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1.0 INTRODUCTION

The design and analysis of bolted joints in fibrous composite structures

continues to be an area of concern with respect to the safe and efficient use

of composite materials in aircraft structures. Douglas Aircraft Company, under

NASA contract NAS1-16857, has developed technology for critical composite joints in
large primary aircraft structures. The program contained a comprehensive test program
including basic coupon tests, subcomponent multirow joint tests, and.large
technology demonstration specimens. This report contains an account of the test
specimens, procedures, and results for the Ancillary Test Program, consisting of
single hole joint tests and laminate property tests. The report also contains the
results of NASA Standard Tests performed as part of this program on several new
material systems.

A series of single row bolted joint specimens were tested in a variety of
configurations to establish strength and stiffness properties for bolted joints
in composite structures. Stress concentration factors for composite bolted
joints were obtained by measuring the section strengths of single row loaded

and unloaded hole coupon specimens. Bearing strengths were also measured by
testing loaded hole coupons of sufficient width to force a bearing failure mode.
The data obtained from these tests provide the necessary information to construct
bearing-~bypass interaction curves which serve as failure envelopes for multirow
bolted joint analyses. '

Loaded hole specimens also provided the load-deflection properties for single-
bolt composite joints in both the linear and non-linear range of behavior.
Bolted joint elastic spring rates were measured for all loaded hole tests.

This data is essential to performing accurate load-sharing analyses of multirow
bolted joints.

This report contains test results from Phase I and Phase Il ancillary testing.
The Phase I tests were conducted on loaded hole and unloaded hole specimens in
single and double shear, with tension and compressionlloading. Unnotched tests
were conducted for strength and stiffness properties of the two selected fiber
patterns. Phase II ancillary tests were conducted for data recovery purposeé



from unsuccessful Phase [ tests) or to examine specific configurations which
#ere not investigated in Phase I. ‘



2.0 SPECIMEN DESCRIPTION
2.1 Phase I Test Specimens

A total of 180 specimens was fabricated and tested at the Douglas Aircraft
Company in Long Beach, Californfa. These included a variety of configurations
and geometries selected to generate a sufficient data base to support analysis
methods.

Tension and compression tests were performed on three types of specimens:

Double- Shear Tension and Compression (DST and DSC), Single Shear Tensfon and
Compression (SST and SSC), and Unloaded Hole Tension and Compression (UHT and UHC).
Figures 1 through 15 present dimensioned drawings of each specimen type. The

hole or bolt diameters were limited-to 0.25 in. (6.35 mm), 0.50 in. (12.70 mm),

and 0.75 in., (19.05 mm). Laminate widths and thicknesses were varied among
specimen groups and will be discussed in subsequent sections.

Load was introduced to the tension specimens and single shear compression

specimens through pin-loaded holes at each end which were reinforced with graphite/
epoxy doublers. These doublers were constructed using'the same layup pattern as
the base laminate. Potted ends were used on double shear and unloaded hole
compression specimens for the introduction of load. The ends were machined flat
and parallel to stabilize and align the specimens. '

Critical dimensions of each specimen were measured and recorded before testing.
Specimens were visually inspected for any flaws or damage which could affect
test results. Three identical specimens were tested for each configuration.
Table 1 lists the coding or numbering system for all of the ancillary.test
specimens for Phase I.

The material system used in this program is the Ciba-Geigy Fiberdux 914/Toray T-300
graphite epoxy. The 914 resin is a so-called "toughened resin". The basic epoxy
is modified with a polysul fone thermoplastic to create a more flexible, impact
resistant matrix relative to established composite material systems. The

Toray T-300 (hereafter T-300) was provided as a "thick ply" tape (approximately

v



0.01 in/ply). This consisted of two plies of 5 mil dry tape which were
combined during the vendor preimpregnatfion process.

There were two fiber patterns used to build the laminates from which test
specimens were made. Pattern A was (25% 0°, 50% +45°, 25% 90°) and Pattern B
was (37.5% 0°, 50% +45°, 12.5% 90°). Laminates were inspected by C-scan

for voids and delaminations prior to fabrication of test specimens.

Test laminate balanced layup sequences provided zero degree fibers at the
surfaces of all parts. Only $45 degree angle changes were allowed between
adjacent interior plies.- There were no stacked plies except two (2) 45-degree
plies at the laminate mid-plane of symmetry and no 0°/90° interfaces except

at the mid-plane of the 24-ply, 37.5 percent zero degree pattern (with é-ply
unit sequencing). ' '

2.1.1 Unloaded Hole Specimens

Table 2 1ists the nominal dimensfons and characteristics of the unloaded hole
‘tension and compression specimens. The narrow specimens maintained a w/d
(width/holé diameter) ratfo of 2.0, while for the wide specimens the w/d ratio
was 8.0 with one exception. For the unloaded hole tension tests, the -533
specimens (UHT 16, 17, 18) were cut down from w = 6.0 in. (152.4 mm) to
w=4.51n. (114.3 mm) giving a w/d ratio of 6.0 (to prevent recurrent doubler
failure). '

Figures 1 through 6 present dimensioned drawings for the unloaded hole specimens.
The central holes were filled with 1/16 in. (1.59 mm) undersized bolts and tightened
to moderate torque values. This provided some clamp-up effect at the hole without
allowing load transfer through the bolt itself. All the unloaded hole specimens
were fabricated from 24-ply laminates. Sixteen-ply tapered doublers were bonded to
all UHT specimens for reinforcement at the load introduction holes, with one
exception. As noted in Figure 2, the -531 specimens were inadvertently fabricated
with 24-ply instead of 16-ply doublers. -



2.1.2 Double Shear Specimens

Tables 3 and 4 depict the double shear tension and compression specimen
configurations. The narrow and wide specimens maintained w/d ratios of 3.0
and 8.0 respectively, but again with one exception. The -529 compression
specimens (0OSC 10, 11, 12) had (inadvertently drilled) 0.50 in. (12.7 mm)
central holes with a w/d ratio of 4.0. Torque levels for the three bolt sizes
were:

Diameter Torgue
0.25 in. (6.35 mm) 25-30 in.-1b. (2.82-3.39 N-m)
0.50 in. (12.7 mm) 50-60 in.-1b. (5.65-6.78 N-m)
0.75 in. (19.05 mm) 75-90 in.-1b. (8.47-10.17 N-m)

" Figures 7 through 12 contain dimensioned drawings of all double shear test
specimens. In some cases there were slight clearances between the blade and
_the clevis plates and shims were used to eliminate the gap.

2.1.3 single Shear Specimens

A general description of the single shear specimens is presented in Tables §

and 6, including nominal dimensions. These specimens utilize a special aluminum
fitting for one side of the joint (Figure 16) to reduce possible joint rotation
due to eccentric loading and to assure the shear load application at the interface.

A1l 'of the single shear specimens had a w/d ratio of 8.0 and were generally free
of flaws and defects. Bolts were torqued to the same values presented for the
double shear specimens. Figures 13 through 15 contain dimensioned drawings of
these specimens.

The bdlts_are installed in cup-shaped retainers in the Toading fixture,
rather than in a simple ihrough-the-thickness hole, so that any fastener rotation
would be more representative of a composite-to-composite single-shear joint.



2.2 Phase II Test Specimens

Ancillary tests in Phase Il were conducted for data recovery purposes
from inconclusive Phase I tests or to investigate joint configurations which
were previously untested.

Tests were performed on three different configuratidns: Double Shear Tension
and Compression, Unloaded Hole Tension and Unnotched Tension. Hole diameters
of 0.375 in., 0.50 in., and 0.75 in. were used with specimens of varying
width and thickness. The width to diameter ratios were chosen to ensure

the desired mode of failure and were more representative of actual structure
than prior tests. In addition, NASA standard resin toughness tests (NASA RP-
1092) were run on two different material systems.

All tests were performed on-a 100,000 pound capacity MTS test machine equipped
with hydraulic grips to apply test loads. Reusable aluminum loading fixtures
were used for the double shear tests. Figures17 and 18 show typical double
shear specimens.

The material system used was the 914/T-300 system with 5 mil or 10 mil tape.
Patterns A (25%, 50%, 25%) and B (37.5%, 50%, 12.5%) were both tested. All
laminates were inspected by C-scan for voids and delaminations prior to
testing.

2.2.1 Unloaded Hole Specimens

Table 7 1ists the specimen identifications and dimensions for Phase II
unloaded hole tests. Figure 19 shows the specimen geometry.

These tests differ from Phase I tests in several respects. This is the
first set of sepcimens fabricated with 5-mil tape as well as 10-mil.
The w/d ratios of 3 and 5 used are more representative of bolted joint
designs. In addition, these specimens were tested with filled holes
(net fit) at roughly one-half the standard torque-up values, as opposed
to open holes. 6 '



2.2.2 Double Shear Specimens

Table 8 lists the double shear specimen identifications and dimensions
for Phase II testing. Figure 20shows the specimen geometry.

The double shear tests include 12 tension and compression tests to be repeated
from Phase I. The remainder of double shear tests concentrated on determining
bolt flexibility effects in Pattern B laminates with carbon/epoxy and

titanium splice members, and bearings strengths for central blade members

in a double shear joint.

2.2.3 NASA Standard Tests

Table 9 lists the NASA Standard Toughness Tests (NASA RP-1092) that were used
to evaluate material systems in Phase II. The new toughened resin/high
strain fiber system chosen was the Ciba-Geigy 2566 resin with Celion high
strain (CHS) fiber. Standard tests ST-1 through ST-5 were run for this
material. In addition, ST-2 and ST-5 tests were run on 914/T300 laminates
made with 5-mil tape for comparison to data from Phase ] testing on 10-mil
tape laminates. ‘



3.0 TEST SETUP AND PROCEDURE

A1l ancillary test specimens were tested in a 100,000 pound capacity
servo-hydraulic MTS test machine. For the double shear and unloaded hole
specimens tested in Phase I, load was applied to theDST and UHT tensfon specimens
through the combination of pin loading and clamping forces on the end fittings.
Phase II tension tests were loaded through hydraulic grips. Compression
specimens for the DSC and UHC tests were loaded directly through the potted

ends. A spherical support was used for alignment of the compression specimens

to minimize eccentric loads. Stabilizing plates were mounted to those
compression specimens susceptible to premature buckling failure. Figure 21

shows a double shear tension specimen mounted in the MTS machine.

The single shear specimens (tension and compression) were loaded through
bookend loading clevises. One clevis attached directly to the end of the
specimen. The other clevis was attached to the steel test fixture which
was then bolted to the test specimen. Figure 22displays a single shear
specimen and test fixture mounted in the MTS machine.

A1l specimens were loaded to failure using the stroke control (machine head
travel) mode of loading. For the narrow specimens (w/d = 2,3) the stroke
loading rate was varied between different configurations to induce a strain
rate of 0.003 in./min. The wider, bearing critical specimens (w/d = 5,8)
were loaded at one-half the rate of the narrow specimens. Loading rates for
the ancillary tests are presented in Table 10.

ZCA10193 (Reference 1 ).

For the single shear and double shear tests a load defiection (P-5) plot
was continuously recorded to failure for each specimen. The deflection
measurement for the double shear specimens is a record of the relative
displacement between the clevis and the blade at the side edge of the
specimen at the centerline of the central hole (Figure23 ). The

single shear deflection measurement is essentially the same except that
the relative movement is between the test specimen and the aluminum test
fixture (Figure 23). ’



The deflection recorded for the unloaded hole tests is head travel of the MTS
machine.

Deflection measurements were recorded using MTS clip gages which were attached

to specially des1gned adapters mounted on the specimens. These adapters attached
to the specimens at the mid-thickness of each plate at the bolt centerline and
were designed to insure that the true relative deflection was measured (Figure 24).
These devices were used for both the single shear and double shear tests. Load
versus deflection or load versus head travel plots were continuously recorded
using a Hewlett-Packard X-Y plotter.

For the single shear tests, bolt head rotation (versus load and/or deflection)
was also recorded. A laser beam was reflected from the bolt head to a graduated
scale, from which readings were taken throughout each test. This data was then
converted to angle change or rotation of the bolt head. The test setup is shown
in Figure 25 (and Figure 20).



4.0 TEST RESULTS

The ancillary test program was primarily intended to provide the data necessary
for the anlaysis of multi-row bolted joints (fabricated with Ciba-Geigy 914/7300)
using the A4EJ computer program ( Reference 1). The development of a sufficient
data base to facilitate strength predictions at individual bolt locations in a
bolted joint was of primary importance. This required a variety qf specimens
designed to exhibit a variety of failure modes. The three modes of failure

to be examined were unloaded hole net-section failure, loaded hole net-section
failure, and loaded hole bearing failure. Tension and compression specimens
were tested for all cases.

In addition to strength data, the load-deflection behavior of bolted joints in
both single and double shear was also examined. The prediction or determination
of bolt load distributions in multi-row bolted joints is dependent upon the
joint f1exibi11ty at each-bolt location within the joint both in the linear
(elastic) and non-linear (plastic) ranée.

Although most of the tests proceeded to failure as expected, many specimens
displayed failure modes contrary to what had been planned. This was primarily
the result of tapered bonded doublers attached to the specimens at the load
introduction holes which occasfonally failed prior to failure at the center test
section. This occurred on both the double shear and unloaded hole tests as noted
in the data and was, of course, Timited to tension specimens. However, the basic
problem was relatively steep machined tapers on the doublers. In a few instances,
use of inadequate bond surface preparation and/or use of EA934 rather than

higher strain to failure EA9320 adhesive was at fault. Subsequent analytic
investigation provided design guidelines for future bonded and tapered doubler
design (Reference 2).

The load-deflection curves are contained in Appendices A through D. Relative

deflection measurements for the loaded hole tests were generally successful.
The regions of elastic and plastic deformation are clearly defined along with

10



the transition point between the two behavior modes. The test data are
summarized. in Tables 11 through 34. Bearing, net-section, and gross-section
stresses at failure are calculated for all loaded hole specimens regardless of
the failure mode noted. The area used in bearing was the specimen thickness
times the hole diameter. For the double-shear tests, virtually all of the
failures occurred in the outer clevis members. Stress calculations were made
using the thickness of the two outer members.

4.1 Unloaded Hole Tests - Phase I
4.1.1 Unloaded Hole Tension Tests

Most of the unloaded hole tension tests resulted in net-section tension failures.
However, out of 36 total UHT specimens, 13 of them failed in the tapered doublers
and progressively through the net-sectfon at the load introduction hole. All of
the narrow specimens (w/d = 2) failed in net-tension through the central hole
(Figure 26). The ultimate loads attained by these specimens were somewhat lower
than expected, possibly as a result of the side edge effects involved in such
narrow coupons. It has been concluded that a w/d ratio of 3 would be a more
appropriate minimum for any future tests. The tapered doubler failures occurred
in the wider (w/d = 8) specimens which resulted in 13 out of 18 specimens failing
in this mode (Figure 27). Those that did fail in nei-tens1on through the center
experienced_excessivé delaminations and fiber separations at failure (Figure 28).
These specimens also reached comparatively high load levels at failure, indicating
relatively high bypass strength for this material system. Three of the wide
specimens'(UHT 16, 17, 18) were cut down in width from 6.0 in. to 4.5 in. to
prevent early doubler failure. With 0.75 in. diameter central holes, these
specimens then had a w/d ratio of 6.0 and all three failed in net-tension at the
central hole (Figure 29). On three other specimens (UHT 34, 35, 36) the end
holes were relocated and "C" clamps were mounted at the ends of the tapered
doublers to add resistance to the high peel forces. Despite this modification,
all three specimens failed in the doublers and end holes (Figures 27 and 30).
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The load-deflection curves for the unloaded hole tension tests are presented
in Appendix A. The test data are summarized in Tables 11 and 12.

4.1.2 Unloaded Hole Compression Tests

The unloaded hold compression specimens all failed through the net-section

at the central hole (Figure 31). All tests proceeded without difficulties
except for the UHC 13, 14, 15 series of three specimens. A malfunction in

the data acquisition system occurred during the testing of UHC-13, with the
result that no data was recorded for that specimen. Stabilizing plates were
mounted on all wide (w/d = 8) specimens to prevent premature buckling failure.
These plates were inadvertently omitted during the testing of UHC-14 and UHC-15.
Both specimens failed at a much lower ultimate Toad than expected due to
compressive buckling failures at the central hole net-section.

Plots of load versus head travel for the UHC tests are contained in Appendix A.
Tables 12 and 14 summarize the test data.

4.2 Double Shear Tests- Phase [
4.2.1 Double Shear Tension Tests

The double shear tension tests resulted in a variety of failure modes for both the
narrow (w/d = 3) and wide (w/d = 8) specimens. Figures 32 through 37 show
several of the failed specimens with different modes of failure.

The narrow specimens were intended to provide data regarding loaded hole net-section
strength. Approximately 50 percent of these specimens resulted in net-tension
failures (Figure 32). Nearly all of the w/d = 3 specimens with 0.75 in. diameter
bolts failed the tapered doublers at the end fittings, followed by a net-tension
failure at the load introduction hole (Figure 33). Some of the narrow specimens
also failed in bearing, and those that did fail in tension were working to a
relatively high bearing stress.

- 12



The wider specimens were designed to fail in bearing and did so with reasonable
consistency (Figure 34). The specimens with 0.25 in. diameter bolts actually
failed in bolt bending with minor bearing deformation due to the bending of

the bolts (Figure 35). The load-deflection curves for these specimens display
a smooth transition from elastic to plastic behavior, clearly representative

of the bolt bending failure. One wide specimen (DST 14) resulted in an
adhesive failure of the bonded doubler between the two clevises, but not before
the ultimate bearing strength had essentially been reached.

For virtually all the specimens that failed in net-tension or in bearing, the
ultimate faflure occurred in the two outer members (Figure36). For this reason,
the thicknesses of the two outer plétes were used for stress calculations.

In all cases the outer laminates were one-half the number of plies of the central
member. The buckling and delamination of outer plies (in the strap members)
associated with bearing failures was restricted in the central member due to
clamp-up effects. This phenomenon contributed to the bearing deformation.
occurring predominantly in the outer members. In addition, any eccentricities
causing unequal loading between the outer plates would result 1n.fa11uré of

those members prior to the central blade.

One area of concern was the apparently high level of scatter between the slopes
of the load deflection curves for identical specimens. In response to this,

a number of steps were taken to ensure that the data acquisition system was not
the cause of this scatter. More frequent checks were made to ensure that load
and deflection scales on the plotter correctly represented the actual measurements.
A total of 12 runs were made with DST specimen 14, all within the elastic

range of behavior (see Appendix B). Sets of 3 runs were made with the
extensometer adapter mounfed on the plate centerline, 1/8 in. over the centerline,
1/8 in. under the centerline, and with the bolt torque increased from 50 to

90 in.-1b. The load-deflection curves yielded very consistent results throughout
the repeated loadings despite these varied conditions. Suggesting the cause

of this scatter would still be speculation at this time.
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Appendix B contains the load-deflection curves for the double shear tension tests.
A summary of the test data is presented in Tables 15 and 16.

4.2.2 Double Shear Compression Tests

The double shear compression tests were completed without any deviations from the
anticipated behavior. Approximately 50 percent of the narrow (w/d = 3) specimens
failed in compression, the remainder consisting of bearing failures (Figure 38).
Compression failures for these specimens usually consisted of a shear/buckling
failure occurring immediately at the boundary of the washer at the central hole.
A11 of the specimens that failed in'compreséion were working to a very high bearing
stress. The remainder of the narrow specimens did, in fact, fail 1n bearing.

Most of the wide specimens (w/d = 8) resulted in bearing faflures. The only
exceptions were the three wide specimens with 0.25 in. diameter bolts (DSC-28, 29,
" 30) which failed in bolt bending with some minor bearing damage (Figure 39). Three
specimens (DSC 10, 11, 12) which had 0.50 in. rather than the planned 0.25 in.
“holes also failed in bearing at a w/d ratio of 4.0. As was the case for the DST
tests, failures occurred consistently in the outer clevis plates of the DSC
specimens . '

The slopes of the load deflection curves for the DSC tests were notably more

consistent among identical specimens than they were for the DST tests. The load-
deflection curves are presented_in Appendix B. The test data are summarized in

Tables 17 and 18.

4.3 Single Shear Tension & Compression Tests - Phase I

The single shear test results were consistent for both tension and compression
tests. All the single shear specimens had a w/d ratio of 8.0 and all failed

in bearing. Examination of the 1oad deflection curves clearly indicates the
yield point at which plastic bearing deformation begins. This change in

14
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stiffness was generally less severe than that observed for the double shear tests.
Bearing strengths were fairly consistent between SST and SSC tests of the same
geometry.

The plastic range of bearing deformation was also clearly audible from the initial
ply failures through to ultimate load.

Measurements of bolt head rotation were taken for all single shear tests.

Although readings of the laser beam deflection were taken incrementally,

the variation of bolt head rotation with load appeared essentially bilinear

and analogous to the path of each load-deflection curve. These data were

gathered in anticipation of their potential significance to the 1oad-dgflection
characteristics of single-shear joints. A measurable amount of permanent

bearing deformation was sustained by the aluminum bushings as well as the graphite
plates. The aluminum bushing bearing areas were the same as the graphite for

each hole. Bearing yield deformation of both members must be considered when
making use of the load-deflection data.

The load-deflection curves for the single-shear tests are presented in
Appendix C. The test data are summarized in Tables 19 through 22.

4.4 Composite Stress Concentration Factors - Phase I

The composite stress concentration factors for all Phase I double shear
tests that experienced net-section tension failures and for unloaded hole
tests appear in Tables 23 through 25. Elastic stress concentration factors
are calculated for each w/d ratio by the methods given in Reference 3. The
composite stress concentration factors are calculated from the test data
using the formula:

(Fy,) (w=d) (t)

p

tc
ult
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where Ftu is the unnotched tension allowable, Pult is the specimen failure
load, and w, d and t are the specimen width, diameter and thickness,
respectively. Thus, the cpmposite stress concentration factor is the ratio
of the peak stress at the side of the hole (where failure occurs) to the

average net-section stress.

4.5 Unloaded Hole Tests - Phase II

Tests were performed successfully on all 48 unloaded hole tension coupons.
" The results of these tests appear in Tables 26 through 28.

4.5.1 Unloaded Hole Tension

The unloaded hole tension testing consisted of two sets of 18 specimens.

Snecimen geometries used in each set were identical, the only difference

being the 5 mil versus 10 mil tabe prepreg used for laminate fabrication. Test
results among geometrically identical specimens were generally consistent, with no
significant difference between laminates of differing ply thickness. The 5 mil
specimens did generally exhibit a more uniform net-section failure as compared to the
10 mil specimens which were more severly damaged and delaminated around the

hole. The stress concentration factors derived from these tests provided

‘an adequate data base to support analytical strength predictions for

multirow bolted joints (Reference 3).

4.5 Double Shear Tests - Phase II

A1l but two of the 36 double shear specimens planned were successfully fabricated
and tested, generating the requisite data. Table 29contains the test results

for the double shear tests. Load deflection curves for Phase Il tests are
contained in Appendix D.

4.6.1 Double Shear Tension

Test results for net-section tension strength and associated stress concentration
factors are consistent with Phase I results. The stress concentration relief
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factors (C-factors) are equivalent to earlier test-generated values. They are
approximately 0.25 for fiber pattern A and 0.41 for pattern B.

Two sets of épecimens were bearing critical. Those with composite splice plates
had simultaneous bearing failures in the splice and central skin, and reached
ultimate bearing stress levels of 126 to 128 ksi. Those with titanium

splices failed in the central composite skin at bearing stresses of 154 to

162 ksi. The results are attributed to clamp-up provided by the splices

and somewhat higher fastener torque which may have prevented delamination in

the éurface plies of external composite splices.

4.6.2 Double Shear Compression

The compression tests were designed to provide bearing strength data not
obtained‘by Phase I tests due to bolt bending. This series used 0.375 in.
diameter bolts with w/d ratios of five.

The compression specimens with composite splices one half the thickness of
the central skin experienced simultaneous bearing failures with bearing
stress levels of 104 to 115 ksi. Specimens with thicker splices failed in
the central skin at bearing stresses of 131 to 132 ksi, while experiencing
some bolt bending with 0.375 in. diameter bolts. The early bearing failures
can be attributed to a lack of clamp-up as the external splices begin to
fail in bearing.

4.6.3 Composite Stress Concentration Factors - Phase II

Composite stress concentration factors were calculated for all Phase II
double shear tests that experienced net-section tension failures and for
unloaded hole tests. The Phase 11 values appear in those tables referénced
in Sections 4.4 and 4.5. These values are used to predict the bearing-
bypass strength in composite multi-row bolted joints.
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4.7 Elastic Spring Rates

The measured elastic spring rate values from all of the Phase I and II
loaded hole tension and compression tests appear in Table 30, 3land 32.
These values, found by taking the slope of the linear portion in the load-
deflection plots for double shear tests (Appendix B and D), provide the data

necessary for accurate solutions of bolt load distributions in multi-row
holted joints.

4.8 NASA Standard Tests

The NASA ST-1 through ST-5 tests were performed on several new material systems.
The tests, as documented in NASA Reference Publication 1092, are Compression
After Impact, Edge Delamination, Open Hole Tension, Open Hole Compression and
Hinged Double Cantilever Beam Tests. In Phase I, the NASA Standard Tests were
performed using the 914/T300 system with 10-mil tape (used through the joints
development program). The results for these tests appear ir Tables 33

through 37 . As part.of the Phase Il effort a new toughened system using

the Ciba Geigy 2566 ‘resin with Celion High Strain Fibers was evaluated.
Results from these tests appear in Tables 38 through 42 . In addition, the
ST-2 and ST-5 tests were pefformed on 914/T300 laminates fabricated with

5 mil tape for comparison to tests with 10 mil tape laminates from Phase I.
Results of these tests appear in Tables43and 44 .

The 5 mil specimens resulted in similar GIC values to 10 mil tape laminates,
but much higher Gc values obtained from the Edge Delamination Test, apparently
due to the resulting lower interlaminar stresses. The 2566/CHS laminates
demonstrated good properties for all toughness measurements. Figure 40 shows
an open hole ST-3 specimen. Figure4dl shows thres ST-1 compression after
impact specimens. 4
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5.0 BASIC MECHANICAL PROPERTY TESTS

5.1 Phase I Tests

The ancillary test program included a series of tests to determine basic laminate
strength allowables and modulus values. A total of six (6) tension and six (6)
compression tests was fabricated as in Figure 42 Among each set of specimens,
three (3) consisted of layup Pattern A, and three (3) of layup Pattern B.

The tension tests were run using self-tightening friction grips at the ends

with an extensometer attached to the specimen along the constant section to
measure Young's Modulus. One specimen of each group (Pattern A, B) had strain
gauges at the minimum section. The extensometer was removed from each specimen

at approximately 2/3 the anticipated failure load, and the test was then continued
to failure. '

The compression tests provided ultimate compression strength data only. The
specimens were made with potted ends similar to all previous compression specimens
(Figure 43).

Table 45 summarizes the results for the tensfon and compression tests.
Ultimate tension stresses are calculated based on the minimum width section.
In addition, these stress vaIues are multiplied by the appropriate stress
concentration factor associated with this type of specimen.

Several tension specimens failed at some distance away from the minimum cross-
section (Figure 44). This result suggests that the stresses presented in
Table 45 may be considered minimum allowable stresses in tension.

5.2 Phase II Tests

An additional series of tests to find basic laminate properties were run in
Phase II. Three tension specimens made with 5 mil tape and three with 10 mil
tape were tested in order to compare strength and stiffness properties. The
results of these tests are presented in Table 46.
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6.0 SUMMARY AND CONCLUSIONS

Basic unloaded hole and single bolt loaded hole test data are presented
which support the analysis of multirow bolted joints in thick, highly
loaded composite structures. The results characterize the strengths and
failure modes of composite joint specimens loaded in tension and
compression. Unnotched laminate tests were also run to provide a basis
from which the notched specimen strengths can be evaluated.

The measured section strengths for unloaded and loaded hole specimens

provide the data necessary to calculate the stress concentration factors

at failure for notched composite laminates. This data also reaffirms that
composite cross-ply laminates do exhibit substantial relief from strength
reductions associated with linear elastic stress concentration factors.

The notched strength data also indicates that the B pattern laminate

(37.5, 50, 12.5) is more notch sensitive (or, shows less stress concentration
relief) than the quasi-isotropic pattern A, when compared to their respective
unnotched strengths. Despite the greater sensitivity to discontinuities, the
B pattern notched strengths are substantially higher than the quasi-isotropic
A pattern.

The series of tests comparing the unloaded hole tensile performance of laminates
fabricated with 5-mil and with 10-mi1 tape did not show any difference in '
strength levels between the two laminates. However, the appearance of

the two specimen types after failure are quite different. The 5-mil tape
laminates sustain a relatively "clean" net-section failure through the hole
while the 10-mil tape specimens suffer extensive delamination and inter-
laminar fracture. This may be attributed to the higher interlaminar
stresses that arise from the use of thick ply material.

The bearing strengths of composite joints were measured for single and double
-shear configurations. Phase I double shear specimens were all tested with
splice plates that were one-half the thickness of the central blade. Thus,
all failures occurred in the external splices which were not afforded any
additional clamp-up beyond the washer surface area, providing less resistance
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to the buckling or delamination of outer plies; a failure mode which is
typically associated with bearing failures in composite laminates. Phase II
tests designed to fail the central blade of a double shear joint in bearing
demonstrated bearing strength increases of 30 to 60 percent above that of an
external splice.

Joint load-deflection properties were measured for a variety of laminate
thicknesses, bolt diameters, and fiber patterns. The magnitude of these
values vary considerably between confiqurations, and in many cases, an
apparently large degree of scatter between elastic spring rates for

identical specimens was shown. These measurements also indicated that
composite joints may undergo substantial nonlinear deformations prior to
failure, particularly in the case of bearing failures. In some cases,

bolt bending failures were observed prior to the occurrence of any significant
damage to the composite material.

NASA Standard Test results provide a basis for comparison betweén different
material systems. The edge delamination test results for the

914/T300 material for 5-mil and 10-mil tape laminates show that significant
differences in performance exist between laminates with a relatively sma]]
change in the basic ply thickness. The results of standard tests on the
CHS/2566 material indicate that there are substantial benefits available
from the improved material properties of new systems which will have a
significant 1impact on the design of composite aircraft structure. In

the case of joints technology, the new high strength/high strain fibers
used with toughened resin systems are yielding higher notched (and
unnotched) strengths, which translate directly into improved joint
performance.
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BOLT HEAD ANGLE CHANGE MEASUREMENT
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FIGURE 17 DOUBLE SHEAR TENSION SPECIMEN - PHASE II
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FIGURE 18 DOUBLE SHEAR TENSION SPECIMEN - PHASE II
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FIGURE 19
UNLOADED HOLE TENSION TEST SPECIMEN CONFIGURATION
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FIGURE 20

BOLTED DOUBLE SHEAR SPECIMEN CONFIGURATION
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TEST SET-UP - DOUBLE SHEAR TENSION TEST
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