NASA /TM—1999-209735

Static Strength Characteristics of Mechanically

Fastened Composite Joints

(MSFC Center Director's Discretionary Fund Final Report,
Project No. 95-07)

D.E. Fox and K.W. Swaim
Marshall Space Flight Center, Marshall Space Flight Center, Alabama

|
September 1999



The NASA STI Program Office...in Profile

Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this important
role.

The NASA STI Program Office is operated by
Langley Research Center, the lead center for
NASA’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STT in the world. The
Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:

* TECHNICAL PUBLICATION. Reports of
completed research or a major significant phase
of research that present the results of NASA
programs and include extensive data or
theoretical analysis. Includes compilations of
significant scientific and technical data and
information deemed to be of continuing reference
value. NASA’s counterpart of peer-reviewed
formal professional papers but has less stringent
limitations on manuscript length and extent of
graphic presentations.

¢« TECHNICAL MEMORANDUM. Scientific and
technical findings that are preliminary or of
specialized interest, e.g., quick release reports,
working papers, and bibliographies that contain
minimal annotation. Does not contain extensive
analysis.

*» CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

* CONFERENCE PUBLICATION. Collected
papers from scientific and technical conferences,
symposia, seminars, or other meetings sponsored
or cosponsored by NASA.

» SPECIAL PUBLICATION. Scientific, technical,
or historical information from NASA programs,
projects, and mission, often concerned with
subjects having substantial public interest.

* TECHNICAL TRANSLATION.
English-language translations of foreign scientific
and technical material pertinent to NASA's
mission.

Specialized services that complement the STI
Program Office’s diverse offerings include creating
custom thesauri, building customized databases,
organizing and publishing research results...even
providing videos.

For more information about the NASA STI Program
Office, see the following:

* Access the NASA STI Program Home Page at
http://www.sti.nasa.gov

* E-mail your question via the Internet to
help@sti.nasa.gov

* Fax your question to the NASA Access Help
Desk at (301) 621-0134

* Telephone the NASA Access Help Desk at (301)
621-0390

*  Write to:
NASA Access Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320



NASA /TM—1999-209735

Static Strength Characteristics of Mechanically

Fastened Composite Joints

(MSFC Center Director's Discretionary Fund Final Report,
Project No. 95-07)

D.E. Fox and K.W. Swaim
Marshall Space Flight Center, Marshall Space Flight Center, Alabama

National Aeronautics and
Space Administration

Marshall Space Flight Center « MSFC, Alabama 35812

S

September 1999



Available from:

NASA Center for AcroSpace Information National Technical Information Service
7121 Standard Drive 5285 Port Royal Road
Hanover, MD 21076-1320 Springficld, VA 22161
(301 621-0390 (703) 487-4650

ii



TABLE OF CONTENTS

1 INTRODUCTION ..ottt et e e s s 1
2. COUPON TEST CONFIGURATION .......cooiiioiiiieiiiietoeeeeeeeeeeeeeeee e, 2
3. TEST CONFIGURATION L.....ccciiiiiiiinininieeieieeee ettt es e e 3
4. COUPON TEST RESULTS ..ottt 4
5. POSTTEST CORRELATION ANALYSIS ...oootiiiiiee e, 5

5.1 Finite Element MOdeling ........cccoooiimiiiioiiiiiiiiiteeeecee e, S

5.2 Bolted Joint Stress Field Mode FORTRAN Code ..........cccoovoveiiviiiceieeeeeeeeeeen. 5

5.3 Analytical Methods .........ccccccoiiiiiiiieii e 5
6. DISCUSSION ..ottt ettt et et e et s e 7
7. CONCLUSION Lottt ettt ettt et e e 8
REFERENCES ...ttt ettt 21

i






3]

LIST OF FIGURES

COUPON AESIZN ...ttt e e e e et e s e es e,
Phase A 1ESE data ........coouiuiiiieee et ee e en e s
Phase B test data .........ooociiiiiiiie et
Phase C eSE data ........c.ouiuiiiiiiieeee ettt ettt
Phase D test data ..o,
Phase E test data ..ottt
Phase F 1test data ..........ooiiiiiiiiii e
Phase G eStdala ..o e,
Phase H 1St data .....c..cooiiiiiiiiiiiei et e
Phase THESUAAA .....oooiiiiiiiite e e e e s e

Phase J et data oo e

Phase L test data ........oc.oooiiiiiiiiei ettt
Phase M Test data .......ocoiiioiiiiiiiiec ettt
Phase N 1eSUAAta ...ttt et
Phase O 1eSUdala ..ottt
Phase P lest datil .......ooiiiiiiiice ettt
Phase Q teSEdatil...cc.ooieiiiec et
Phase R IeSUAAta ..o,
Failure definilion ... e,
Phase P coupon 4 1St data .. ....ccoiiiiiiicie ettt

Phase P test coupon finite element model ........coocoioiiiiiiio e



l.

P

LIST OF TABLES

Test coupon deSIZN MALTIX ..ot

Test coupon measured and predicted failure 10ads ..o

vi



TECHNICAL MEMORANDUM

STATIC STRENGTH CHARACTERISTICS OF MECHANICALLY
FASTENED COMPOSITE JOINTS
(MSFC Center Director’s Discretionary Fund Final Report, Project No. 95-07)

1. INTRODUCTION

Composite materials used in spacecraft design offer many advantages in weight reduction.
strength, and stiffness when compared to conventional materials. However, to utilize composites fully. a
thorough understanding of the joint strength is required to prevent premature failure of a component at
an interface. Analysis of bolted composite joints presents a great challenge to the structural analyst
because of the large number of parameters, which will affect the strength. These parameters include
edge distance, width, bolt diameter, laminate thickness. ply orientation, ply-stacking sequence. and bolt
torque. Since the strength characteristic of a composite joint is unique due to the influence of these
parameters, strength data derived from structural testing is required to allow for a thorough assessment.

The purpose of this research project is to evaluate the influence of various hole parameters on
the structural strength characteristics of mechanically fastened composite joints. Testing is performed to
determine the strength characteristics. Testing is followed by analysis and test data correlation. The
successful correlation of test and analytical data will increase confidence in analysis methods, allow
formulation of a coherent analysis methodology. and permit development of further analytical
techniques. Also. the research will improve the understanding of testing composite joints and associated
failure modes.



2. COUPON TEST CONFIGURATION

The composite coupons used for testing were fabricated from IM6/3501 graphite epoxy 32-ply
quasi-isotropic laminate. This material system is selected because the extensive A-basis material data-
base available. The quasi-isotropic laminate is selected because it is a typical design in structural appli-
cations. Eighteen different coupon configurations were designed with the following hole parameters:

Diameter: d=0.164, 0.194, 0.25 in.
Edge Ratios: e/d=1.5,2.0,3.0

Width Ratios: w/d=2.0,25

Torque: Q=00in.-b

The general coupon design is shown in figure 1 and table 1.

Table 1. Test coupon design matrix.

No. of
Test Phase | d{in.) | e/d e(in) | wid w (in.) | Coupons
A 0.164 | 1.50 | 0.246 | 2.50 0.410 7
B 0.164 | 2.00 | 0.328 | 250 0.410 7
C 0.164 | 3.00 | 0492 | 250 0.410 7
D 0.164 | 150 | 0.246 | 4.00 0.656 7
E 0.164 | 2.00 | 0.328 | 4.00 0.656 7
F 0.164 | 3.00 | 0492 | 4.00 0.656 7
G 0.190 | 150 | 0.285 | 2.50 0.475 7
H 0.190 | 2.00 | 0.380 | 2.50 0.475 7
I 0.190 | 3.00 | 0570 | 250 0.475 7
J 0.190 | 150 | 0.285 | 4.00 0.760 7
K 0.190 | 2.00 | 0.380 | 4.00 0.760 7
L 0.190 | 3.00 | 0.570 | 4.00 0.760 7
M 0250 | 150 | 0375 | 250 0.625 7
N 0.250 | 2.00 | 0500 | 250 0.625 7
0 0250 | 3.00 { 0.750 | 2.50 0.625 7
P 0.250 | 150 | 0.375 | 4.00 1.000 7
Q 0.250 | 2.00 | 0.500 | 4.00 1.000 7
R 0.250 | 3.00 | 0.750 | 4.00 1.000 7

[}




3. TEST CONFIGURATION

Coupon testing was performed using a double-lap shear test fixture. A shear pin was used to
secure the coupon to the test fixture since torque from a fastener would add friction thus increasing the
strength capability of the joint. A 5.000-1b tensile test machine was utilized to test the coupons. Testing
followed the methodology specified in ASTM E 238-84, Standard Test Method for Pin-Type Bearing
Test of Metallic Materials' and MIL-HDBK—-17B. Polymer Matrix Composites.” All testing was per-
formed using displacement or stroke control.!



4. COUPON TEST RESULTS

Seven coupons were tested for each coupon configuration. The test data for each coupon test
phase was plotted and reduced. Many of the plots exhibited a slight lag at the beginning of the load
application, which represented the looseness or “slop” in the test setup. This “slop™ was removed from
the data and the coupon test data for each test phase was combined into a single plot. Numerical analysis
was performed on the data utilizing the Chauvenet’s Criterion, thus eliminating dubious data points.?
Figures 219 show the coupon test data for each test configuration.

Based on the data reduction, an initial failure load was calculated. This failure load is defined to
be the first hump in the curve, the point where the laminate could not sustain any more loading without
significant displacement at the bolthole. The majority of the coupons tested in each test phase exhibited
similar load and displacement characteristics up to the defined initial failure load. Ultimate failure is
defined as the complete failure of the composite coupon. Not all test coupons were tested to ultimate
failure, and components would never be designed to this ultimate failure load. Definitions for ultimate
failure load, initial failure load, and first-ply failure are shown in figure 20.



5. POSTTEST CORRELATION ANALYSIS

Posttest analysis of the data was performed using finite element modeling techniques, FORTRAN
programs. and closed-form methods. The finite element method and FORTRAN programs only looked at
predictions of first-ply failure and did not consider any type of nonlinear effect or progressive failure. The
closed-form method which is a modified equation to the bolthole bearing stress calculation was used in an
attempt to match the initial failure load (previously defined) from the test data.

5.1 Finite Element Modeling

NASTRAN v70 finite element models, along with PATRAN, were used to perform analysis on the
Phase P coupons. Models were built to gain understanding of the stress distributions on the various plies
of the laminate. Loads were applied to the hole using cosine load distributions and the end of the coupon
was fixed. Results of the analysis showed first-ply failure of the laminate to occur at loads >50 percent of
the initial failure load. This was expected since the transverse strength of a single ply is significantly
lower than the fiber direction. However, even after the predicted first-ply failure, the laminate still exhib-
ited significant strength. Figure 21 presents the first-ply failure loads relative to initial failure load. and
figure 22 shows the NASTRAN finite element model.

5.2 Bolted Joint Stress Field Model FORTRAN Code

The Bolted Joint Stress Field Model (BJSFM) FORTRAN code was also used to determine the
stress distributions around the hole of the composite.* It was found that the results from the BISFM
model were very similar to the NASTRAN model. The BISFM calculates the bolthole load that corre-
sponds to the first-ply failure of the laminate. For the Phase P coupon., the failure was calculated on the
90-degree ply in its transverse direction (reference fig. 21).

5.3 Analytical Methods

In an attempt to analytically predict the initial failure load as defined above. a modified bolthole
bearing stress calculation was performed. The calculation is based on the bolthole diameter. the laminate
thickness, and the calculated laminate strength at first-ply failure:

Fbo=S*T=*=D (hH
where:
S = calculated laminate compression strength (psi)
(based on Tsai Hill Failure Theory)
T = thickness (in.)
D = hole diameter (in.)
Fb = predicted failure load (1b).



Table 2 compares the test measured initial failure load and the predicted failure load using the
above relationship.

Table 2. Test coupon measured and predicted failure loads.

e/d w/d Measured | Predicted
Test Phase | Dia.(in.) | Ratio | Ration | Failure (Ib) | Failure (Ih)
A 0.164 15 2.5 1277 1279
B 0.164 2.0 25 1318 1279
C 0.164 3.0 25 1139 1279
D 0.164 15 4.0 1388 1279
E 0.164 2.0 4.0 1302 1279
F 0.164 3.0 4.0 1256 1279
G 0.190 15 2.5 1454 1481
H 0.190 2.0 2.5 1438 1481
I 0.190 3.0 25 1410 1481
J 0.190 15 4.0 1424 1481
K 0.190 20 4.0 1395 1481
L 0.190 3.0 4.0 1371 1481
M 0.250 1.5 2.5 2203 1949
N 0.250 2.0 2.5 2191 1949
0 0.250 3.0 2.5 2055 1949
P 0.250 1.5 40 2157 1949
Q 0.250 2.0 4.0 2099 1949
R 0.250 3.0 4.9 1971 1949




6. DISCUSSION

As previously mentioned, the first-ply failure occurs at a load much lower than the initial failure
load. All failures after first-ply failure are progressive-type failures where serious matrix damage,
delamination, and fiber breakage is occurring and the stiffness is changing. Attempts were made during
modeling to remove plies from the laminate after predicted failure to adjust stiffness and to determine
new stress levels; however, no trend was found to match the test data. This method to model the progres-
sive failure of the laminate was found inadequate.

As shown in table 2, the modified bolthole bearing stress calculation correlated well with the test
data. This method is based only on a pin-type connection; however, a preloaded connection would only
increase load-carrying capability.



7. CONCLUSION

The purpose of this research project was to evaluate the influence of various hole parameters on
the structural strength characteristics of mechanically fastened composite joints. The purpose was not to
develop failure theory codes that would be capable of evaluating different failure mechanisms in the
composite-bolted connection for a given load.

The test data revealed that even after first-ply failure, the bolted connection (tested) still main-
tained considerable strength capability. The research performed for the configurations tested showed that
if the BJSFM FORTRAN code or finite element models are used to predict bolthole failures based on
ply properties, the actual bolthole capability is higher. The modified bolthole-bearing calculation agreed
well with the initial failure load obtained from tests for the configurations tested.

The methods discussed here should not be substituted for testing of an actual configuration. This
type of analysis offers a tool or methodology to the designer/analyst for preliminary design predictions
to be made on the structural strength characteristics of mechanically fastened composite joints.
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