parameter which may influence the specimen strength. lf the

angle curved region is not smooth, i.e. a region rich in matrix appear in the curved section,
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a strength loss is observed. Figure 51 shows the curved section of a Iaminate·B defect level

0 angle with a region rich in matrix located near the outer radius. In this case, failure occurred

first in the angle with matrix concentration. ·
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4.0 Stress analysis

ln the previous Chapter, it was mentioned that the failure of the T-specimens always occurred

in the curved regions. No failure was observed in straight Iegs before the curved sections had

been damaged. Therefore, a stress analysis of the curved region only is performed using

Lekhnitskii’s stress function approach. Stresses, strains, and displacements in the curved

region are determlned. Results of the current analysis are compared with the Timoshenko's

solution for a curved isotropic beam, and with linite element results of a composite angle

subjected to the same kind of loading. The stress and strain fields in the curved section are

examined using the specimen geometry, stacking sequences and material properties of the

experimental program.
4

In order to study the angle section, the specimen is modelled using the following assumptions.

The angle sections used in the experimental program are composed of a long leg, a curved

region, and a short leg as shown in Figure 52.a. Only the curved portion of the angles is an-

alyzed, therefore, the effects of the short leg and long leg on the response of the curved region

are approximated. Since the tenslle strain in the long leg ls small compared to the strain in

the curved region, it is assumed that the bottom of the curved region is constrained against

displacements. The actual T-specimen is subjected to two equal forces applied on the short

Iegs 0.7 inches apart from the specimen axis of symmetry. lt is assumed that the deformation
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of the short leg on the curved region is negllgible. However, slnce the force ls not applied

directly on the curved region, it creates a bending moment on the curved section. The mo-

ment magnitude is equal to the product of the force times the short leg length L between the

curved region and the support (Figure 52.a). Thus, a combination of a force and a bending

moment is applied to the upper end of the curved region as shown in Figure 52.b. Since only

the curved section is studied, the analysis is performed in cylindrical coordinates (x,r,0), as

shown in Figure 52.b..

Experimental results show that strains ln the 0°·direction or x·direction, are very small com-

pared to strain in the 90°- direction or 0·direction (see Figure 16). This behavior is due to the

fact that the angle thickness is small compared to its width (thickness to width ratio equal to

3.2%). Thus the x-direction displacement w along the angle width is assumed to be negligible;

the other displacements u (radial displacement) and v (hoop displacement) are functions of r

and 9 only. Consequently, the curved region is analyzed using a state of plane strain parallel

to the (r,9) plane. Note that this plane is perpendicular to the laminate plane. This plane

strain approximation is well suited for lamlnae with fibers in the 0° or 90° directions. However,

for an angle-ply lamina, such as 45° Iamina, this approximation is no longer appropriate. For

example, the plane strain assumption does not differentiate the behavior of the +45° and ·45°

laminae. Furthermore, although the strains in the 0°-direction are small compared to strains

in the 90°·direction, they are not equal to zero. Therefore, the plane strain assumption will

give a stiffer curved section response than the specimen exhibits. A more serious drawback

of the plane strain assumption is the ommisslon of the shearing strains in the plane of the

laminae. For off·axis layers like +45° or ·45° layers, this may result in large errors in the

shearing stresses. However, in the present work the failures of the specimens are expected

to be due to through-the—thickness stresses, and therefore, for the sake of simplicity the plane

strain assumption is used.
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4.1 Analysis of the curved section

Stress function expressions for the force and moment cases are already given by Lekhnitskii

[11] with stresses determined for an anisotropic curved beam made of one layer only. The

objective of the present analysis is to generalize Lekhnltsl<ii’s analysis for an anlsotropic

. curved beam composed of several layers.

ln this section a theoretical analysis of the state of stress, strain and displacement in the angle

section subjected to bending Ioads is developed. The partial dlfferential equation necessary

to solve the problem is determined in section 4.1.1. The boundary conditions and the conti-

nuity condition at the layer interfaces are defined in section 4.1.2. Stress, strain and dis-

placement solutions for the two load cases, l.e. moment case and force case, are determined

in sections 4.1.3 and 4.1.4, respectively. The computer procedure required to compute the

stresses, strains and displacements is discussed is section 4.1.5.
’

4.1.1 Stress function determination

Strain-displacement relations, Hooke’s law, and the equilibrium equations are comblned to

reduce the analysis to the solution of a partial differential equation in coordinates r and H .

The state of strain ls defined by :

„ :22 . „ :2+.22. :22+.2:2’ ör’0 V rö0’y"‘ r09 ör V

0 0 0 0 0i«=·ä+·:¥=¤= <·>
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The strains 6,,, y,,, and y,,, are equal to 0 since the displacement in the x-direction w ls equal

to 0 and the displacements u and v are function of r and 0 only.

By eliminating displacement from (1) , the following equation of compatibilify is obtained :

Ö28r Ö2(l°8g) Ö2 ös,
·

—-+r——-————-—r——=0 (2)
ag? ar? ÖI'ÖÜ Öf

Hooke's law for an orthotropic material in axes different from the principal material axes is

given by:

Gx $11 $12 $16 0 0 $16 ax
Go $12 $22 $26 0 0 $26 Go
Gr $16 $26 $66 0 0 $66 Gr (3)

Vüx $16 $26 $66 0 0 $66 'Ox

where the S, 's are components of the off·axis compliance in the (x, 0,r) coordinate system.

The off·axis compliance components are obtained from the on·axis coordinate system (which

coincide with the symmetry axis) by a rotation of an angle ¢• about the r~axfs. The S, 's ex-

pressions in terms of ¢» and the 9 independent engineering constants is given in Table 17.

Under the conditions of plane strain, the following relations are obtained:

Gx = 0 = $11Gx + $1260 + $16Gr + $16"ox

Yrx = 0 = s45"°r0 + S55‘°rx (4)

70x = 0 = $16Gx + $2660 + S36°r + S66"0x

Combining Equations (4), the following expressions are determined for 6,,,1-,,,, and 1,,, in

function of 6,, 6,, and 1-,, :

Stress analysis
ß 35



1 $46 "°r0

_ $16$26 ‘ S12S66 + $16$66 ‘ S13S66 5ss1166 - 16 11 66 ‘ 16

_ $16$12 ‘ $11$26 $16$16 * $11$66
$11$66 ‘ $16 $11$66 ‘ $16

Deünlng the coellicients A,, A,, B,, and B, as:

8 A1 = A2
=$11$66‘ $(6 $11$66 " $$6

B1 S16S12 ‘ $11$26 B2 = $16$16 " $11$66 (6)
$11866 " $(6 $11$66 ‘ $$6

The Hooke’s law becomes

*0 = °0(S22 + $1281 + $2681) + °r(S12A2 + $26 + $2682)

*: = °0($26 + $16^1 + $6681) + °r(S13A2 + $6682 + $66) (7)

S2
Vw $44)*:0

Dettnlng the coefttcients 6,,, 6,,, 6,, and 6,, as :

811 = S13A2 + $66 + $6682

822 = $12^1 + $2681 + $22

812 = $26 + $12A2 + $2682 = $16^1 + $26 + $6681
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SL866 = "Q; + Su (8)

The reduced Hooke’s law in plane strain becomes :

ßr = 811°r + a12°0

_ 80 = 812% + 82280 (9)

Yr0 = 8661:0

ln the absence of body forces, the equilibrium equations for the plane strain case are given

by :

Ö6, Ö1,0 6, — 60
ör + röü + V

_ 0

Ö1,0 ÖGB 21,0
7+755+ , - 0 (10)

The equilibrium equations (10) are satisfied by Introducing a stress function F(r, 0) [11) such

that:

..-QE..,.-...82F"" wr #00
-2%.06 _

ör2

0* F*,0 = — ggg (7*) (11)

Using expression (11), the reduced Hooke’s law is rewritten in terms of strains and stress

function:
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öF ö2F ö2F
= 8 ——* + '—‘7‘ + 8 ———ßr 11( för rgöüg ) 12 arg

öF ö2F ö2F
= 8 ( —·· + ****7* + 8 ——·80 12 (ö' r2ö02 ) 22 ör2

6* F (12)

This new expression (12) is substituted into the equation of compatlbility (2) in order to obtain

only one partial differential equation in r and 0 [11]:

ö4F ;_ ö4F 1 ö‘F 1 ö3F
822 ar; + (2812 *1* 866) 72 "77ß + 811 7;*5;* + 2822 7*57; (12)

_L ö3F _L 6*F 1 62F 1 öF·· (2812 + 866) 73 ***‘7örö62 ** 811 72 7;+ (2811 + 2812 + 866) + a11°;?‘E,° = 0

4.1.2 Boundary and continuity conditions

The curved laminated section is composed of N layers (N=16 in the current analysis) such

that the inner layer is layer number 1 and the outer layer is layer number N; the inner radius

is denoted by a and the outer radius is denoted by b. Radial stresses 6, on the free surfaces

(at r=a and r=b) must satisfy the following boundary conditions:

4**14) = 0 1 «$”’10) = 0 R 114)

The superscript in parentheses corresponds to the layer number.

The boundary conditions for each layer at the constrained lower end of the curved beam,

6 = 0, are :
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u=0 v=0 fora<r<b (15)

For a solution based on the theory of elasticity, it has been shown in [1] that for a clamped

beam, the clamp condition on the 0 edge ls satisfled at only one radial location on the edge.

That is, in the elasticity solution for the curved beam problem the actual boundary conditions

at the clamped edge are replaced by:
i

övu=v=5;-=0 at some r, a<r<b (16)

The middle of each layer 1*,,9 ls chosen to satisfy the boundary conditions (16) at the lower end

of the curved section.

Radial stress, radial displacement, and hoop displacement are continuous at the ply interfaces

for all values of the angular position 0 :

¤$"<r„> = «9*"<¤>

- ¤"’<n> = v"‘“’ln>

v‘°(n> = v"+"lni
for I=1,2,...,N—1 (17)

where r, designates the beam radius at the ith interface.

Additional boundary conditions must be satislied at the upper end of the curved section. Since

they depend on the type of load applied at this location, they will be expressed in the two

following sections.
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4.1.3 Pure bending moment case

The curved lamlnated section is subjected to a bending moment of magnitude M which tends

to open the angle.

ln the case of pure bending moment, the stresses and strain are not a function of the angular

position 0, thus the partlal differentlal equation (13) reduces to the following expression:

6‘F 2ö3F 1ö2F 1öF _ (18)

The solution of equation (18) is given by the following Lekhnitskii's stress function F), for the

pure bending moment case [11]:

5,, = A + 6r’ +
cr‘+"

+ or"" (19)

With k= , fää. The coefticlents A1'), B1'), C"), and D1') (i=1,2,3...,N) are different from one

layer to another. The value of k, which represents the effect of the material properties also

changes for each layer.

Using equatlons (11) and the stress function expression (19), the solution for the stresses ln

each layer in the case of pure bending ls of the form :

Gr = 2B + (1 + k)Crk”1 + (1 — k)or*"*‘

6, = 2B + x(1 + k)Crk”1 - k(1 - k)Dr”k”1

Using Hooke’s law in plane strain (9) and the stress expressions (20), the stralns can be ex-

pressed as :
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Sr = 2B(a11 + 8,,) + c(1 + k)rk_1(a11 + xa.,) + ou - k)r""‘(8,, - ka.,)

8,, = 2B(a12 + 6,,) + c(1 + k)rk°1(a12 + ka22) + bu

= 0 (21)

The radial displacement u and the hoop displacement v are solved using the state of strain

(1) and the boundary conditions at the clamped end (16):

1 + k k k
u = 2B(a„ + a12)(r — r„, cos 0) + C( —;— )(a„ + ka,2)(r — r„, cos 0)

1 —k - -- ¤< ——;,—— ><¤„ - ¤<a„8><·· " - r„„" <=¤s v>

. 1 + k k .
v = 2B[r(a22 — a„)0 + r„,(a„ + au) sin 0]+ C( ——i(— )(a„ + ka12)r,,, sun 6

1 -k —" D(T" )(811 ' ka12)"mk $11) 0 (22)

Where r„, Is the middle of each layer. Note that the stresses, strains and displacements are

separate functions In each layer since B,C,D,l<, r„,, and the material properties change from

one layer to another. The upper part of the curved section Is subiected to a bending moment

of magnitude M. The corresponding Integral boundary condition Is given by:

n
I aordr = — M (23)
I

This Integral leads to the following equation in terms of A, B, C and D :

N (1) 2 2 (I) (1) km+1
k"’+1 (0 (0 —kw+1 -k”’+1

2):8 (V1 "'1-1)+* C ("I ""1-1 )'D k (Vi _rI—‘l )]="M (24)
1=1

Stress analysis 41



4.1.4 Force load case

A similar set of equations can be written for the second load case which is the force applied

at the end.

lf separation of variables is assumed, the stress function for the load case F, is given by [11]:

F, = (Er1+ß + Gr1'ß + Hr -1- Kr ln r) sin 0' (25)

/ 2 +
With ß = 1 + and

0’ =l£—- 0. The parameter ß depends on the material

properties in each layer. E1'), G<'>, Hi'1, and K1') also vary from one layer to another. For this

case , the stress function depends on both coordinates, r and 0' .

Using equations (11), The stress field in the curved beam is determined as

6, sm 0·

6, - [Eß(1 + ß)rß°1 - Gß(1 - ß)r-ß-1 +
—’§

] $111 0·

1,, -.2 -
[Eßrß_1

- 6ßr"’"‘ + —'§· ] cos 0· (26)

The strains are defined by

.. ,11-1 _ -0-1 _ L<. 1
11- Eß [811 + (1 + ß)a12] Gßr {$11 + (1 ß>$11J+ , (811 + 812) $111 9

— Er"' 1 ]-6 ‘1"‘[ 1- ] 5- 10*80 — ß [812 +( + ß)822 ß' 812 +( ß)822 + , (812 + 822) 8 11

W, = - a66[Eßrß“° — Gßr"ß'1 + -',$· cos 0' (27)
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Using the strain·dlspIacement conditions (1), Hooke's law in plane strain (9) and boundary

conditions at the lower end of the curved section (16), the displacements are defined by:

u = E[a„ + a12(1 + ß)](rß — rf,) sin 0' + G[a„ + a12(1 - ß)](r'ß - rgß) sin 0'

. • 0 822 2 0 W 0+K(a11+a12)(lnr—lnr„,)sln0 +-Tß cos0 (-5--0)

V = •' 811* 812 812(1+ COS 0,

+ G[[811 + 812 + 822ß(1 ‘ ß)]"-ß " [811 + 812(1 ‘ ß)]",T1ß] 888 8' (28)

+K cos0[(a11 +a12)(ln r- ln rm)-a,2 —a22] +—§—[(0 --?)s¤n0 + cos0]

As mentioned in the previous section, stress, strain and displacement expressions vary from

one layer to another since E, G, K, ß, r,„ and the material properties are different from one

layer to another. The final condition is that the sum of the shearing forces distributed over the

upper end of the bar should be equal to the force P, thus :

n
I 1,2dr = - P (29)
a

F0l’ Ü' = 0

The previous integral leads to the following equation over the lamlnated beam thickness :

N (0 "’ ,ß"’ (0 —ß"’ -ß‘° (02[E (rf - ,-1)+ 0 (r, — ri-1 )+K (ln n- in r,-1)] = P (30)
1-1
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4.1.5 Computer Implementation

For both cases, l.e. moment and force loads, and for a laminate of N Iayers , 3N coefficients

have to be determined, l.e. AW, BI'), C<'> for the moment case and E<'>, G<'>, KI" for the force case.

Expression (14) gives two equations, expressions of continuity at the layer interfaces (15) give

3(N-1) equations since a curved section of N Iayers possesses N·1 Interfaces. The last

equations needed to solve the problems are obtalned by the Integral expression (23) for the

moment and the expression (29) for the force. The two systems of equations are solved si-

multaneously using an equation solver. Stresses, strains and displacements are calculated

in the curved section as a function of the angular position H, the inner and outer radii, the

number of Iayers, the material properties In each layer, the laminate stacking sequence, and

the load magnitudes.

4.2 Study of the stress, strain, and displacement fields

ln order to assess the accuracy of the present analysis, radial and hoop stresses are calcu-

lated and compared with the exact solution for a curved beam of homogeneous and isotropic

material under the same loading cases. The present solution Is also compared with a fInIte

element solution of an angle subjected to bending loads. The stress, strain and displacement

fields In the curved section are calculated using the material properties, the geometry (inner

and outer radii), and the stacking sequences used in the experimental program.

Stress analysis 44



t 4.2.1 Comparison with Tlmoshenko
’s solution

For the pure bending of a curved isotropic bar the stress distribution is given by [1] :

6,:— r

4M 6202 0 2 r 2 6 2 2
6 =—-—(————In—+b ln—+6 In—+b -6)9 N ,2 6 b r

where M corresponds to the moment applied and N to :

N : (¤* - 6*)* - 46*b*( ln -§- )* (32)

· For the bending of 6 curved isotropic bar by a force at the end, the following expresslons are

obtained for the stress components :

2 2 2 26,:—,%(r+—‘%f,’——-?—’}'—'l-)6an 0·
2 2 2 26,:7v’?T(sr-!;f,_L--9%-*—)sa¤0·

2 2 2 2
1,,:--,2-%—(r+£;§’?—--—§—;:,”-L-)cos0' (33)

where P is the force applied , 0' = ä- - 0 and N' corresponds to

N' = 62 - 02 + (62 + 02) In {T (34)

The anisotropic solution is compared with Timoshenko’s solution as shown in Figures 53 and

54. The material properties used for the anisotropic solution are slightly different from the
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material properties used for Timoshenko's solution. Timoshenko's solution conslders

isotropic materials, thus E, = Ez = E,, v,z = v,, = vz, , and G,z = G,, = Gz,. However, isotropic

material properties cannot be used in the anisotropic solution. For example, isotropic mate-

rial properties for the general Hooke's law will give isotropic material properties for the

Hooke's law in plane strain, i.e a„ =azz This property would end up with a k equal to 1 (see

' Equation 19). Therefore, The parameters D would not appear in the stress, strain and dis-

placement equations (Equations 20 to 22) and the computer program would not run. However,

with values of Young modulus slightly different from one to another (difference of 1%), it is

possible to obtain results for the weakly orthotropic solution. As can be seen in Figures 53

and 54, there is an excellent agreement between the anisotropic solution and Timoshenko's

solution for both radial and hoop stresses.

4.2.2 Comparison with a finite element analysis

A comparison between the present analysis and the results of a flnite element analysis from

[3] is investigated. ln Ref. 3, a four node quadrilateral element is used for the flnite element

analysis. A state of plane strain perpendicular to the x-direction is assumed. Each ply is

modeled with three elements. Although the dimenslons are different, the angle geometry

used in the flnite element analysis ls the same as the angle geometry described in Figure 52.a.

Therefore, the effects of the short and long legs are included in the tinlte element analysis. In

Ref. 3, the inner radius is equal to 0.12 lnches and the outer radius is equal to 0.306 lnches.

The distance L is equal to 2.02 lnches and the force applied on the angle is 100 lb/in. A good

agreement between the two analyses ls found for the radial stress distribution (Figure 55), but

not for the hoop stress distribution (Figure 56). However, the results differ only in the middle

of the beam, where the hoop stresses are limited to small values. This difference may be

explained based on the difference of the two models. The flnite element analysis models the

whole angle, whereas with the present analysis only the curved region is modelled. There-
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fore, a difference in the boundary conditions ls expected to somewhat change the state of

stress in the curved region. However, the angles studied in the experlments are subjected a

weaker boundary conditions than in the case used for the comparison. The ratlo of the thick-

ness to inner radius is more than 1.5 for the case used for comparison, compared to a ratio

of less than 0.5 for the angles used in the experiments. Since stress results become more

accurate for weaker boundary conditions, the present analysis is expected to give a reason-

able approximation of the stress distribution in curved region of the actual angle.

4.2.3 Study of the stress and strain fields

The stress and strain fields are analyzed for curved sections having the same properties as

in the experimental program, i.e. inner radius of 0.17 inches, outer radius of 0.25 inches,

(1 45/90,/ ZF 45/0,), and (1 45/0,/ ZF 45/90,), laminate stacking sequences; the material prop-

erties of AS4/3501-6 which are used in the present analysis are listed below [5]:

E, = 20.1 Msi , E, = 1.47 Msi and E, = 1.45 Msi

G12 G1,G2,vu

= v1, = 0.29 and v,, = 0.3

ln order to normalize the stress 6 in the plots, the stress magnitude ls multlplled by the lam-

inate thickness t and is divided by the force per unit length F (fer an angle of 1-inch wide)

applied on the angle, i.e. 6,, = ég- . The short leg length included between the curved section

and the support points is equal to 0.45 inches, thus the moment M applied on the curved

section is equal to the force F times this moment arm, i.e. M = F x 0.45. Based on the ex-

perimental observations that the initial failure usually occurred near the middle of the curved
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section (9 = 45°), where the boundary effects are minimal, the stresses and strains are plot-

ted as a function of the radius, for 0 = 45°.

Values of radial stress 6,, hoop stress 6, , and shear stress 1,, in the (r,0) plane are compared

for the two stacking sequences in Figures 57 to 59. As shown in Figure 57, the radial stress

6, does not signiticantly depend on the laminate stacking sequence. Note that the radial

stress is always positive and verilies the traction·free conditions at both inner and outer radii.

Although the maximum stresses are not at the same location for both lamlnates, their values

are almost the same. For laminate A, the present solution predicted a maximum radial stress

of 4.41 located at r=0.200 lnches (45°/90° interface) compared to a maximum radial stress of

4.74 located at r=0.207 inches (within the 90° Iayers) for laminate B. The hoop stress is,

however, a strong function of the laminate stacking sequence (see Figure 58). The cuwed

region is subjected to high positive hoop stresses at the inner radius and high negative hoop

stresses at the outer radius. These high hoop stresses are mainly carried by the 45° and 90°

layers. For laminate A, the hoop stress is maximum in the inner 90° layers and is equal to

66.85. For laminate B, the hoop stress is maximum at the inner radius (ln the 45° Iayers),

calculated to be 65.23. lf hoop and radial stresses are compared, maximum hoop stress is

15 times higher than maximum radial stress. The location of the maximum hoop and maxi-

mum radial stresses do not colncide. The hoop stress ls maximum at the edges where the

radial stress is zero, and the radial stress is maximum near the laminate mid-plane, where

hoop stresses are considered to be low. These high values of hoop stress oompared to radial

stress may not mean that the curved section will fail at this location, since the strength ln 45°

and especially 90° layers is much higher than the interlaminar strength. The shear stress 1,,

vs the radius is plotted for both laminates in Figure 59. For laminate A, the maximum shear

stress was located at r=0.200 (45°/0° interface) and calculated to be 1.11 compared to a

maximum shear stress of 1.15 located at r=0.207 (within the 90° Iayers) for laminate B. As it

is the case for the radlal stress, the shear stress is not signilicantly affected by a change in

the laminate stacking sequence. Note the similarity of the shape between the two stresses
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which is due to the fact that shear stress expression is of the same type as radial stress ex-

pression as shown in Equatlon (25). However, the shear stresses are much smaller than the

radial stresses. ·

The effect of stacking sequence on the strains 6 in the curved region ls shown in Figures 60

to 62. The strain values are calculated using the same convention as above; The normalized _

strain is equal to the present strain times the laminate thickness t and divided by the force

applied on the curved region, i.e. 6,;%. The radial strain for both Iaminates is plotted in

Figure 60. The radial strain is negative at the inner radius of the curved section since the

radial stress is zero at this location and the hoop stress is positive; therefore, the radial strain

is negative due to Poisson's effects. The radial strain distribution for both Iaminates is similar.

The maximum radial strain is obtained at about the curved laminate mid·plane, with a value

of 2.92 10-*/psi for Iaminate A and a value of 3.11 10*/psi for laminate B. The hoop strain for

both Iaminates is plotted in Figure 61. The hoop strain has a much smoother behavior than

the radial strain, exhibiting a monotonic decrease from the inner radius to the outer radius.

The effect of stacking sequence ls more pronounced for the hoop strain than for the radial

strain: the curved section is sublected to tensile hoop strain of 4.88 10·°/psi for laminate A and

a hoop strain of 9.9210*/psi for laminate B. Therefore, the laminate B curved section is'

subjected to much higher hoop strains than the laminate A. The shear strains are much

smaller than the other strain as shown ln Figure 62. Calculated shear strains do not exceed

1.9610**/psi for laminate A and 1.41 10**/psi for laminate B.
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5.0 Experimenta|IAnaIyticaI Conelation

By using the analysis described in the previous chapter together with the experimental results

from the llatwise tension tests, strength of the angle sections was determlned as a function

of porosity. ln an effort to predict the strength of the angle sections, two failure criteria (

Maximum Stress and Tsai-Wu) are investigated. Strength data are provided by the literature,

except for the interlaminar tensile strength, determined by Tomasino [10] as a function of

porosity. Predictions are compared with experlments for the AS4/3501-6 angle sections with

two stacking sequences [laminate·A: ( j; 45/90,/ Tl? 45/0,),, and laminate·B: (i 45/0,/ ZF 45/90,),

] as a function of porosity.

5.1 Failure criteria

According to Sun and Kelly [3], there are two possible mechanlsms that can cause failure of

curved Iaminates. These are excessively large interlaminar radial stresses that will cause

delamination, and large hoop stresses that will result in extensive matrix cracking in the 0°

plies of the Iaminate followed by interlaminar failures. Based on the characteristics of the
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failures observed during the experimental portion of this investigation, these two modes of

failure are thought to be appropriate. Thus, an extended version of the classical Maximum

Stress Criterion, the Dual Maximum Stress Criterion (DMSC) [3], is used to account for the

dual failure modes that result in delaminations because of either the radial stress, or the hoop

stress which produces transverse matrix cracking ln the 0° plies. The Dual Maximum Stress

criterion assumes that failure will occur when either one of the following equations is satistied:

(¤r)m„ = Zi ¤r (¤6)$„x = Y: (35)

ln these equations, (6,),,,,,, is the maximum value of the radial stress ln the entire curved region

and (6,){„, is the maximum tensile hoop stress in the 0° plies of the laminate. The interlamlnar

tensile strength, Z,, values for different processing techniques were sensitive to the level of

porosity and defect level in the specimen. Those values were determined during the tlatwise

tension testing portion of this investigation and are tabulated as a function of porosity in Table

18 [10]. The transverse strength property Y,, on the other hand, was not available as a func-

tion of the processing induced porosity and defects. Transverse strength properties for the

defect level zero specimens are taken to be the standard strength properties provided in the

literature. The transverse strength Y, used for the AS4/3501-6 material was 8.2 ksi. However,

in order to reflect a possible decrease ln the transverse strength as a function of the defect
w

levels, this value was decreased for the other defect levels keeping the same strength re-

duction ratio that was calculated from the tlatwlse tensile tests. In other words, it ls assumed

that the effects of defects and pores on transverse strength in the plane of the laminate is

similar to the effects of defects on transverse strength in a direction perpendicular to the

laminate mid-plane. Since the strength in the out-of-plane direction is mostly governed by the

interlamlnar strength rather than the matrix strength this assumptlon may not be fully justitied.

The actual strength reduction as a function of defects and pores might be somewhat smaller

than the strength reduction obtained for the interlamlnar strength.
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F Another failure criterion ls the Tsai-Wu criterion, which does not depend on a specific failure

mode, and which includes all the stress components.

f(6) = F,6, + F,6,6, = d (36)

The F, and F, have the following expression _

-J.._J. =.L_; -.L__1.F" X, X, F2 X, X, F2‘ Z, Z,
1 1 111 Xtxc 22 ytyc 33 Ztzc ( 7)

S2

To determine the F,’s for i aß j, Tsai and Hahn [14] suggested taking F, = — 0.5,/F„F,, for i se j.

Failure is predicted for d 2 1. Other strength data are required in order to use this failure

criterion. Based on the published data, the tensile strength in the liber direction X, is equal

to 318 ksi, and the compressive strength in the liber-direction is equal to 260 ksi, lt is assumed

that these two strength data are not porosity dependent. The remaining strengths are the

compressive transverse strength Y, which is equal to 20.4 ksi, the compressive interlaminar

strength Z, equal to 12 ksi, and the shear strength S equal to 18 ksl. As for the tensile trans-

verse strength, these values are the standard properties for 0-defect specimen. lt is assumed

that they vary as a function of porosity ln the same fashion as the tensile interlaminar strength ·

Z,.

The failure load is calculated based on the two-dlmensional elasticity analysis of the curved

section of the T-specimen such that the maximum radial and hoop stresses are less than or

equal to the appropriate strength quantities.
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5.2 Failure modes prediction

ln addition to the failure load, the Dual Maximum Stress Criterlon discussed above will also

predict the location and mode of failure. lf the ratio of the maximum radlal tensile stress in

the curved section to Z, ls larger than the ratio of the hoop stress in the 0° Iayers to Y, , de-

lamination failure is lmplled. lf, on the other hand, the ratio of hoop stress in the 0° Iayers to

Y, is larger, transverse matrix cracking is the failure mode.

5.3 Comparison between experiments and analysis

5.3.1 Laminate-A specimens

A comparison between experimentally determlned angle failure load and predicted failure

loads as a function of porosity ls shown in Figure 63 for material AS4/3501-6 Laminate·A

specimens. Note that the angle fallure load is determlned using load-straln curves as shown

ln Section 3.2.3. Because of the scatter in the experimentally determlned lnterlamlnar tensile

strength, the predicted failure Ioads plotted in Figure 63 lndlcates a range rather than a single

value for each defect level.

For the laminate-A specimens, the predicted failure Ioads are in reasonable agreement with

the experimental failure Ioads, wlth predicted failure load being slightly on the conservative

side. The largest difference is for porosity level 6.07% specimens which corresponds to one

batch of the low pressure cure specimens (specimens 20-N N=2,4,6,8,10,12). As will be dis-

cussed later in section 5.3.3, those specimens failed at a sightly higher load than Ioads ex-
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j pected for such a large porosity level. lt is more difficult, however, to compare predicted and

i
observed failure modes because of the complexity ofthe actual failures observed in during the

tests. As it was discussed ln Section 3.6 (see Figure 48), the failure paths for the laminate-A

specimens seemed to initlate at the interface between the 0° and +45° Iayers close to the

inner radius, but cross the entire thlckness of the 0° Iayers at the center of the laminate. The

Dual Maximum Stress Criterion‘(DMSC) predicted almost the same failure load based on the

failure of the 0° Iayers, and based on the lnterlaminar failure of the inner 45°/0° interface.

However, the governing failure mode predicted by the model was an lnterlaminar failure at the

interface. From experimental observations it was impossible to determine if the failure initi-

ation was located at the inner 45°/0° interface as the model predicted, or in the 0° Iayers.

5.3.2 Laminate-B specimens

For the laminate—B specimens, the Dual Maximum Stress Criterion and Tsai·Wu criterion

predicted matrix cracking located in the inner 0° Iayers to be the failure mode. The failure

predictions for the laminate—B specimens based on matrix cracking are shown in Figure 64

together with the experimental results. The agreement between the predicted and exper-

imental results is not quite as good for these specimens, predictions being as much as 25%

conservative compared to the experimental results. This may be explained based on the ex-

perimental observations discussed in section 3.6 about the nature of fallures. There was a

certain leve·l of acoustic noise for the laminate-B specimens before the initial failure. There-

fore, it ls possible that laminate—B specimens experienced matrix cracking in the inner 0°

Iayers, with invisible cracks but initlation of such cracks may not _cause catastrophic failure.

Therefore, the specimens are able to sustain loads beyond the predicted failure load. lt is

suspected, however, once the matrix cracks form they would propagate in the radial direction

and join to the interface between the 0° Iayers and the adjacent inner +45°layers to cause

lnterlaminar cracks that would eventually cause delaminations. lt was, again, impossible to
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determine lf the failure initiated in the 0° Iayers or at the interface between the 0° and +45°

Iayers.

A procedure is investigated next to predict the progressive failure of laminate-B specimens

following the matrix cracking predicted in the inner 0° Iayers. This is done by dividing the

matrix properties in the transverse matrix direction in the cracked 0° Iayers by two [15]. The

analysis of the curved region do not exhibit any difference in the radial stress distribution

between the undamaged and the damaged angles, even at the cracked Iayers at which the

matrix properties are reduced. The hoop stress (in the 0 direction) signilicantly decreases

within the cracked Iayers (the normalized hoop stress at this location decreases from 11.05 to

6.7). However, the hoop stress at the other locations is not affected by the reduction of matrix

properties in the inner 0° layers.

Since it was observed that the failure was initiated at the inner -45°/0° interface, it is assumed

that alter matrix cracking in the inner 0° plies, failure at the -45°/0° interface is driven by the

radlal stress only. Predicted failure loads together with experimental results are shown in

Figure 65-a. With the assumption that the radial stress is responsible of the failure at the inner

-45°/0° interface, predictions give higher failure loads than the experimental failure loads

(differences of more than 35%), resulting in an unconservative estimate of the angle strength.

Another procedure is investigated by calculating the principal stresses within the cracked 0°

plies in the (r,0) plane, and assuming that the angle will fall ln a direction perpendicular to the

direction of the principal stresses. lt has been shown ln Section 5.1 that the interlaminar

strength and the strength in the transverse matrix direction differ, with values of 4 ksi and 8.2

ksl, respectively. ln order to estimate the strength in any direction between the transverse

direction and the interlaminar direction, an elliptical failure envelope is used with the trans-

verse matrix direction to be the major axis and the interlaminar direction the minor axis.

Since strengths in the interlaminar direction and in the transverse matrix direction differ, a

failure envelope is used in order to determine the matrix strength in every direction. A com-
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parison between predictlons and experimental results is given in Figure 65-b. For AS4/3501-6

laminate·B specimens, the predicted failure loads in this case are in better agreement with

° the experimental failure loads, once the matrix properties in the transverse direction are re-

duced.

5.3.3 Validity of coupling interlaminar tension results with testing of

an actual angle

As discussed previously, the predicted failure loads are somewhat conservative compared to

experimental results. This may be explained by the assumptions made to model the angle

sections. First of all, only the curved region of the angle sections was modelled, with the lower

end of the curved region constralned against displacements. Therefore, the state of stress

determined from the analysis may differ from the state of stress ln the actual angle. Further-

more, as mentioned in Chapter 4, plane strain assumption gives a stiffer curved section re-

sponse than the specimen exhibits and therefore produces higher stresses.

Another important issue is related to the uniformity of the thickness and pore distribution

throughout the angle sections. A significant discrepancy between predicted failure load of

some defect level 3 specimens (specimens 20-N and 19-N N=2,4,6,8,10,12) and the exper-

lmental failure load was observed as shown in Figures 63 and 64. lt was obtained from the

testing of flatwise specimens that the lnterlaminar tensile strength of these specimens was

low compared to the interlaminar tensile strength of the other batches of specimens, resulting

in a low predicted failure load of these angle specimens. However, the experimental failure

load of these angle specimens was much higher than the predicted failure load. The thickness

of the curved region for these defect level 3 specimens was somewhat smaller than the

thickness of the flat portions. During manufacturing, bending of the laminae on a curved plate

may force the pores to escape from the curved region to the flat portions of the angle.
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Therefore, the vold concentration may be lower ln the curved region, resultlng in a decreased

thickness at this location compared to the flat sections where the flatwise specimens were

taken. Since the angle failure is govemed by the curved region behavior, a lower void con-

centration at this location may give rise to a higher angle strength. Furthermore, it was ob-

served for some T-specimens that the specimen flat portions were already delaminated and
‘ damaged whereas the curved region was intact, for example for 11-2/14-2 specimens. lt was _

assumed in the failure prediction that the interlaminar strength determlned from testing of flat

specimens was the same as in the curved region. Based on these two previous remarks lt

may be expected that the interlaminar and transverse matrix strengths differ in the curved

region and in the flat portions of the specimen, and therefore it may be lnappropriate to couple

interlaminar tension results with T-specimen bending results.
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6.0 Concluding Remarks

The bending failure Ioads and stiffnesses of AS4/3501-6 and AS4/1806 graphite/epoxy angles

sections were lnvestigated as a function of defects and porosity. The angle sections were cut

from 30·inch long angles with a 1.5-inch short leg and a 3.0~inch long leg fabricated at

Lockheed Georgia Company with two quasi-isotropic stacking sequences,

(1 45/90,/ ZF 45/0,), and (1 45/0,/ ZF 45/90,), . Various degrees of porosity were introduced into

the angles using four processing techniques; namely standard lay-up, solvent wipe during the

lay-up, moisture introduction during the lay-up, and a low pressure cure cycle. Two 2.5-inch

wide angle sections were bonded together along their long leg to form a T—specimen. Bending

of the T-specimen was introduced by presslng up on the underside of the tlanges while holding

the base of the T f'ixed.

Failure of the T-specimens always occurred in the oorner regions that make-up the T-

specimen. Alter failure of the two angle regions, the T-specimens were able to carry a con-

stant load (called Load Alter Failures) for an increasing deflection of the angle sections. ln

addition to the failure load data and Load Alter Failures, T-specimen bending stiffness and

strain measurements on the tlat portions of the specimen were recorded. ln order to deter-

mine the failure load in each angle, two procedures were performed using load-deflection and

load-strain curves. The combination of two material systems, four processing methods, two
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stacking sequences resulted ln several parameters lnfluencing the T·specimen bending. The

primary interest of this investigation was the effects of processing induced defects and

porosity on the failure load of the angle sections. The specimen porosities were determined

by Lockheed using ASTM test method D2734.

For AS4/3501-6 T-specimens, the experimental failure load and bending stiffness were affected

by the processing induced defects, especially by moisture introduction during lay-up. The

(1 45/90,/ T 45/0,), T·specimens exhibited a stronger dependence on the defect levels than

the (1 45/0,/ T 45/90,), T-specimens, The experimental failure load in each angle decreased

as a function of increasing porosity. The (145/90,/ZF45/0,), angle sections exhibited a

sllghtly higher failure load than the (145/0,/ T 45/90,), angle sections. The Load Alter Fail-

ures and the stralns measurements, however, did not show any dependence on the defect

level.

For the AS4/1806 T-specimens, the experimental failure load and bending stiltness did not

depend on the processing induced defects. Even the moisture introduction processing

method, which produced the largest decrease in the failure load and the stiffness for

AS4/3501-6 specimens, did not affect AS4/1806 specimen behavior.

The failure modes ln each laminate were studied. Failures were located mainly ln the 0°

Iayers or at the (1 45/0) interface. Only a single major failure was observed ln

(1 45/90,/ T 45/0,), angle section and the failure was lnitiated at the 45°/0° interface and then

propagated accross the 0° Iayers. The (1 45/0,/ T 45/90,), angle exhibited two failures. The

first failure occurred at the -45°/0° interface located close to the inner radius and then crossed

the 0° Iayers. The second failure path was also located ln the 0° Iayers and at the -45°/0°

interface, but close to the outer radius.

An anisotropic analysis of the angle curved section was performed using Lekhnitskil's stress

function approach. Stress and strain lields were studied and two failure criteria (Dual maxi-

Concludlng Remarks 59



mum stress and Tsai-Wu criterla) were investigated in orderto predlct T·speclmen failure load

and failure mode. The theoretically determined failure loads were compared with exper-

imental values as a function of defect level for AS4/3501-6 T·specimens. Good correlation was

found for (1 45/90,/ JZ 45/0,), angle but both failure criteria were found to be too conservative

in predicting the failure for (1 45/90,/ T 45/0,), angle sections. The predicted failure modes

were in good agreement with the observations for both laminates. -

_Q
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Figure 58. Hoop Stress vs Radius for Laminate A and Lemlnate B: Hoop stress distribution for
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Figure 60. Radial Straln vs Radius for Lamlnate A and Lamlnate B: Radial strain distribution for
Iaminate A and laminate B curved sections at 0 = 45°
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Figure 61. Hoop Streln vs Radlus for Lamlnate A end Leminete B: Hoop strain distribution for
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Table 1. Speclmen Characterlzatlon.

materlal stacklng defect speclmen
system sequence level LD. number

AS4/3501-6 (;t 45/w,/ 17 45/0,), 0 B·N/4-N
1 15-N/9-N
2 11-N/14-N
3 18-N/20-N

AS4/3501·6 ( j; 45/0,] ZF 45/90,), 0 1·N/5-N
1 10-N/2-N
2 12·N/13-N
3 19-N/17-N

AS4/1806 ( i 45/w,/ JZ 45/0,), 0 8·N/7—N
· 2 16-N/3·N .

Where N = 2,4,6,%,10,12 _
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Table 2. Summary of Bendlng Test Data.

;|; 45/90,/ T 45/0,)s AS4/3501-6

Speclmen flrsl maximum average load
l.D.No. fallure load fallure load after fallures

(lbs.) (lbs.) (lbs.)

defect level 0 6-6/4-6 366 369 149
6-8/4-8 397 397 139

6-10/4-10 370 438 153
6-12/4-12 437 437 ° 149

average 393 410 147

defecl level 1 15-2/9-2 449 449 136
15-4/9-4 286 405 133
15-6/9-6 318 318 134
15-8/9-8 223 378 131

15-10/9-10 271 383 139
15-12/9-12 248 402 132

average 299 372 134

defect level 2 11-2/14-2 351 351 ‘ 141
11-4/14-4 195 195 135
11-6/14-6 181 237 132
11-8/14-8 196 251 164

11-10/14-10 118 171 163
11-12/14-12 97 145 120

average 190 225 143

defect level 3 18-4/20-4 177 241 138
‘ 18-6/20-6 227 227 148

18-8/20-8 275 275 136
18-10/20-10 254 254 137
18-12/20-12 201 212 149

average 227 242 142
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Table 3. Summary of Bendlng Test Data.

( j; 45/0,/ YP 45/90,)s AS4/3501-6

Specimen first maximum average load
I.D.No. failure load failure load alter failures

(lbs.) (lbs.) (lbs.)

defect level 0 1-2/5-2 329 329 121
1-4/5-4 327 327 154
1-8/5-8 419 419 136

1-10/5-10 292 307 131
1-12/5-12 389 389 131

average 351 354 135

defect level 1 10-2/2-2 366 366 149
10-4/2-4 389 389 162
10-6/2-6 397 397 155
10-8/2-8 261 303 154

10-10/2-10 350 350 133
10-12/2-12 383 383 137

average 358 365 148

defect level 2 12-2/13-2 160 160 110
12-4/13-4 148 183 159
12-6/13-6 163 188 136
12-8/13-8 211 211 139

12-10/13-10 253 253 147
12-12/13-12 151 199 141

1 average 181 199 139

defect level 3 19-2/17-2 332 332 132
19-4/17-4 318 318 145
19-8/17-8 258 287 155

19-10/17-10 217 274 135
19-12/17-12 233 233 132

average 272 289 140
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Table 4. Summary of Bendlng Test Data.

( gl; 45/902/ IF 45/0,)s AS4/1806

Specimen first maximum average load
I.D.No. failure load failure load aller failures

(lbs.) (lbs.) (lbs.)

defect level 0 8-4/7-4 527 538 189
8-6/7-6 506 542 173
8-8/7-8 458 458 171

8-10/7-10 522 522 210
8-12/7-12 509 509 164

average 504 514 181

defect level 2 16-2/3-2 525 525 233
16-4/3-4 537 537 249
16-6/3-6 371 457 222
16-8/3-8 237 575 254

16-10/3-10 425 551 242
4

average 419 529 240
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Table 5. Bendlng Stlffness.

( i 45/90,/ :F 45/Ü2)S AS4/3501-6 .

Speclmen stlflness
l.D.No. (lbs./ln.)

defect level 0 6-6/4-6 10021
6-8/4-8 11620

6-10/4-10 10637
6-12/4-12 11603
average 10970

defect level 1 15-2/9-2 8944
15-4/9-4 7975
15-6/9-6 8563
15-8/9-8 7442

15-10/9-10 9012
15-12/9-12 8555
average 8415

delecl level 2 11-2/14-2 4830
11-4/14-4 5650
11-6/14-6 6587
11-8/14-8 6901

11-10/14-10 7450
11-12/14-12 3707

average 5845

defect level 3 18-4/20-4 9966
18-6/20-8 8814
18-8/20-8 10434

18-10/20-10 9lI}3
18-12/20-12 10202

_ average 9684
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Table 6. Bendlng Stlflness.

( gl; 45/0,/ TF 45/90,)s AS4/3501-6 -

Speclmen Stilfness
|.D.No. (lbs./ln.)

defect level 0 1-2/5-2 6019
1-4/5-4 6353
1-8/5-8 6106

1-10/5-10 6467
1-12/5-12 6587

average 6306

delecl level 1 10-2/2-2 5571
10-4/2-4 7083
10-6/2-6 5806
10-8/2-8 6998

10-10/2-10 5531
10-12/2-12 5641

average 6105

defect level 2 12-4/13-4 4441
12-6/13-6 5428
12-8/13-8 l 5146

12-10/13-10 5304
11-12/14-12 5537

average 5171

defect level 3 19-2/17-2 6619
19-4/17-4 7028 I
18-8/17-8 8787

18-10/17-10 5746
18-12/17-12 6147

average 6465
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Table 7. Bendlng Stlffness. ‘

( ;|; 45/90,/ Ä: 45/0,)s AS4/1806

Speclmen stiffness
I.D.No. (lbs./ln.)

defect level 0 8-4/7-4 10574
8-6/7-6 10734
8-8/7-8 10123

8-10/7-10 9978
8-12/7-12 9631

average 10208

defect level 2 16-2/3-2 9065
16-4/3-4 10096
16-6/3-6 9664
16-8/3-8 9113

16-10/3-10 8074

average 9203
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Table 8. Load-Straln Slopes.

( i 45/90,/ TF 45/0,)s AS4/3501-6

angle load·strain angle load-slraln
I.D.No. slope I.D.No. slope

(left angle) (lb/%slraln) (right angle) (lbs/%strain)

delect level 0 6-8 1792 4-6 2107
6-10 1825 4-10 1934
6-12 1911 4-12 2067

average 1842 2036

defect level 1 15-2 2167 9-2 1883
15-4 2049 9-4 1940
15-6 1602 9-6 1732

15-10 1592 9-10 1882

average 1905 1831

defect level 2 11-8 1886 14-8 2188
11-10 1527 14-10 2513

average 1707 2350

defect level 3 18-4 1638 20-4 1920
. 18-8 2140 20-8 2130

18-12 2306 20-12 2262

average 2027 2104
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Table 9. Load-Straln Slepes.

( zt 45/0,/ ZF 45/90,)s AS4/3501-6

angle load-straln angle load-straln
I.D.No. slope I.D.No. slope(Iell angle) (lbs/%straln) (right angle) (lbs/%straln)

defect level 0 1-4 979 5-4 10231-8 988 5-8 9821-10 1024 5-10 9241-12 1067 5-12 1005
average 1014 984

defect level 1 10-2 1120 2-2 112010-4 1233 2-4 1061
10-6 1183 2-6 113910-10 1143 2-10 114010-12 11lX) 2-12 1001

average 1156 1092
defect level 2 12-6 898 13-6 939

12-8 999 13-8 936 _
12-10 1069 13-10 970

average 989 948
defecl level 3 19-4 1037 17-4 1085 ‘

‘19-8 1043 17-8 1108
19-10 979 17-10 108619-12 1043 17-12 973

average 1025 1063
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Table 10. Load-Straln Slopes.

( 1: 45/90,/ YF 45/0,)s AS4/1806

angle load-straln angle load-straln
l.D.No. slope l.D.No. slope

(left angle) (lbs/%straIn) (rlght angle) (lbs/%straln)

defect level 0 8-4 1878 7-4 2052
8-6 988 7-6 982
8-8 1954 7-8 1950
8-10 2208 7-10 2091

average 2(X)7 2028

delect level 2 16-4 2317 3-4 2254
16-6 2257 3-6 2070
16-8 2353 3-8 2134

16-10 2212 3-10 1976

average 2284 2096
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Table 11. ASTM D 2734 Vold Contents.

material stacking delect angle porosity
system sequence level l.D. number level(°/¤)

AS4/3501-6 (1 45/90,/ TF 45/0,), 0 6-N 1.79
4-N 1.71

1 9·N 1.72
15-N 2.47

2 11-N 4.1
‘ 14·N 4.16

3 18-N 4.56
20-N 6.07

AS4/3501-6 ( j; 45/0;/ TF 45/90,), 0 1-N 2.11
5-N 2.22

1 10-N 2.16
2-N 2.08

2 12-N 3.42
13-N 4.80

3 19•N 4.26
17-N 3.71

AS4/1806 (j; 45/90,/ ZF 45/0;); 0 7·N 1.67
8-N 1.42

2 16-N 1.22
3-N 1.30

Where N •2.4,8,8,10,12 °
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Table 12. Angle Fallure Load Determlned from Load-Dlsplacement Curves.

‘ ( i 45/90,/ TF 45/0,)s AS4/3501-6

angle failure angle failure
I.D.No. load I.D.No. load

(left angle) (lbs.) (right angle) (lbs.)

defect level 0 6-6 186-256 4-6 183
6-8 198 4-8 237
6-10 185 4-10 253-325
6-12 218-280 4-12 218

defect level 1 15-2 224-250 9-2 224
15-4 262-325 9-4 143
15-6 159 9-6 159-2w
15-8 112 9-8 266-293

15-10 135.5 9-10 247-278
15-12 124 9-12 278-317

defect level 2 11-2 195-176 14-2 176
11-4 97-105 14-4 97
11-8 145-146 14-8 91
11-8 151 14-8 98

11-10 85.5 14-10 85.5
11-12 48-72 14-12 48-72

defect level 3 18-4 152-159 20-4 88.5
18-6 114-115 20-6 114
18-8 137-142 20-8 137
18-10 127 20-10 127-137
18-12 101 20-12 101-110
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Table 13. Angle Fallure Load Determlned from Load-Dlsplacement Curvea.

( il: 45/0,/ TF 45/90,)s AS4/3501-6

angle failure angle failurel.D.No. load l.D.No. load
(lell angle) (lbs.) (right angle) (lbs.)

defect level 0 1-2 164-194 5-2 1641-4 164 5-4 164-1901-8 237-209 5-8 2091-10 161-203 5-10 1461-12 194 5-12 194-215

defect level 1 10-2 183 2-2 183-19810-4 194-231 2-4 19410-6 198-225 2-6 19810-8 131 2-8 173-19110-10 175-197 2-10 175
10-12 190 2-12 190-202

defect level 2 12-4 92-109 13-4 7412-6 106-98 13•6 8212-8 105-121 13-8 10512-10 126-158 13-10 12611-12 109-123 13-12 76

_ defect level 3 19-2 166 17-2 166-19519-4 159 17-4 159-160
19-8 158-162 17-8 12919-10 166-180 17-10 109

19-12 116-128 17-12 116
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Table 14. Angle Fallure Load Determlned from Load-Dlsplacement Curve:.

( ;l: 45/90,/ T 45/0,)s AS4/1806

angle failure angle failure
I.D.No. load I.D.No. load

(lell angle) (lbs.) (right angle) (lbs.)

defect level 0 8-4 274-382 7-4 263
8-6 253 7-6 253
8-8 229-290 7-8 229
8-10 261-365 7-10 261

defect level 2 16-2 262 3-2 262-306
16-4 268 3-4 268
16-6 272-312 3-6 186

16-10 338-391 3-10 212
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Table 15. Angle Fallure Load Determlned from Load-Straln Curvea.

. ( ;l; 45/90,/ T 45/0,)s AS4/3501-6

angle fallure angle fallure
I.D.No. load I.D.No. load

(lell angle) (lbs.) (right angle) (lbs.)

defect level 0 6-8 198 4-6 237
6-10 185 4-10 284
6-12 288 4-12 218

average 223 246

defect level 1 15-2 274 9-2 224
15-4 276 9-4 143
15-6 159 9-6 204
15-10 135 9-10 253

average 211 206

defect level 2 11-8 152 14-8 98
11-10 85.5 14-10 „ 85.5

average 119 92

defect level 3 18-4 159 20-4 · 89
18-6 113 20-8 115 .
18-8 138 20-8 143

18-12 101 20-12 119

average 128 118 °
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Table 16. Angle Fallure Load Determlned from Load-Straln Curve:.

( j; 45/0,/ ZF 45l90,)s AS4/3501-6

angle failure angle failure
I.D.No. load I.D.No. load

(lell angle) (lbs.) (right angle) (lbs.)

defect level 0 1-2 189 5-2 164
1-8 211 5-8 209
1-10 179 S-10 146
1-12 194 5-12 198

average 193 180

defecl level 1 10-2 183 2-2 185
10-4 199 2-4 194
10-8 131 2-8 183

10-12 fw 2-12 203

average 176 191

defecf level 2 12-4 94 13-4 74
12-6 109 13-6 82
12-8 144 13-8 1lß
12-10 148 13-10 126

average 123 97

defecl level 3 19-4 159 17-4 180
19-8 170 17-8 129

19-10 178 · 17-10 109
19-12 137 17-12 116

average id! 129
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Table 17. l·looke'• law coefflclents

4 . 4 ·
¢ l 2*12 .2 2 $¤¤¢

S :.2ä...+ .....,.._... +._..—ll El (Gu EI )sm¢cos¢> El.
. 4 44> 1 2"l2 .2 2 <=¤S4>

S :.21.1:.+ ......_.... +._....—22 El (G12 El )$l¤ ¢¢¤$ ¢> E2 _

12 E1 Ä E1 G12 E1

1 1 2*12 l . 2 2 1
S = ——+——+—··————— +·——·

°° "E1 E1 E1 Gl2)sm¢coS¢ G12
s16 Ä E1 G12 E1

26- Ä E1 G12 E1

S =
cos2¢

+
sin2¢>44 G22 G12

$4s=(‘l’*'L‘)$i¤¢¢°$¢G23 G12

S -22+22S5 G23 G12
V _ VS111=—<—ä-¤¤’¢+7S*}w=’¢>

S23l

*12 *22 .S = —-——— sm cos36 2(El El) ¢ ¢
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Table 18. Tenslle lnterlamlnar Strength Results as a Funtlon 01 Poroslty

AS4/3501-6

stacklng defect speclmen lnterlaminar lnterlaminar
sequence level l.D. number strength (ksl) strength range

(ksi)

( i 45/90,/ TF 45/0,), 0 4-N 4.261 3.944-4.746
6-N 3.894 3.370-4.201

1. 15-N $.570 3.297-3.688
9-N 3.663 $.013-4.313

2 11-N 2.139 1.818-2.461
14-N 1.920 1.711-2.129

3 18-N 2.498 2.094-3.086
20-N 1.196 0.711-1.681

(i 45/0,/ TF 45/90,), 0 5·N 4111) $.757-4.240
1-N 3.764 $.678-$.850

1 10-N 4.030 $.860-4.199
2·N $.822 $.228-4.416

2 12-N 3.182 $.105·$.259
13-N 2.596 2.502·2.691

3 17-N 2.852 2.509·$.lß9
19-N 0.682 0.542-0.822

Tables N5



9.0 References

1. S.P. Timoshenko and J.N. Goodier, 'Theory of Elasticity', Third edition, MacGraw-Hill Book

Company, New York, 1970.

2. N.C.W. Judd and W.W. Wright, ' Voids and their Effects on the Mechanical Properties of

Composites- An Appraisal', SAMPE Journal, January/February 1978, pp. 10-14.

3. C.T. Sun and S.R. Kelly, 'Failure Analysis of Composite Angle Structures', Developments

. in the Science and Technology of Composite Materials; Proceedings of the First European

Conference on Composite Materials, A.E.M.C., Bordeaux, September 1985, pp. 277-284.

4. F.K. Chang and G.S. Springer, 'The Strength of Fiber Relnforced Composite Bends', Joumal

of Composite Materials, 1986, pp. 30-45.

5. G.W. Antal, 'Analysis of lnterlamlnar Flaw Behavior in Carbon-Fiber/Epoxy Angles', Master

Thesis, University of Delaware, June 1986.

6. C.T. Sun and S.R. Kelly, 'Failure in Composite Angle Structures, Part l: Initial Failure',

Journal of Relnforced Plastics and Composites', Vol 7-May 1988, pp. 220-232.

References 146



l

7. G. Tolf, "Stresses ln a Curved Laminated Beam', Fiber Science and Technology 19, 1983,

pp. 243-267.

8. P.R. Sinha and B.L. Dhoopar, 'Characterisation of Mechanical Properties of Cylindrically

Orthotropic Thin Composite Sheets', Fiber Science and Technology, 1980. pp. 269-280.

9. B.D Harper, G.H. Staab, and R.S. Chen, 'A Note on the Effects of Voids Upon the Hygral and

Mechanical properties of AS4/3502 Graphite Epoxy', Journal of Composite Materials 21, March

1987. Pp. 280-289.

10. A.P. Tomasino, 'The Effects of Porosity on the Out-of-plane Tenslle Strength of Laminated

Composites', Master Thesis, Virginia Polytechnic Institute and State University, October 1988.

11. S.G. Lekhnitskil, 'Anisotropic Plates', Gordon and Breach Science publishers, New York,

1968.

12. J.S. Hidde, 'A User's Guide for the Materials Testing Package (MATPAC2)', Composite

Mechanics Group, Department of Engineering Science and Mechanics, Virginia Polytechnic

Institute and State University, July 1987.

13. S.W. Tsal and E.M. Wu, 'A General Theory of Strength for Anlsotropic Materials', Joumal

of Composite Materials 5, 1971, pp. 58-80.

14. S.W. Tsal and H.T. Hahn, 'lntroduction to Composite Materials', Technomic, Westport, CT,

1980.

15. S.W. Tsal, 'Composite Design 1986', Think Composites, Dayton, Ohio,1986.

· References 147



Appendix A. Load-Displacement Curves

Appandlx A. Lead-Dlsplacamant Curves 148



600

550

500 .

M50

H00

ig 350
Q 300
6..1 250

200

150 ·

100 · , " <··=/·=/·/‘·>$
gg

‘ SPECIKN AAO(6-6/4-6)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

(N)

Flgura 66. L¤ad·D|spIacamsnt curvaz Spaclmen 6·6I4·6

Appendlx A. Load-Dlsplacemsnt Curvas 149



. 600

550

500

N50

N00

ä 350
Q 300
(
9 250

200

150

100 A?%2c?g};•§/90/-45/45/0/0)$
gg Ltßß-8/4-8)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.N0

USPLACELENT (N)

Flguu 67. Load-Dlsplacamant curv•: Sp•cIm•n 6•8I4·8

Appandlx A. Load·DIspIacamant Curvas 150



‘ 600
0

550
U

500

N50 U
*I00

.3 350
$Q 300
S..I 250

200

150

100 /é-{&g};g(90/-45/45/0/0)$0
sg SPEC|I£N M0(6—10/4-10)

0 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤|0

USPLAGERENT (N)

Figure 68. Loed·DIspIacement curve: Speclmen 6·10l4·10

Appendlx A. L¤ad·DIspIacement Curves 151



1

600

550

500 _

¤I50

\|00

ä 350
Q 300
6..1 250200

1 50

100

5g $PEC|1£N AIO(2-12/4-12)

0

IISPLÄCHENT (N)

F1gur• 69. L0•d•DI•pIac¤m•nt curv•: Spaclmen 6-12I4·12

Appendlx A. Load·DIsp|acemant Curve: 152



600

550

500
·

N50

¤100 „

ä 350
Q 300
S..1 250

· 200

150

00 -1
A?SPECIMEN M1(15-2/9-2)50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.110

IISPLACBENT (N)

Flgure 70. Load-D|:p|aoement_curv•: Speclmen 15·2I9-2

Appendlx A. Load-Dlsplacement Curve: 153



600 l
550

500

N501100

A 350ä 300
O..1 250

200

150

100me
AA1(15—4/9-4)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

USPLACENENT (N)

Flgure 71. Load·DI:pIacement curve: Speclmen 15·4I9·4

Appendlx A. Load-Dlsplacement Curve: 154



600 _
550

500
‘

N50

N00 A

nä 350
" sooD(
gl 250

200

150

100 Ase/2101-6ißé-45/90/äß/·*5/*5/°/°)$
SPECIKN M1(16-6/9-6)

50

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.N0

USPLACEBET (N)

Figure 72. Load·DIepIacement curve:Spec1men 15-6I9-6

Appendlx A. Load-Dlsplacement Curve: 155



600

550

500

|I50

1I00

ä soo
9 250

200

150

CT LEVEL 1sPI—:c••£N uu(es-8/9-a)
50

l
0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*10

USPLACBENT (IO

F|gur• 73. Load-Dlsplacament curve: Spaclman 15-8I9-8

Appandlx A. L0ad·DIsp|acamant Curvas 153



600

550

500 .

N50
N

*100

ä 350
ä soo

250 ·

200

150

100 As4/scor-6éßé-45*ä-/90/-45/45/0/0)$
1sPcc••£Nm1(1s-10/9-10)

50

-

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*10

IJSPLACEAENT (N)

Flgure 74. Load-Dleplacement curve: Speclmen 15-10I9-10

Appendlx A. Load-Dlsplacement Curve: 157



600

550

500 —

*150

||00

3 350
ä soo
9 250

200 ·

150

1 00 Eig};g/N/-45/45/0/0)SCT LEE. 1
$PECI\£NAA1(15-12/9-12) ;

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•I0

IJSPLACBEJT (ID

Flgure 75.
D

Lead-Dlsplacement curve: Speclmen 15-1219-12

Appendlx A. Lead-Dlsplacement Curve: 158



l

600

550

° 500 ·

'I50

*I00

¤ 300
<
9 250

200

150

1
00LENEL2SPECIMEN AA2(1 1 -2/14-2)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•I0

USPLACBEIT (N)

Flgure 76. Load-Dlsplacement curve: Speclmen 11·2l14·2

Appendlx A. Load-Dlsplacement Curves 153



600 _

550

500 ‘

¤|50

¤100

ä 350
iQ 300
(
3 250

200

150

Sgémml?
SPECIIEN AA2(11-4/14-4)

50

0 .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

[ISPLACENEU (N)

Flgure 77. I.oad·DIsp|acement curve: Speclmen 11-4l14-4

Appendlx A. Load-Dlsplacement Curve: 159



I

0 600

550

500

¤I50

¤100

ä 350
300

9 250

200

150

wo AE64/Jätgi-08 90/-45/46 0 0ßaéméwfz ’ ’
"

so
SPECIIIEN M2(1 1 -6/14-6)

_ 0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IISPLACELEWT (N)

Flgure 78. L0ad·DIsp|acement curve:SpecIme1111·6I14·6

Appendlx A. Load-Dlsplacement Curves 161



1
1

„ 600

550

500

*150

\I00

ä5501
é soo
32501

200

150

CT 2SPEDIIEN M2(1I-8/14-8)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.!I0

IISPLAGBBIT (N)

Flguro 79. Load·DIsp|acem¤nt curvsz Spaclmen 11-8I14·8

Appendlx A. Load·DIspIacamant Curvas 162



1

600

550
l

500

(150

*I00

ä soo
9 250

200

150

-6‘°° fägüg-?°S}wm1—¤/ß/¤/ow
CT LEWL 2SPECIMEN AA2(11-10/14-10)

50
1

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*I0

HSPLACBENT (N)

Flgurs 80. Load-Dlsplacamsnt curve: Speclman 11·10I14-10

Appandlx A. Load·DIspIacam6nt Curve: 163



1

600

550

500

N50

N00

ä 350 1
ä soo
9 250

200

150

1002
SPECNEN AA2(u-12/14-12)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.N0

[ISPLACBENT (N)

Flgure 81. Load-Dlsplacement curve: Speclmen 11·12I14·12

Appendlx A. L¤ad·DIspIacement Curve: 164



600

550

500

||50

*l00

" 600D(
gl 250

200

150

100CT
3.

SPECIUEN Aß(18—4/20-4)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IISPLACBENT (N)

Flgure 82. Lead·DIspIacement curve: Speclmen 18-4/20-4

Appendlx A. Load·DIspIacement Curve: 165



600550

500.

N50

N00

A 350ä 300
9 250

200

1 50

%·2„*„.¤=:s6...,„„,
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.N0

IISPLACEIENT (N)

ragm aa. Spaclmsn 18-6l20·6
N

Appsndlx A. L¤ad·DIsp|ac¤mant Curve: iß



Ä

600

550

500 .

1150

¤I00

ä 350
(Q 300
<
9 250

200 ‘

150

100
·

/-45/45/0/0)$Saéqmé?
$PECI|£NAß(18-8/20-8)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•I0

USPLACEIET (N)

Flgure 84. Load-Dlsplacement curve:Spec1men 18-8l20-8

Appendlx A. Load·DIsp|acement Curve: 161



600

550
W

500 _

1150

1I00

A 3503éaoo
91 250

200

150
‘°°.

SPECIENAMUB-10/20-10)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.110

USPLAGBET (ID

Figure as. L¤ad·DIsp|ac¤man1curve:Spaclmen 1a-10126-10

Appendlx A. 1.¤¤a-onspuaeemam cunm 168



600 _
550

500 2

(150

|100

350
"' sooD(
9 250

200

150

CI' 3.
SPECIIIEN AA3(18-12/20-12)

50
-

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IZISPLACBEIT (ED

Figure 86. Load·DIspIacement curve: Speclmen 18·12l20·12

Appendix A. L¤ad·D1spIacement Curve: 169



500 e

550

500
A

N50

*100

ä 350
300

9 250
‘ 200

150

100
§54{Eig7·0$0/-45/45/90/90)$gd LEV!-10

5g MEN A®(1 -2/5-2)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IISPLACELETT (N)

Flgure 87. Load-Dlsplacement curve: Speclmen 1-2IS-2

Appendlx A. Load-Dlsplacement Curve: 170



600 . „

550

500 °

1150

1100

350
¤ 300
6..1 250

200

150

wo $4/:601-6
CT 1.£VE.0

gg , SPECIIEN A$(1—4/5-4)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.110

· USPLACBETT (N)

Flgure 88. Load-Dlsplacement curve: SpecImer1 1-4l5·4

Appendlx A. Load-Dlsplacement Curvee 171



I I
I

_600

S50

500 '

*150

*|00

ä 350
300

9 250

200

150 ·

100 —
AS4/3501-6
S45;-45/0éO/-45/45/90/®)$0

50 $PEC1|A£N&(1—8/5-8)

0 .
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*10

IISPLACERENT (N)

Flgure 89. Load·D1spIecement curve: Speclmen 1·8l5·8

Appendlx A. Load·Dl:p|acement Curve: 172



‘ ;

· 600

550
E

500

N50

¤100

350
Q 300
E..1 250

200

· 150
(

100 AS4/3501-6&5Fé—45/0/06-45/45/90/90)S
5ß $PEC|céN A®(1-10/5-10)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IJSPLACELENT (N)

Flgure 90. Load-Dlsplacement curve: Speclmen 1-10I5·10

Appendlx A. Load-Dlsplacement Curve: 173



600

550

‘ 500

1150

1100

ä 350
300

9 250

200

150

100
gg/i’!4•15}060/-45/45/90/90)$
0E1‘éC|’I.£Vé.050 SPECIMEN @(1-12/5-12)

0 _ 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.110

DSPLACENENT (N)

Flgure 91. Loed·DIsp|acement curve:Spec1me11 1-‘|2I5·12

Appendlx A. Lead-Dlsplacement Curve: 174



600 _

550

500

1150

U00

ä 350
"’ sooQ
< „
9 250

200

150

100 Ase/:601-6Sgé-45/0/0/-45/45/90/90)$CT LENE1. 1
SPECIMEN AB1(10-2/2-2)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IZISPLACEEIT (N)

Flgure 92. Load-Dlsplecement curve: Speclmen 10-2/2-2

Appendlx A. Load-Dlsplacement Curve: 175



600 .

550

500

|I50

*I00

ä 350
ä soo
9 250

200

150

1 00 -3?|g}0‘é0/-45/45/90/90)$CT 1
SPEOIEN AB1(10-4/2-4)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

I]SPLAC5&T (N)

Flgure 93. Load-Dlsplacement curve: Speclmen 10-4l2·4

Appendlx A. Load-Dlsplacement Curve: 176 .



600 _
550

500
”

N50

*I00

Q 350
"’ sooD
<
gl 250

200

150

00 -6‘ ($72-°°5}¤1¤/-¤/-6/ee/¤¤>=
EECT LEVEL 1
SPECIMEN AB1(10—6/2-6)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

USPLACB/ETF

(N)Figure94. Load-Dlsplacement curve:Spec1men

10-6/2-6AppendlxA. Load-Dlsplacement Curva• W7



I

600 U
550

500

*150

*100

ä 350
ä soo
9 250

200
U

. 150

100 Ase/aso:-6sléé-45/Oéty-45/45/90/90)SCT 1
$PEC|\€NAB1(10-8/2-6)

50 I

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.!I0

IISPLACBET (N)

Flgure 95. Load·DIspIecement curve: Speclmen 10·8I2·8

Appendlx A. Load·DIep|acement Curvee
I

178 ·



600 '
550
500 ·

M50
¤100

ä 350
ä soo
9 250

200
150

1
100 $4/3501-6gäéE1_45/¤é04—45/45/9¤/9¤)$

SPECIIIN AB1(10-10/2-10)50
00.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IISPLACBEGT (N)

Figure 96. Load·DIspIacement curve:SpecImen10·10I2·10

Appendlx A. Load•DIsp|acement Curves 179



600

550

· 500 °

Ü *150
•100

A 350ä
ä aon
3 250

200

150
I *100

4-45/45/90/90)$

so
$P€C|\£NAB1(10-12/2-12)0

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

l]SPL.ACE•ETl° (N)

rngm 97. ¤.¤¤¤-unpummgm cum: spacamen 1o-1212-12

Appendlx A. Load·DIspIacement Curve: w 180



600

550

500

N50

H00

A 350

soo
91 250

200

150

mo500

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

USPLACBEIT (N)
A

ragm sa. spscamm 12-2I13·2 _

Appandlx A. L¤ad·D|sp|acemant Curvas 181



600

550

A 500 _

N50

*I00

A 350 _ä 300
9 250

200

150

moso
$PEC|IlEN&(%2-4/13-4)

30
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.\I0

USPLACBBT (N)

rngm ss. L¤.a-uuspnmmne cum: spuumgn 12-4I13-4

Appandlx A. Load·DIsp|acam¤nt Curvas 133



600 _
550

500 ·

¤I50

¤I00

A 350ä
é aoo
91 250

200

150

wo$PECI1£N AB2(12·-6/13-6)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

IISPLACEIET (N)

ngm 1oo. mad-ouspnmmgm ww.: spacamn 12-6116-6

Appandlx A. Load—DIsp|acemant Curvu 183



600

550

500 .

N50

'I00

ä 350
ä soo
9 250

200

150

100 AS4/3501-8S34-45/0/0/-45/45/90/90)$cr 1£vE1.<2
so

SPECIIIENABZ 12-8/13-8)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤l0

IISPLACENET (N)

Figure 101. Load-Dlsplacement curve:Spec1men 12-8/13-8

Appendlx A. Load-Dlsplacement Curve: 184



600 .

550

500
t

M50

N00

350ä
ä soo
9 250

200

150

mo$P€C|I£N@ö2-10/13-10)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•10A

IISPLACEETT (N)

Figure 102. Load·DIspIacement curue: Speclmen 12·10l13·10

Appendlx A. Lead·DIspIacement Curvee 185



600

550

500 ~

!I50

N00

Q 350
ä soo
9 250

200

150

1 00 -45/45/90/90)S

50
$P£C||£NIB2ö2—12/13-12)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

USPLACBEIT (N)

Flgure 103. Load-Dlsplacement curve: Speclmen 12·12l13•12

Appendlx A. Lead-Dlsplacement Curve• 166 A



1

600

550

500 ‘

¤I50

•I00

ä 350
äQ 300
S..I 250

200

150

mo 45 45 so so sSgémévéu ’ ’ ’ ’
svccnucn AB3(19—2/17-2)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•10

I]SPLACEhE~IT (ID

Figure 104. Load-Dlsplacement curve: Speclmen 19-2I17-2

Appendlx A. Load-Dlsplacement Curves
u

131



1

600

550

·500

*150

*100

350
" sooD
<
91 250

200

150

I 00 -45/45/90/90)S
SPECIIEN ABJÖ9-4/1 7-4)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*10

USPLACENENT (ID

Flgure 105. Load-DlsplacementcurvezSpeclmen19•4I17-4

Appendlx A. Load-Dlsplacement Curve: 18ß



600

550

‘ 500

M50

¤I00

ä 350
Q 300
E..I 250

200

150

1 00 tägéiäléöséo/w/ß/so/m)s
Cl' 3SPECIIEN AB3(19—8/17-8)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤|0

IISPLACBENT (N) ·

Figure 106. Load-Dlsplacement curve: Speclmen 19-8/17-8

Appendlx A. L0ad·D|spIacement Curves 169



m

600

550

500

1150

1100

350
300

S.1 250

200

150

100 AS4/3501-6

$P£C1I£NAB3(19—10/17-10)
50

0
1 0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.110

USPLACBEIT (ID

Figure 107. Load·D1spIecement curve:Spec1men 19·10I17·10

Appendlx A. Load-Dlsplacement Curve:
1”



600

550

500

N50

¤I00

ä 350
300

O.I 250

200

150

100 AS4/3501-6
Y -45/45/90/90)$
$PEC|MENß3(19—12/17-12)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*I0

IISPLACBEIT (N)

Flgure 108. Load-Dlsplacement curve: Speclmen 19·12l17·12

Appendlx A. Load-Dlsplacement Curve: 191



1

600

550

500 .

N50

•100 1

ä 350
Q 300 .
6.1 250

200

150
n

100
AES4/18426so so/-46/46/0/o)s$...4.. Mo.

50 svccucn a•o(a—4}7-4)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.*I0

USPLACBENT (N)

Flgure 109. Load·D|spIecement curve: Speclmen 8-4l7-4

Appendlx A. Load·DIep|acement Curvee 192



I

600

550

500 .

N50

¤I00

ig 350
Q 300 ‘
6..I 250

200

150

100 AS4/1&6$4-ß/w(w/-6/45/0/o)sCT 0
SQ SPECIIIEN a~¤(a-6/7-6)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

USPLACBENT (IND

Figure 110. L0ad·DIsp|acement curve: Speclmen 8·6I7-6

Appendlx A. Load-Dlsplacement Curve: 193



1
l

600

550

500 _

N50

N00

ä 350
300

9 250

200

150

100 .
AS4/1806$454-45/90é9<:)/-45/45/0/0)$

5g SPECIMEN BA¤(8-8/7-8)

·

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.N0

DISPLACBENT (N)

Flgure 111. Load-Dlsplacement curve:Spec1men 8·8I7·8

Appendlx A. Load·DIspIacement Curves 19*



I

600 _

550

500
‘

¤I50

(100

ig 350
O 300
6.1 250

200

150
'

100
CT 1.E\£.0

50
SPECIUEN B¢0(8-10/7-10)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

USPLAGENENT (N)

Flgure 112. Loed·DIspIacement curve: Speclmen 8·10l7-10

Appendlx A. L0ad·D|sp|acement Curve: 195



J

600

550

500 .

N50

*100

ä 350
Q 300
S.1 250

200

150
0 0 0

100
^?$/la'27¤¤1¤¤/—-;-6/¤/¤>sSEFECTLEVELO50 SPECIUEN U0(8—12/7-12)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.•10

USPLACELENT (ID

Figure 113. Load-Dlsplacement curve: Speclmen 8-12/7-12

Appendlx A. Loed·DIspIacement Curvee 198



I

600

550

500
I

N50

*100

ä 350
Q 300
S.J 250

200

150
I

100 1842390 90/ 45/45/0/0)$
SEFECT LEvE{2.
SPECIMEN BA2(16—2/3-2)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤10

IJSPLACEBENT (ID

Flgure 114. Load-Dlsplacement curve: Speclmen 16-2I3-2

Appendlx A. Load-Dlsplacement Curve: 197



J

600

550

500 ”

1 *150

\I00

g 350
N!Q 300
6..1 250

200

150

1
00CT LEVEL2SPECINEN aA2(16-4/3-4)
50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤I0

IJSPLACENEQT (N)

FIgur• 115. Load·D1spIacamant curvez Spsclman 16-4l3-4

Appan¢1|x A. Load-Dlsplacemant Curves 198.



' 600

550

' 500

*150

¤I00

O 300
S.1 250

200

150

1 00 13g?90(90/-45/45/0/0)$
CT 2SPECILEN BA2(16-6/J-6)

50

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤|0

IISPLACBENT (N)

Flgure 116. Load-DlsplacementcurvezSpeclmen16·6I3·6

Appendlx A. Load-Dlsplacement Curve: 199



600 _

550

500 °

N50

¤I00

350
Q 300
6..1 250

200

150

mo $64/magjso
90/r

es/66/o o)s

so
sPcc•u£u aA2(16-6/:-6)

0
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.¤|0

IIISPLACEBENT (BD
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Figure 134. Load—StraIn curve: Speclmen 10·2I2·2

Appendlx B. Load-Strain Curves 218



J

600
AS4/3501 -6 (46}-46/0/0/-46/46/96/90)s

DEFECT LEVEL 1 SPECIMEN { 10-4/2-4
550

500 ga e 2 gage

qso gage 3

¤I00
I

^ 35° 1 { ? {3 ‘ E 1 MI
E soo• li

O E
I1,

'I 250 E
°•_ I1}

ä
xt jl {I

• ‘, I
200 ,'

. t I\" {
150

°~_ {
\‘ Is I. I

1 00 {
III

50 {
I
I
I

0
-006 -00q -002 000 002 00q 006

. STHAN ( Z )

Flgure 135. Load·Stra|n curve: Speclmen 10~4I2-4

Appendlx B. Load-Straln Curves ggg



600
AS4/3501-6 (45/-45/0/0/-45/45/90/90)S

550 DEFECT LEVEL 1 SPECIMEN { 10-6/2-6

00
ga B 2 gage

5

N50 gage 3

N00

sso 'I}
nä III

EsooaO
'I

-' aso { [
E E /7

aoo
‘ ’,#'

Ill
aso [

I
- I

aoo l'II GAGE 1 —'-
/ °^°“ 2 [IZ

50 I; GAGE 3
II
I

0
-006 -00u -002 000 0•2 00u 006

STRAN ( Z )

Flgurs 136. Load-Straln curvaz Spaclman 10-6/2-6

Appandix B. Load-Straln Curvas 220



800 .
As4/6601 -6 (4s/-4s/0/0/-46/46/00/00)s 1

550 1>¤n:c·1· mvm. 1 svscxusu g 10-6/2-6 ;

soo j
QBQG Euso3 Euoo

350
300o

E—' aso200
;'

1soso0

I
-006 -00q -002 000 002 olq 006

STRAN ( Z )
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Figure 139. Load·Stra|n curve: Speclmen 10-12I2·12
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Appengilx B. Lead-Straln Curve: 22,



600
AS4/3501-6 (46/-45/0/o/-45/45/00/0o)s

S50 DEFECT LEVEL 3 SPECIMEN # 17-8/19-B

500
ga e I ga 5

*IS0

Wo
gage 3

*5 350 .
300 •‘ /,0

O
•‘ [/I

_| ‘•
} I; I

250sg sx II [
200 1 ,'

X 1
II

150 {
III, -*00 ,1 GAGE 1 —··——

1 GAGE 2 ‘'''''

so
,’ GAGE 3 ··——·

II
II

0
-006 -00u -002 000 002 00q 006

STHAN ( Z I

Flgure 146. Load-Straln curve: Speclmen 19-8I17·8

Appendlx B. Load·Stra|n Curve:
E

23ß



u
|
1

600
AS4/3501 -6 (46/-46/0/o/-46/46/so/oo)s

S50 DEFECT LEVEL 3 SPECIMEN # 17-10/19-10

500
ga e 2 gage

'I50

wo gage 3

350
300

Ö I
-' 2so g

Il‘, II ·zoo Q‘ I,I
aso — ,'I

I

oo ·'‘ Il GAGE 1 -———·
I GAGE 2 ‘‘'‘‘‘

so
,’ GAGE 6 ·——·

II
I
I

0
006

STRAN ( Z )

Flgure 147. Load·StreIn curve Speclmen 19·10I17-10

Appendha B. L0ad·StraIn Curve:
231



600
AS}/3501-6 (46/-46/0/0/-46/46/oo/eo)s

‘

550 DEFECT LEVEL 3 SPECIMEN # 17-12/19-12

500
·

N50 ga e 1 ga 2

uno

I

gage 3

350
300

O
-' aso

‘ „-
;•200I

‘\g

I
150 •‘ ll

\
I

100 Ar GAGE 1 .....
I, 2

V•••••••

GG ,' mc: s —··—·
II
I
I

0
-0.6 -0.¤l -0.2 0.0 0.2 0.*I 0.6

STRAN ( Z )
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Figure 149. Load-Straln curve: Speclmen 8-4I7-4
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Figure 151. Load-Straln curve: Speclmen 8·8I7·8
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Figure 153. Load-Straln curve: Speclmen 16-4I3-4
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Flgurs 154. Load-Straln curve:Spe1:Imen16·6I3-6
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Figure 155. L0ad·StraIn curve: Speclmen 16-8I3·8
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Figure 156. Load-Streln curve: Speclmen 16-10I3-10
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