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ABSTRACT

idechanically fastened joints of CIP/HIP-l beryllium were investigated.
A standard ASTM pin-jointed bearing strength test was used to determine
the effect of hole size and edge distance-to-thickness ratios on the bear-
ing strength of beryllium plates. Joints for structures were studied by
testing two types of arrangements of pin holes with different transverse
pitches.

From the standard ASTM pin-jointed bearing strength tests, it was de-
termined that the design criterion for single-pinned joints of CIP/HIP-l
beryllium should be based on maximum stress instead of net cross-section
stress. Furthermore , it was found that if the edge distance-to-pin diam-
eter ratio was kept constant, the specimens would have the same bearing
yield stress, bearing strength, and maximum bearing strain. In the in-
vestigation of structural bolted joints, the double-bolted joints show
that the transverse pitch and hole pattern have no effect on the load-
carrying capability. -
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I. INTRODUCTION

The application of beryllium for potential use in aerospace structures has
been limited because of poor ductility. CIP/HIP-l beryllium from Kawecki Berylco,
Inc., exhibits a ductility of greater than 3% in uniaxial tension. Combining this
increase in ductility with the high specific modulus, 6x108 in. (15.2x10 8 cm) ,  makes
beryllium a serious candidate along with the advanced composites as strategic rüs-
sile structural materials. Hence, an extensive characterization program on CIP/
HIP-l beryllium has been completed. This characterization includes determination
of stress-strain behavior over a wide range of strain rates, tempera ture effec ts ,
Bauschinger effect, yield surface and strength under biaxial loadings, and frac-

• ture toughness. Early program results have been reported in References 1 and 2
and the remaining results will be reported in the future.

• This study deals with the important question to missile designers : Can
beryll ium structures be connected together by mechanically fastened jo ints? The
response to this need was to conduct a two-stage test program. In the firs t stage ,
a standard (ASTM-E-238) pin-jointed bearing strength test was performed to evalu-
ate load-carrying capability of a single-pin-loaded specimen and pro vide the bas ic
design data for mechanical fastened joints. In the second stage , test specimens
with three types of pinhole arrangements were tested to eval uate the effec t of
pitch on the load-carrying capability and determine the geometric parameters of
the multiple hole structural joints.

I I .  MATERIAL

Material description for CIP/HIP.-l beryl l ium is given in deta il in References
1 and 2. To make this a self-contained report, a brief description is given. All
specimens were taken from a hollow CIP/HIP-l beryllium cylinder with a wal l thick-
ness ~f three inches. The cylinder was fabricated by first cold isostatically
pressing impact-attritioned P-i powder at 60,000 psi (414 MPa) at 75% of theoretical
density. This was followed by hot isostatic pressing in evacuated steel cans fitted
with steel mandrels. The assemblies were outgassed at 1350 F (730 C) and isostati-
cally pressed for three hours at 1950 F (1065 C) at a pressure of 15 000 psi
(103 MPa).

Density of the f inished pressing was 1.852 g/cc. Grain size ranged from 8 to
9 microns , and the chemical analys is shows that the material con tains

Wt, % Parts Per Million

~~~~~~~~~~~~1.09 200 40 35 83 230 25 <5 40 1 13 <10 125

I. CHOIJ, S. C., ARONI N, L. R., DJGNA M, .1. F., and RAINEY , J .  H. Mechanical Behavior of CIP/HIP .] Beryllium as a Function
of Strain Rate and Stress History. Proceedings of the Fourth International Conference on Beryll ium, London , England ,
4.7 ~~~~~~ 1977.

2. DIGNAM , J. F., ARONIN, L R., CHOU. S. C.. and RAINEY . I .  H. Tempera ture Effect s on Mechanical Properties of C/P/HIP .!
Beryllium. Proceedingi of the Fourth International Conference on Beryllium, London, England, 4-7 October 1977 .



Most specimens taken from the pressed hollow cylinder for the purpose of this
study were machined in such a way that the direction of load for specimens would
always be along the longitudinal axis of the hollow cylinder (see Figure 1), except
five specimens for which the load direction would be along the circumferential di-
rection of the cylinder. This arrangement would evaluate the isotropy of the
material.

z

x 
~~ 

X = Circumferential
Z = Longitudinal
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~~~~~~~~~~~~~~~~ \
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Fi gure 1. Orientation of specimens machined from CIP/HIP.1 beryllium cylinder in the X and Z directions.

I I I .  PIN-TYPE BEARING TESTS (A5TM-E-238)

Pin-type bearing yield and strength data are important because they establish
baseline bearing data values from which mechanically fastened joints can be de-
signed. The objectives of the pin-type bearing tests of this study are to deter-
mine the effects of geometry, strain rate, directional ity, and specimen thickness
on the bearing yield and bearing strength of CIP/HIP-l beryllium. The tests were
performed according to ASThI Standard E-238 by using an automated material charac-
terization system. This system is described in detail in the Appendix.

Specimen Conf igura t ion

According to ASThI Standard E-238, the specimen shall be a flat sheet type,
with the full thickness of the product being used, if possible. A ratio of pin
diameter to specimen thickness of from 2 to 4 has been used to prevent breaking
or~bending the pin before the bearing strength is obtained. If a specimen is too
thin , buckling may occur. The hole should have approximately the same diameter
as for the intended use. The width of the specimen should be about 4 to 8 times
the hole diameter. The ratio of edge distance to hole diameter of 1.5 and 2.0 is
commonly used. The total length of the test specimen is not critical .
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Based on these guidelines , the dimens ions of specimens used in this study are
listed in Figure 2. Two specimen thicknesses (T) were chosen, namely: 0.3 inch
(0.762 cm) and 0.25 inch (0.635 cm); and two hole diameters (D) 0.625 inch
(1.588 cm) and 0,5 inch (1.27 cm) were used to determine the bearing strength of
the specimen. Both ratios of edge distance (E) to hole diameter of 1.5 and 2.0
were used to investigate the effect of the ratio on the bearing strength. In
other words , there are four groups of specimens used in the pin-type bearing test
to determine the bearing characteristics.

,- P R I M A R Y  AXI S
DO NOT D EB UR R  —‘ V

D ± 0.001 DIA. IIIBIO.00061
/ NOTE 1 (00 NOT OEBUR R)NOTE S

SEcONDARY — _______ 
I

AXIS 

~~ ~~~ LNo.oosl

- GROUP
NO. T W E 0 L C

-01 0.300 3.000 0.938 0.625 6.000 1.500
-02 0.300 3.000 1.260 0.625 6.000 1.500
-03 0.250 3.000 0.750 0.500 6.000 1.500

L -04 0.250 3.000 1 000 0.500 6.000 1.500
W/2 DIA . ± 0.001
0.02/0.03 R _______

ALL EDGES 3. BREAK OUTSIDE EDGES APPROXIMATELY 0.03 RAD. UNLESS SPECIFIED
Ij ~ o.ooosI 

+ 4. FOR BERYLLIUM ONLY~
ETCH TO FINISHED DIMEN SIONS.

W/2

_______ 
/~r ,ln 0o I 5. MARK IN lIE” CHARACTER S WITH BLACK EPOXY INK . OR ELECTRO

_______ 
Ii ETCH , APPLICABLE SPECIMEN IDENTIFICATION NUMBER .1/11810.001 LIA1O.0O1I

1. A SMOOTH, ROUND HOLE WITH A MINIMUM OF COLD WORK ON THE
SURFAC E MUST BE OBTA INED. THE FINISH ED HOLE IS GENERALLY UNLESS OTHERWISE SPECIFIED OIMENSIONSfl

BORED . REAMED . OR GROUND AS A FINAL OPERATION TO OBTAIN 
~~~THE DESIRED DEGRE E OF ROUNDNESS. ANY BURR ON THE PERIPHERY

OF THE HOLE IS INDICATIVE OF A COLD WORKED SURFACE ON THE DECIMAL PIN TYPE BEARING
HOLE AND SHOULD BE AVOIDED . REMOVAL OF THE BURR WILL NOT RASIC DIM 2 PlC 3 PLC FRACTIONS STRENGTH SPECIMEN
ELIMINATE THE COLD WORK. REF . ASTM F 238-68. UNDE R 6~’ ±  0.02 ± 0.010 ± 1(32

6” TO 24” ± 5,03 ±0.020 ± 1(16

2. UNLESS OTHERSIWE SPECIFIED , ALL SURFACES TO HAVE A 326. ANGELS±I/2

Figure 2. Single-hole pin-type bearing strength specimen configuration.

Test Techniques and Data Presentation

All tests were performed in accordance with ASTM Standard E-238 enti t led
“Pin—Type Bearing Test of Metallic Materials” except for the following. Since
beryllium is a toxic material , special precautions were taken to prevent the es-
cape of hazardous contamination from the specimen fracture. No additional work
(mach ining, sand ing, etc.) was done on the specimen hole because the specimens
had been etched. Several different size pins were mach ined to compensa te for
the tolerances in the specimen hole. The pins were machined from 4340 steel with
a hardness of HRC 60, and were centerless ground to size and polished to an 8
microinch finish. Specimens , pins , and fixtures were cleaned wi th MEK before

3



final assembly to ensure that there was no grease or contamination on the bear-
ing surfaces. An MTS Model 623.028-20 clip gage, used to measure bearing strain,
was attached to the specimen through an adaptor as shown in Figure 3. Tests were
run under cli p gage contro l so bearing strain rates were constant during the test.
In this study specimens were tested at strain rates of ~~~~~ 10- 2 , and 1.0 per
second . The load , displacement , beari ng strain (cl ip gage),  and time were re-
corded on the data acquisition and control system. All tests were conducted at
room temperature and a relative humidity of approximately 70%.

A few technical terms , as defined in ASTM Standard E-238, are l isted here for
clarification and un i formity in our data analysis and presentation.

(P Bearing Area - the product of the pin diameter and the specimen thickness.

(2) Bearing Stress - the force per unit of bearing area.

(3) Bearing Strain - the ratio of the bearing deformation of the bearing hole,
in the direction of the applied force, to the pin diameter.

(4) Bearing Yield Stress - the bearing stress at which a material exhibits a
specified limiting deviation from the proportionality of the bearing stress to the
bearing strain.

(5) Bearing Strength - the maximum bearing stress which a material is capable
of sustaining.

Fi gure 3. Grip and measuring arrangement for
the single-hole bearing strength specimen.
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(6) Edge Distance - the distance from the edge of a bearing spec imen to the
center of the hole in the direction of the applied force.

(7) Edge Distance Ratio - the ratio of the edge distance to the pin diameter.

Experimental Results and Discussions

Experimental results for the ASTM Standard pin-type bearing specimen of CIP/
HIP-l beryllium are summarized in Table 1. A typical bearing stress-strain curve
obtained in this study is shown in Figure 4 which also shows the determination of
the bearing yield stress according to the ASTM Standard. It is noticed that the
bearing behaves elastically for bearing stress less than 20 ksi (137.9 MPa),
beyond that the nonlinearity is observed.

Table 1. PIN-TYPE BEARING TEST RESULTS

2% Net-Section
Bearing Bearing Tensile

Pin E/D Yield Strength % t Rupture Stress
Dir. Spec. No. I (In.) D (in.) E 01st. (in.) Ratio ~ (sec ’) (ksi) (ksi) Max. (ksi)

Specimen Group 1

Z BF 11 0.25 0.5 0.75 1.5 0.0001 - 98.6 3.70 19.7
Z 13 0.0001 89.0 99.0 4.20 19.8
Z 14 0.0001 88.5 98.1 4.17 19.6
Z 15 0.0001 88.3 98.7 4.17 19.7
Z 20 0.0001 86.5 100.3 4.80 20.1
Z 25 0.0001 90.6 100.2 4.84 20.0
Z 21 . 0.01 91.0 100.4 4.10 20.1
Z 22 0.01 90.0 99.2 4.27 19.8
Z 23 0.01 89.5 100.4 4.35 20.1
Z 24 0.01 91.0 100.4 3.94 20.1
Z 16 1.0 94.0 100.2 3.94 20.0
Z 17 1.0 92.5 100.3 4.30 20 .1
Z ‘ 18 1.0 93.0 100.6 4.18 20.1
Z 19 1.0 92.5 97.3 3.62 19.5
X BH 1 1.0 - 84.3 2.41 16.9
X 2 1.0 92.0 105.6 4.53 21.1
X 3 1.0 - 78.5 2.08 15.7
X 4 1.0 94.0 101.9 4.17 20.4
X 5 1.0 94.0 101.5 4.22 20.3

Specimen Group 2

Z BG 26 0.25 0.5 1.00 2.0 0.0001 97.0 114.1 5.08 22.8
Z 27 I I 0.0001 102.5 120.5 5.02 24.1
Z 28 I I I 0.0001 102.0 118.8 5.00 23.7
Z 29 I I I 1.0 112.0 119.7 4.40 23.9
Z 30 V V V 1.0 106.5 122.0 4.38 24.4

• Specime n Group 3
Z B.) 1 0.30 0.625 0.938 1.5 0.0001 89.0 95.8 4.00 25.2
z 2 0.0001 88.5 97.1 4.17 25.6
Z 3 1.0 93.5 95.2 3.70 25.1
Z 4 1.0 94.0 94.0 3.10 24.7
Z 5 1.0 92.0 98.4 3.63 25.9

Specimen Group 4

Z BK 6 0.30 0.625 1.25 2.0 0.0001 103.5 118.1 4.47 31 .08
Z 7 0.0001 109.0 111.7 4.16 29.4
Z 8 1.0 107.0 116.9 3 .77 30.8
Z 9 1.0 111.5 120.2 4 .14 31 .6
z 10 1.0 111.0 117.7 3.91 31.0

Note: 1 In. 2.54 cm
1 ks l = 6.89 MPa

5



120 ‘ In I t ial Elastic Loading Curve

100 ‘ ,,Bearing Strength
Pin Dia. Bearing Yield Stress

8 0 ’

Figure 4. Typical bearing stress versus
60 bearing strain curve for CIP/HIP-1

beryllium at a strain rate of 1 sec~~,

20 -

I I
0 I 2 3 4 5

Deformation
Bearing Strain Ipercent) Pin Diameter X 100

Table 1 shows that for spec imens of Group 1 which gives E/D=l.5, there is no
strain rate effect on the bearing strength but there is a slight increase in bear-
ing yield strength with increase of strain rates from l0~~ to 1.0 per second.

Specimens of Group 2, which gives E/D=2.0, were tested at two strain rates:
l0~~ and 1.0 per second. Results show no strain rate effect on bearing yield
stress and bear ing strength, but a slight decrease in the maximum strain. How-
ever , by comparison of results from Groups 1 and 2, we notice that by increas ing
the edge distance or the ratio of E/D from 1.5 to 2.0, the bearing yield stress ,
bearing strength, and the maximum strain are increased.

Specimens of Groups 3 and 4 were tes ted at strain rates of 10~~ and 1.0 per
second. From Table 1, we notice that results from Group 3 agree very well with
those from Group 1, and Group 4 agrees well with Group 2. In other words , the
bear ing yield stress , bearing strength, and maximum strain will have the same
value if specimens have the same ratio of edge distance to hole diameter (E/D)
and maintain the ratio of hole diameter to plate thickness (D/T) between 2 to 4.
However, the larger E/D ratio (E/D=2.0) gives a larger value of bearing yield
s tress , bearing strength, and maximum strain.

As mentioned in Sec tion II , five Group 1 type specimens were taken from the
hollow cylinder in such a way that the loading direction of the bearing test spec-
imen was along the circumferential direc tion of the hollow cylinder. These speci-
mens were tested at a strain rate of 1.0 per second and results were compared with
other Group 1 type specimens tested at the sane condition. There appears to be no
directional effect on the bearing stress-strain responses. This conclusion agrees
with the findings in References 1 and 2 which show that the CIP/HIP-l fabrication
process provides an isotropic structure.6



Figure 5 shows the dimensions and typical patterns of fracture for the pin-
type bearing test specimens. The fracture of bott i specimens initiated at the edge
of the circular hole and about 90° from the direction of the load where the tensile
stress is assumed to be a maximum. In general , there are three failure modes to
be considered in the design of bolted or riveted joints transn~itting loads through
shear; namely, shear tear out of the plate , shear failure of the pin , and the ten-
sile rupture of the plate. Their respective allowable stresses are usually speci-
fied in design codes. Since the failure pattern of the specimens tested appears
to be tensile rupture of the plate , the tensile stress in the net section of the
plate (load/ (width minus hole diameter) X thickness) was calculated and listed in
the last column of Table 1. It is noticed that the net section tensile rupture
stress increases as the rati. of E/D or the thickness of the plate increases .
This observation raises a question of whether the concept of allowable net section
tensile stress for designing bolt joints is applicable in this study. A simple
calculation can answer this question. From Reference 3 one can find the stress
concentration factor Kti~b for a pinned or riveted joint with various geometries.
Once the value of Ktiib is known, the maximum stress , °nax~ 

can be calculated by
using the following equation

Ktnb = (amax/a) (0/B)

where a is the gross section stress, I.) is the hole diameter , and B is the distance
between the neighboring holes which is the width of the specimen for the pin-type
bearing test specimen . The values of °niax for the four groups investigated are

I ’  I~
(NC~I(5 2 3 4 ~

~ 
‘

~~~~~~~~

.

al

T, in. (cm) = 0.25 (0.635) T, in. (cm) = 0.30 (0.762)
D, in. (cm) = 0,5 (1 .27) D, in. (cm) = 0625 (1 .588)

E/D = 1,5 E/D = 2.0

Fi gure 5. Failure patterns of the sing le-hole pin-type specimen.

3. PETERSON, R. I . Siress C’om’cn trag ion l ’actors. John Wile y and Sons . New \~~rL , 1974 , p. 2 15-2 16 .
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listed in Table 2. All four groups failed when the tensile stress reached a maxi-
mum value of approximately 115 ksi (792 MPa), even though their bearing strength
and net section tensile rupture stress appear different from each other. This
indicates that the allowable net section tensile stress may not be a workable
criterion in designing bolted joints of a CIP/FIIP-1 beryllium structure.

Table 2. CALCULATED MAXIMUM STRESS VALUES AND STRESS
CONCENTRATION FACTORS FOR PINNED JOINT SPECIMENS

Average
E-D/2 Gross St ress

D/B “~‘5” Ktnb (ks i )  °rfla x ( ks i )  amax /a

Group 1 0.167 1 .0 1 .15 16.67 115.02 6.9
Group 2 0. 167 1.5 1.0 19.81 118.9 6.0
Group 3 0.208 1.0 1.2 20.03 115.37 5.76
Group 4 0.208 1 .5 1.0 24.37 116.95 4.8

N o t e :  1 ksi = 6.89 MPa

Another coment that should be made here is that the maximum tensile stress
of 115 ksi (792 MPa), calculated from the stress concentration factor, is much
higher than Oult=6S~

7O ksi (448’~482 MPa) obtained from testing tension specimens
(see Reference 1). This defic ency is probably due to the basic assumption of
elastic behavior of materials in the derivation of stress concentration factor
Ktnb, which was used in estimating ~he value of 0max~

It is recognized that in the derivation of Ktnb , the effect of interaction
between neighboring holes is included. However, this will not affect the conclu-
sions drawn from this experimental study , because stress values calculated (see
Table 2) are for the purpose of comparison only. The comparison is consistent in
that all specimens have the same general configuration , i.e., a single pin hole.

IV. CIRCUMFERENTIAL SPLICE JOINT TESTS

In the previous section the basic data on a single-pin jointed specimen was
discussed; however, in a real structure more than one bolt is required , and fre-
quently it is necessary to use more than one row of bolts to connect the struc-
tural components together. The objective of this task is to investigate the
effects of pitch (the distance between two holes) and various patterns of holes
on the load-carrying capability of splice joints.

Specimen Configuration

The effec ts of pitch and hole patterns on the load-carrying capability of
splice joints are investigated by testing three different types of splice joints.
Figure 6 shows the detailed dimensions of all specimens , and Figure 7 shows a
typical set of specimens for each type of splice joint, where a set consists of
two main plates and one splice plate  (cover plate) . View a in these figures rep-
resents type 1, a single-bolted butt joint. The term single-bolted (or double-
bolted , etc.) refers to the number of rows of bolts which transfer the total load

8



NOTES:

1. REMOVE ALL BURRS AND BR EAK SHARP EDGES.

2. SURFACE FINISH TO BE 32 RMS.
3. ETCH ALL SURFACES TO FINISH DIMENSIONS, 0.004/0.005 PER SURFACE.
4. MARK APPLICABLE SPECIMEN IDENTIFICATION NUMBER IN 1/8” CHARACTERS

WITH BLACK INK OR ELECTRO ETCH.
5. EACH SPECIMEN CONSIST OF TWO® AND ONE® .

6. ® = MA I N PLATE , ® = SPLICE PLATE.
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Figure 7. Joint-circumferential sp lice specimens and shoulder bolts.

from one element to another , for example , fron main plate to cover plate or from
cover plate to main plate. View b represents type 2, a double-bolted butt joint
with a diamond pattern of holes , while view c represents type 3, also a double-
bolted butt joint but with a square pattern of holes. At one end of each main
plate there is a .750-inch-diameter (1.91 cm) hole so that a pin type of load
train can be used to test the specimen , and the other end has one of the three
different types of bolted joints. All bolt holes have a diameter 0 of 0.281 inch
(0.71 cm) and a pitch of 1.0 inch (2.54 cm) (Figure 7). The transverse pitch is
0.875 inch (2.22 cm) for the diamond pattern (type 2), and 1.0 inch (2.54 cm) for
the square pattern (type 3). With a width of 3 inches for the main plate , the
single-bolted joint has 3 bolt holes , the diamond pattern joint has S bolt holes ,
and the double-bolted square pattern has 6 holes. The edge distance E for all
specimens is 0.5 inch (1.27 cm) which gives the ratio of E/D=l.78, within the
range of 1.5 and 2.0 specified by the A9T~’I Standard E-238.

Test Condi t ions

Every set of specimens consists of three pieces : two identical main plates
and one spl ice p late. These three pieces were connected together by using either
hardened pins or shoulder bolts and nuts as shown in Figure 7, and an assembled
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set in the load train is shown in Figure 8. When shoulder bolts and nuts were
uscd , the amount of torque required for a given size of bolt to tighten the nuts
is calculated from the formula (see Reference 4)

P L= RDT

where PL is torque in inch-pounds ; R is a torque coefficient depending on fric-
tional conditions; 0 is the bolt diameter in inches; and T is tensile load in
pounds. The shoulder bolts used have 1/4-20 thread , and if the maximum bolt
stress is limited to 60,000 psi (414 MPa), the tensile load T equals 3000 pounds
(13.34 kN). For ordinary steel nuts and bolts , driven dry in steel , R approximates
0.2. The corresponding torque is then equal to 150 lb-in . (16.95 N-rn).

The response of.the splice joint was shown as load versus the re la t ive  dis-
placement between the two main plates. In order to be consistent with the mea-
surement from the ASTH Standard test, the relative displacement must be measured
at locations where the influence of the joint is minimum . A DCDT (Direct Current
Differential Transformer) used in this study was attached to the top and bottom
grip assemblies as shown in Figure 8.

One of the questions that may be raised by designers is: How important is it
to achieve this torque level in the assembly procedure of structures. To answer

‘ I

• Fi gure 8. Grip and measuring arrangement

/ for the joint-circumferential splice specimen .

4. CARMICHAI L. C. A /  ~T S Mechanical Engineers Handbook. Design and Production Volume , John ~ iIc~ and Sons . \e~ \ ~rk .
I qc ( I  p. 10-57.
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this question, two extreme conditions were tested: one at no torque at all (i.e.,
the main plates are connected to the splice plate with pins only); and the other
with the bolts torqued to the allowable value of 150 lb-in. (16.95 N-rn ) . An inter-
esting phenomenon was observed from testing bolted specimens, i.e., when a test
specimen was assembled outside the test machine with fully torqued bolts and nuts,
the load versus displacement curve exhibited a slippage of joints at a certain
level of load. This is attributed to nonuniform clearances in the hole. When the
load exceeded the frictional force between the main plate and splice plate, which
is proportional to the tensile stress in the bolts (or torque), a slippage between
the plates occurred. This phenomenon was eliminated by hand tightening the bol ts
outside the test machine, then the set of specimens was assembled in the load
tra in and preloaded to 500 pounds (2.22 kN) before all bolts were tightened by a
torque wrench to the allowable torque value of 150 lb-in. (16.95 N-rn).

Results and Discussions

As mentioned earl ier , three types of circumferen tial spl ice joints were
• tested in this study. Type 1 is a single-bolted butt joint ; type 2 is a double-

bolted butt joint with a diamond pattern of holes ; and type 3 is a double-bolted
butt joint with a square pattern of holes. There are five sets of specimens for
each type of splice joint. Table 3 lists the fasteners (i.e., either pins or

Table 3. CIRCUMFERENTIAL SPLICE JOINT SPECIMENS OF C IP/ HI P— 1 BERYLLIUM

Max . Max. Torque Preload Before
Spec. No. Th i ck .  Load Deflect ( lb—in . )  Applied Torque

No. Holes (in.) (Ib) (in .) Fasteners on Bolts (ib)

Type 1
16 BU 3 0.254 12 ,980 0.092 Pins 0 0
17 3 .255 12 ,150 .016 Pins 0 0
18 3 .25r 13 ,950 .110 Pins 0 0
19 3 .2,25 13 ,300 .062 Bolts 150 500
20 3 .256 15 ,080 .071 Bolts 150 500

Avg. PInned 13 ,000 0.103
Bolted 14,400 .06 7

Type 2
21 BY 5 0.254 16 ,200 0.104 Pi ns 0 0
22 5 .255 18 ,380 . 138 P ins  0 0
23 5 .255 18,880 .107 Bolts 150 0
24 5 .254 15.500 .068 Bolts 150 0
25 5 .255 16,250 .069 Bolts 150 500

Avg. P i nned 17 ,300 0. 121
Bolted 16 ,900 .081

Type 3

26 BW 6 0.254 18,690 0.110 Bolts 150 0
27 6 .255 18.180 .097 Bolts 150 0
28 6 .253 15 ,890 .097 Pi ns 0 0
29 6 .2555 18,130 .090 Bol ts 150 500
30 6 .2550 14,320 .058 Bolts 150 500

Avg. Pinned 15 ,900 0.097
Bolted 17,300 .089

Note: 1 In . 2.54 cm
1 ksl • 6.89 MPa
1 lb • 4 .448 N
1 lb—In. 0.1130 N-ni

13

•
~~~~

. ,~,..



bolts) used for each set of specimens , and also shows the maximum load and deflec-
tion of each test. The load versus displacement curves for the three types of
specimen configurations are shown in Figure 9.

For the type 1 specimens , Figure 9a shows that the bolted jo int gives a
slightly higher load at failure but less maximum deflection than the pinned joint.
The bolted joint also provides a much higher stiffness than the pinned joint.
This suggests that if splice joints were used to assemble structural components,
the maximum allowable bolt torque should be used to provide the highest possible
stiffness of the joints. The load versus displacement of specimen 19 BU shows a
discon tinuity of a load about 14,000 lb (62.3 kN); this is due to a crack devel-
oped from the side edge of the splice plate to the nearest hole before cata-
strophic failure of the specimen occurs. A loud cracking noise was heard during
the test of specimen 19 BU when the crack developed.
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Figure 9b shows the load versus displacement curves of the type 2 specimens.
There is a distinct difference in the response of bolted joint specimens assembled
with and without preload. The bolted joint assembled without the preload shows a
softening effect at the load level between 4000 and 5000 lb (17.8 and 22.2 kN),
then it becomes stiffer again. This is attributed to the nonuniform clearance
between the bolts and holes; when the load exceeds the frictional force between
the main pla tes and spl ice pla te, a slippage occurs until all bolts fully contact
the inner surface of the holes.

An estimation can be made to show that the attribution is a reasonable assump-
tion . i.~s it was discussed earlier, the tensile force in the bolt was 3000 lb

• (13.3 kN’ with a bolt torque of 150 lb-in. (16.95 N-rn). Since type 2 specimens
have five o~,its the total normal force on the interface between the main plate and
splice p late is 15,000 lb (66.7 kN). If the slippage occurs at 4000 to 5000 lb
(1’.8 to 22.2 kN), the coefficient of friction is between 0.267 and 0.333, which
is an acceptable value for the etched surfaces of the tested specimens . Again,
the pinned joint is not as stiff as the bolted joint, and it has more displacement
at failure. However, there is no clear trend as far as the maximum load is
concerioed.

The load versus displacement curves for the type 3 specimens are shown in
Figure 9c. The bolted joint specimens without the preload generated distinct
crack ing noises during the test at approximately 5000 lb (22.2 kN) load wh en sharp
breaks in the curves were observed. Since type 3 specimens have six bolts , the
normal force between the main plate and spl ice pla te is 18,000 lb (80.1 kN). The
slippage occurs at 5000 lb (22.2 kN) load which gives a coefficient of friction
equal to 0.267. This agrees very well with the estimated frictional coefficient
for type 2 specimens. The sharp breaks in the curve disappear when a preload of
500 lb (2.22 kN) was used during the assembly of the specimens. One of the five
sets of specimens is pin jointed and it shows a lower maximum load at failure.

One of the drawbacks of testing splice joint specimens with one cover plate
is that the axis of load is always eccentric with respect to the joint , and a
bending moment is induced in the joint which is proportional to the axial load.
Since the pinned joint has no lateral constrained force, it is expected that the
undesirable bending moment is larger in the pinned joint than in the bolted joint.
This is confirmed by the post mortem examination of ruptured specimens shown in
Figure 10. The cover plate and main plate of the pinned joint are permanently
separated due to the out-of-plane deformation of the cover plate , while the bolted
joint shows practically no separation at all. If the effect of this bending mo-
ment is neglected in the stress analysis , one can again use the curves pr~vided in
Ref°rence 3 to estimate the maximum stress since all specimens failed in the ten-
sile rupture mode. The geometry parameters for specimens used in this study are
larger than those in Reference 3; therefore the stress concentration factor Ktnb
used to est1mate maximum stres s is obtained through extrapolation, Table 4.

I t  is noticed that the values of °max at tailure of the splice joint are less
than those of the standard ASTM bearing test specimen; this reduction in strength
is probably due to the interaction of neighboring holes. The test results in
Table 4 also indicate that the maximum load of type 1 specimen is not equal to
three times the maximum load of the standard bearing test specimen.
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Figure 10. Side view comparing bending of the pinned- and bolted-
type attachments for the j oint-circumferential splice specimen.

Table 4. CALCULATED MAXIMUM STRESS VALUES AND STRESS
C0NCENT~cATI0N FACTORS FOR SPLICE JOINT SPECIMENS

Average
Gross Stress

Si

Type 1 0.281 1.28 1.2 19 .2 82.0

Type 2 0.281 1.28 1.2 22.5 96.1

Type 3 0.281 1.28 1.2 23.1 98.6

Note: 1 ks i = 6.89 MPa

The maximum loads at failure for type 2 and 3 specimens are practically the
same; this suggests that the hole pattern and the transverse pitch have no effect
on the load-carrying capability of the tested specimens . However, the maximum
load for type 1 specimens is less than that for types 2 and 3; the reason for this
is not clear from the strength of materials point of view , and further studies are
required.

Typical failure patterns for each type of specimen are shown in Figure 11.
Figure h a  (left) shows a failure occurred in the main plate which was pin jointed
to the cover plate. This was the only specimen that failed in such a manner . The
remaining type 1 specimens failed across the holes in the splice plate as shown in
Figure lla (right). Every type 2 and 3 specimen failed across the holes in the
cover p late , except one specimen of each type failed in the gross section ar~a as
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shown o;~ thc- right in Figures lib and llc . Both specimens which failed in the
gross section area were bolted to the splice plate without the preload . This in-
dicates that there were defects in the splice plates of these two specimens which
caused a more severe stress concentration than the bolt holes .

We have found that for the specimen configurations and material used in this
study the maximum stress , instead of the failure load and net cross section stress ,
should be used as a design criterioi~. For the double-bolted joint , the hole
pattern and transverse pitch have no effect on the load-carry ing capability of
the joint. However, the correlation between results from the single-bolted joint
and those from the double-bolted joint require further study .
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APPENDIX. AUTOMATED MATERIALS CHARACTERIZATION SYSTEM

All bearing tests were performed on an automated materials characteri:ation
system , shown in Figure •-\-l , which consists of two principal components; namely,
the medium strain rate machine and the data acquisition and contro l system . The
medium strain rate machine (MSRM ) is used to generate the axial loadings on the
test samples . The data acquisition and control system generates command signals
and records, stores, and analy:es data from the tests.

Medium Stra in  Rate Machine

The MSRN (Figure A-2) is a dual-mode testing machine. It has a capability
of generating 140,000 pounds (623 kN) static load in tension or compression and
has a piston displacement stroke of six inches . The load frame is designed for
a stiffness of greated that 15xl06 lb-in. (2.6xl0 9 N-rn) and has a total stretch
of 0.005 inch (0.013 cm) at the maxiuin load. This machine also incorporates an
automatic purging sequence which allows the interchange of operat ing modes for
closed loop or open loop operation. A schematic of the controls for the MSft’1 is
shown in Figure A-3.

In the open iocp mode , which is gas operated , using either dry nitrogen or
helium , strain rates of 1 to 50 sec 1 can be obtained by varying the charge pres-
sure, orifice size , or length of piston travel (stroke).

IS!

— 
-

Figure A- i .  Automated materials characterizat ion system .

19 ~~~~~~~~~ PA~~ ~~r FIU4ED
- IULNK
1•~_ 

_____



F~ ure 

~~ ~~ ~~~ 
test

-~ ~ ~
-
~

- - -  

• Figure A-3. Schematic of controls for

- - — - the medium strain rate test machine.
II :.— I - .  -----j:- 

~~~ 
—

~~
- -

~~~~~~~~ 

— --

• •~ • 
~~~~~~~~ 

_ _

- _ ~• •~- • • -•l ~~~~~~ -

- - _r.r ~ - r _

The electrohydraulic (closed loop) mode of the test machine can contro l strain
rates from 10~~ to 1 sec~~. The closed loop control parameter of this machine per-
mits the selection of four different feedback signals: load , displacement , strain ,
and optional. The optional contro l allows external transducers, such as cl ip gages
or DCDT ’s, to be used for control and monitoring. With the proper command input s,
tests at constant rates of load , displacement , or strain can be performed. The
operator nay select one of many load transducers to achieve the best contro l of
the desired testing range.
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The MSRM is equipped with a servocontroller, four transducer conditioners ,
and various fail-safe devices. The transducer conditioners accept inputs from
the transducers and amplify their voltage signals for feedback to the servocon-
troller and data acquisition system. The servocontroller compares the feedback
signal with the command input signal (from the data acquisition and control sys-
tem) and generates an error signal. This error signal drives a 15-gal/mm elec-
trohydraulic servovalve, which regulates the flow of oil from the hydraulic power
supply to the machine actuator. The system is also incorporated with fail-safe
circuits and limiting switches which can be set to display a warning light or
abort the test.

Data Acquisition and Control System

The data acquisition and control system, Figure A-4, is a Digital Equipment
Corporation PDP-l2/40 computer which consists of a central proces sor , 4K words of
basic memory, 12K words of extended memory, real-time clock , relay register , 1.6
million word removable disk pack , two magnetic tape drives, teletype, line pri nter ,
display screen , multiplexed analog-to-digital converter (16 channels), and three
digital-to-analog converters. The system interface includes active filters and
scaling amplifiers.

I SAMPLE

_ _ _ _ _ _ _  ui’x H
___________ 

I AMPU~~ E R } j c harrnet s ~~~~~~~~~

I TRAASDIJ CERSJ ~~_COPISOLE J
!~~~ h~~
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- -
~~ 
:
~~ 

J~lOEk J
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:~~~~~~~~~~
0m550R 1H~.r I

~~~~~~~~~~~~~~~~~~~ 

~
I1e

~E~tj
I DEC PDP-1? COMPUTER

Figure A-4. Schemat ic for automated materials characterization system.

The digital computer uses its memory to hold the operating system , to store
programs during execution , and for temporary storage of data. Command signals
generated by the central processor are sent to the digital-to-analog (D/A) con-
verters at predetermined intervals , by the real-time clock. The D/A converter
changes the binary number (12 BITS) (which is the internal information base of
the computer) to an analog voltage (±10 VDC), which is within the acceptable
range of the servocontroller. The specimen load , displacement, strain, etc.,
are continuously monitored by the computer (see attached program listing). These
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analog signals are filtered to remove noise, and scaled to match the range to the
analog-to-digital (AID) converter (±1 VDC). The multiplexer selects one of the
16 analog channels for input into the system. The analog signal is switched
through the multiplexer to the sample and hold unit, which maintains the instan-
taneous analog voltage, until the AID completes its conversion to a binary number
(10 BITS). The data are then stored in memory, with other data points already
taken from the test, and displayed on the screen for observation. A permanent
file, on magnetic tape or disk , is created for the data and labeled with the test
number. The real-time clock determines sampling intervals and command intervals
or can be used to set time for other internal and external events. The teletype
is an input-output (I/O) device used to transfer programs and parameters in and
out of the system. Large outputs are printed on the high-speed line printer.
The magnetic tapes and disk provide fast access to mass storage for programs and
data. The relay register is used for additional control of the tests and external
equipment.

When the MSPN is in the open loop mode, the computer uses a relay to initiate
the test. The system samples load, displacement, strain, and time at the maximum
rate permitted by the A/D converter. The data is temporarily stored in memory ,
and after completion of the test, the data is transferred to magnetic tape for
permanent storage and for future data reduction.

The data acquisition and control system will perform data reduction and out-
put the results on the teletype or line printer and will plot curves on an x-y
recorder.
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