Portland State University

PDXScholar

Dissertations and Theses Dissertations and Theses
9-24-1981

Experimental Determination of Post-buckling
Performance of Steel Angles

Rupasiri Purasinghe
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds

b Part of the Mechanical Engineering Commons, and the Structural Engineering Commons

Let us know how access to this document benefits you.

Recommended Citation

Purasinghe, Rupasiri, "Experimental Determination of Post-buckling Performance of Steel Angles" (1981).
Dissertations and Theses. Paper 3165.

https://doi.org/10.15760/etd.3156

This Thesis is brought to you for free and open access. It has been accepted for inclusion in Dissertations and
Theses by an authorized administrator of PDXScholar. Please contact us if we can make this document more
accessible: pdxscholar@pdx.edu.


https://pdxscholar.library.pdx.edu/
https://pdxscholar.library.pdx.edu/open_access_etds
https://pdxscholar.library.pdx.edu/etds
https://pdxscholar.library.pdx.edu/open_access_etds?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F3165&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/293?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F3165&utm_medium=PDF&utm_campaign=PDFCoverPages
https://network.bepress.com/hgg/discipline/256?utm_source=pdxscholar.library.pdx.edu%2Fopen_access_etds%2F3165&utm_medium=PDF&utm_campaign=PDFCoverPages
http://library.pdx.edu/services/pdxscholar-services/pdxscholar-feedback/?ref=https://pdxscholar.library.pdx.edu/open_access_etds/3165
https://doi.org/10.15760/etd.3156
mailto:pdxscholar@pdx.edu

AN ABSTRACT OF THE THESIS OF Rupasiri Purasinghe for the Master of Science

in Applied Science presented September 24, 1981.

Title: Experimental Determination of Post-Buckling Performance of Steel
Angles

APPROVED BY MEMBERS OF THESIS COMMITTEE:

ay sommerte

An experimental testing program was conducted to determine the
compression member performance in post-buckling region. These results
are compared with an analytical computer program developed by Portland
State University under Bonneville Power Administration Contract 79-80BP
24005. The paper presents the sensitivity of the performance of single
angle compression members to various parameters such as length to radius
of gyration ratio, eccentricity, end conditions and yield stress. The
effect of Tocal buckling on Tong member performance is also documented.

Data is presented as axial load vs axial displacement. Dial gages

were used to measure translation and rotation of the member ends. Computer



programs documented in this paper calculate the axial displacement using
these dial readings. Preliminary study of load transfer characteristics
of an indeterminate truss is also documented.

These results are needed as a foundation to Verify member perfor-

mance in a Limit State Analysis of transmission towers.
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CHAPTER I
INTRODUCTION
1.1 BACKGROUND AND REVIEW OF LITERATURE

In the analysis and design of indeterminate structures, two different
concepts are used. One is the elastic strength concept which leads to
working stress design. In this concept yielding of a member is the fail-
ure criteria. A factor of safety is applied to the yield stress to obtain
the allowable stress. Members of the structure are then sized to with-
stand the allowable stress. This gives rise to the allowable load of
a member which is lower than the actual load the member can sustain.

This results in a conservative structural configuration where few points
of the structure are stressed to the allowable stress but the rest of the
structure is understressed. The second approach is the Limit State
Analysis. Conceptually this approach is similar to plastic analysis and
design developed by Beedle (1). It calculates the collapse load of the
structure and then applies a factor of safety to this value to calculate
the allowable Toad. This approach allows the redistribution of moments
as individual parts of the structure reach the ultimate moments or form
plastic hinges. Failure will not occur until enough plastic hinges form
to cause the collapse mechanism in the structural system.

Trusses are structures made up of members that sustain axial
thrust but not bending. This axial thrust is either a compression or a
tensile force depending on the configuration of the truss and loading

conditions. Application of a Limit State Approach to indeterminate
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trusses allows the redistribution of loads to other members as individual
members reach their ultimate load. Tensile members cause no concern in
this type of analysis, since once they reach yield or the ultimate load
they are able to suﬁtain it through large deflections. Compression
members on the other hand because of their susceptibility to buckling
are a concern in this type of analysis. Once they reach failure or buck-
ling can they sustain an internal force large enough to allow redistribu-
tion of load throughout the structure?

Transmission Towers are highly indeterminate structures and should
therefore benefit from a Limit State Analysis. As members reach their
ultimate loads and sustain themthrough larger deflections, the structure
is able to redistribute it and resist higher structural Toads. In de-
veloping a Limit State Analysis for indeterminate trusses like Trans-
mission Towers a thorough knowledge of compression member performance
is required. Only when this is accomplished can a Limit State Analysis
technique be developed with confidence, utilizing the reserve strength
of indeterminate trusses.

There are classical computer analysis techniques to determine
internal forces of members in an indeterminate truss. The technique
developed by Wang (2) is one of these. These internal forces are obtained
by first calculating the joint displacements of the truss. One idealized
approach to a Limit State Analysis is to assume a bilinear load-deflection
curve for member performance. In this type of analysis it is assumed
that when the member reaches its ultimate load capacity, it will provide
a constant resisting force for increased member elongation (Fig. 1).

Wang (2), Lee (3), Smith and Epstein (4) have assumed the above load-

deflection behavior in their analysis techniques. Compression tests
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Figure 1 Bilinear load vs displacement curve



reported in 'Force Limiting Devices in Space Trusses' by Schmidt and
Hanaor (5) and 'Inelastic Cycles of Axially Loaded Steel Members' by Kahn
and Hanson (6) document that this bilinear assumption may be unconserva-
tive. The load resistance that was shown in this type of member dropped
off after the maximum load was reached. This unloading could affect the
manner in which redistribution of load throughout the structure was
accomplished if

a) the unloading was immediate after the ultimate load was reached

b) the elongation of the member was such as to put the member per-

formance in the unloading phase.

The application of Limit State Analysis of trusses using the bi-
linear load-deflection curve is valid only if the actual load-deflection
curve that depicts the member performance has a large enough plastic
plateau to hold a constant force allowing the redistribution of load to
other members. Otherwise a refinement to this constant force assumption
is warranted. This refinement must account for any unloading which may
exist after the plastic plateau is passed. Compression member perfor-
mance can be categorized into three phases. They are

a) Elastic

b) Inelastic

c) Post buckling

Once the behavior of compression members in these phases are known
a decision can be made as to whether a refinement is needed to the con-
stant force approach of Limit State Analysis. If some members are unable
to sustain a constant load over a large enough axial displacement then a
refinement to the constant force approach will be necessary.

This refinement should allow the individual members to sustain
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lower loads than their ultimate load capacity when excessive elongations

are attained.
1.2 OBJECTIVE OF THIS INVESTIGATION

As stated in Section 1.1 a thorough knowledge of compression
member performance is needed before embarking on a Limit State Analysis
of Indeterminate Trusses. This investigation is aimed at inVestigating
compression member performance by conducting an experimental testing
program and comparing it with the analytical computer program developed
in Bonneville Power Administration contract 79-80BP24005 (7). A series
of single member tests with varying lengths, eccentricities and yield
strength were performed to investigate the overall member performance
and to determine if the results were sensitive to particular parameters.
Steel angles are the members used in construction of the majority of
transmission towers. Hence a single angle steel member was chosen for
this study. The size selected was 3 x 3 x % angle because the existing
equipment was capable of loading this member to failure in various length
configurations and support conditions that are of concern in this inves-
tigation.

The lengths selected were such that the length to radius of gyration
(L/r) ratio was as close as practical to 60,120 and 200. The reason for
this choice is that these are the L/r ratios of members that are of
interest in a Limit State Analysis of a Transmission Tower. Both Grade
50 and A-36 steel were used since these are the two common types of steel
used in construction.

The eccentricity of the load from the center of graQity of the test

member is the third parameter chosen as relevant to effect



member performance. Eccentricity about the weak axis (ex) with zero
eccentricity about the strong axis and eccentricities about both axes
(ex and ey not equal to zero) were studied.

Different end connections were studied to obtain information on
their effect on member performance. A Hinge-Hinge Connection which
allows end rotation about only one axis, a Ball-Ball Connection which |
allows end rotation in all directions, a Bolted Connection to simulate
a typical tower joint and a Fixed end connection,-fixed against joint
rotations were used. Test members with Hinge or Ball Connections were
welded to a plate and then directly connected to the Hinge or Ball as
the case may be. Members with Bolted Connection were bolted to a stub
angle extending from the ball joint allowing freedom to rotate in all
directions.

The effect of local buckling in long member performance is of con-
cern in this investigation. Local buckling causes a sudden decrease in
the load resistance capacity of the member, thus if a local buckle formed
in a Tong member which would be expected to have a large plastic plateau,
might it not perform more Tike a short member with no plastic plateau?
Hence two 5 x 3 x % non compact single angle steel members were tested
using the ball-ball configuration. This angle member had a width-to-
thickness ratio of 20 which exceeds the Timitation in AISC Manual of
Steel Construction (8) for compact members. This limit guards against
Tocal buckTing.

A two dimensional indeterminate truss was selected to do a prelim-
inary study of load transfer characteristics of diagonal bracing. The

test setup was arranged such that the diagonal members control the



limiting load of the structure. Figure 2 is a sketch of this truss.

The objectives of these tests were accomplished by constructing the
square test frame with large members relative to the diagonal bracing

80 that the test frame has little influence on the limiting load of the
frame. Load is applied at a joint of the truss as shown in Fig. 2. The
maximum experimental load capacity of the test frame was determined and
compared with the theoretical maximum capacity as determined by statics
which was calculated using a zero load in the compression member after
failure and assuming yield force in the tension diagonal. This compari-
son makes it possible to obtain data as to how the buckled compression
diagonal aids in the load carrying capacity of the frame by redistributing

the Toads to the tension member.
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Figure 2

Indeterminate truss



CHAPTER I1I

EXPERIMENTAL PROGRAM FOR SINGLE ANGLE MEMBERS

2.1 OVERVIEW

This chapter documents the testing program of single angle beam-
columns. Attention is giVen to the experimental setup, instrumentation
and test procedure. Steel properties and coupon test results for these
angles are included. Experimental results are compared with the load-

displacement history predicted by the analytical computer model of Ref. 7.
2.2 EXPERIMENTAL SETUP FOR SINGLE ANGLE MEMBER TESTS

An MTS series 810 Electro-hydraulic Material Testing System was
used to test the members. The load was applied using a hydraulic actuator
which has a maximum capacity of 110,000 pounds. The system is able to
control stroke of the actuator, load and strain.

A horizontal load frame was designed and constructed as part of
this research. The load frame consists of two 40 foot long W 10 x 21
wide flanges spaced 47% inches apart and supported 12 9/16 inches from
the floor. Lateral stability of this frame is proVided by haVing 4 x 4 x4
steel angles as cross members across the top flanges of the two W 10 x 21's.
The hydraulic actuator is reacted by a W 21 x 44 attached to the inside
of the W 10 x 21's. Horizontal stability at the front of the actuator
is proVided by physical connection to each of the W 10 x 21's. To com-
plete the framework at the other end, a W 21 x 44 reaction block is
proVided. The test member is then positioned between the front of the

actuator and this reaction block. Figure 3 details this configuration.
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Two 12" x 10" x %" plates are used as end plates at each end of the test
member to proVide connection to the actuator and the reaction block.
Details of connections of end plates are given in Fig. 4.

Figures 5 and 6 are two Views of the experimental setup for single
angle member tests. This configuration may be idealized as shown in Fig. 7.
Figures 8 and 9 are photographs of the hinge end and the ball joint
respectively. The set up for Fig. 9 has a bolted member end connection
attached to the ball joint. The eccentricity of the axial Toad was
obtained by connecting the end plates to the test member with the desired
offset. A list of the members tested i§ given in Table 1.

The end conditions consist of a hinge, a ball joint, a fixed end
or a bolted connection. The hinged end condition was achieved by fabri-
cating a rocker from a 1.25 inch diameter high strength rod which allowed
rotation only about one axis. The ball joint end condition was a 4 inch
diameter ball and socket machined to mate and lapped to obtain a contact
fit. This ball joint was capable of rotating in all directions. High
pressure grease was used to reduce friction in the ball joint. In a
hinge or a ball joint the member was welded to the end plate and this
plate was directly attached to the joint. A fixed end was achieved by
welding the end of the test angle directly to a plate which was bolted
to the reaction block of the test frame. Figure 4 details each of these
attachments. A bolted joint consists of a bolt pattern as shown in Fig.
10 connecting the angle to be tested to a stub angle. This stub angle
is then connected to a ball joint as its final attachment to the test
frame. Bolts with 5/8 inch diameter were used in this connection. The
bolts were connected as tight as possible using a standard 15/16 inch

combination wrench. This bolted configuration was chosen to proVide
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Figure 5.

Experimental setup for single member tests

Figure 6.

Experimental setup for single member tests
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Figure 8. Hinged joint
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Figure 9. Bolted member end connection attached
to the ball joint

15



16

abed 3xau 3yl uo panuLiIuod
a d c0T°T- | 98070~ | oT"T- | 980°0- | 8°¥S | 0°€6T | 0ST PIT | KXEXE |T-9¢ Jd ZL
a d coT°T- | 98070~ | SOT*T- | 980°0- | 8°€S | 97261 | 000°¥IT | %XEXE |T-0S J9 L
d g 0 0 0 0 | ¥°95 | 0°¢ST | 000706 | %xex¢ |T-0S €€ 0S
d d 06c° T+ | 00z-0+ | o6e T+ | 00z 0+ | ¥*95 | 8°09 | 000°9€ | *¥EXE |T-0S €€ €S
d d coT°T- | 9800~ | soT°1- | 980°0- | 8°¥S | 8709 | 000°9€ | KXEXE |T-9¢ €4 €L
d g coT'T- | 980°0- | SOT'T- | 980°0- | 8°€S | 8709 | 000°9€ | %XeXe¢ |T-0S €H €L
d d coT°T- | 98070~ | SOT"T- | 980°0- | 8°€S | GTTIT | 000799 | *Xex¢ |T1-0S €4 TL
d d coT'T- | 980°0- | SOT"T- | 980°0- | 8°%S | S°TTT | 000°99 | *¥exe |T-9¢ €4 1L
d g GoT°T- | 980°0- | SoT°T- | 980°0- | 8°¥S | 9°¢6T | 000°VIT | *XexXe |T-9¢ €4 ZL
g d coT°T- | 980°0- | SoT*T- | 980°0- | 8°€S | 9°¢6T | 000°FPTT | *¥ex¢ |T-0S €9 ¢l
rd rd 0 | 00Z'0+ 0 | 00z*o+ | 970G | 9°¢6T | 000°¥TIT | *XEXE |€-9¢ € CS
rd rd 0 | 00Z°0+ 0 | 0oz 0+ | 8°%S | STTIT | 000799 | *¥EXE -9t €8 1S
rd rd 0 | 00z O+ 0 | 00z'0+ | 8°%S | 8709 | 000°9€ | %XEXE |7-9E €H €5
rd rd 0 | 00Z°0- 0 | 00z°0-| 8°%S | 8°09 | 000°9¢ | %xexe |T-9¢ €4 £S
H H 0 0 0 0 | 89S | 9°LTIT | G29°69 | *XEXE |T-9¢ HH TS
H H 0 0 0 0 | ¥°95 | 9°LTT | S29°69 | %xexe |T-0S HH TS
H H 0 0 0 0 | 8°¥S | L°86T | SZ9"LIT | %XeXe |T-9¢ HH CS
H H 0 | 00T°0- 0 0 | 8°vs | L°86T | ST9"LIT | %xex¢ | T-9€ HH CS
H H 0 | 0SZ°0- 0 | oSsT0-| ¥°9S | L°86T | SC9°LIT | %Xexe | ¢-0S HH CS
X X X X
WOLIOE doL WOLIOH doL (Ts31) (-ur) AzIS
SNOLLIANOD aNA (*uT) SALIIOTIINEODH LE | /1 HIONAT | YIENIN ISHEL

SYIGWIW ITONIS Y04 NOILWHNOIANOD 1S3L

[ 319vL




17

X | @I\
. >mh
INIOC TIvd - rd X
INIOC qariod - 9 d
INIOC d3XId - Jd
INIOC QAONIH - H [ A
g a 0 00Z°0 0 00Z°0 1°8b 0°00Z GZ9°ZET EXEXG Z-9€ 99 ¥l
g | 0 002°0 0 00Z°0 -8V 0°002 GZ9°ZET EXEXRG 1-9¢ 99 ¥l
g q SOT°T- | 980°0- SOT°1- 980°0- €°19 G 111 0GL E€TT UXEXE 1-9€ ad TdL
g g | soT°1-| 980°0- =10} il £ 980°0- 0°1S 9°Z61 0GL ETT EXEXE T-0S g9 2L
| g GOT°T- | 980°0- SoT 1~ 980°0- €°19 8°09 000°9¢ YXEXE T-0G €99 €41
g g GOT°T- | 980°0- GoT " T- 980°0- €°19 8°09 000°9¢ wxexe | (T)1-0G 99 €41
rd rg 0 00Z°0—~ 0 00Z°0- 8°¥S 8°09 000°9¢ UXEXE T1-9€ 99 €4S
X X X X
WOLIOH doL WOLIO™ doL (Tsy) (eur) "971S
SNOTLIANOD aNd (*ur) SATTLIOTIINADOE pt | 1/q HISNTT VAN IS,

SYIIWIW ITONIS ¥O4 NOILYYNOIINOD LS3IL
(panurjuod) 1 I1gvL




% '
1 4 =
:
%C R T

1"41"11"!1'!1"!

36 in. Members

Bl & &
.

L_lnl‘va_‘ l_‘nJ
B T 1B ] 1

66 in. Members

8
- i <
L
T

114 in. Members

Figure 10 Bolted connections for single member tests

18



19

eccentricities similar to those found in transmission towers.

2.3 INSTRUMENTATION

The instrumentation was similar for each of the angles tested.

The MTS was used to load the specimen. As stated earlier in this chapter,
this system has the capability to control actuator stroke. Since these
tests were beydnd the point of stability, safety dictated the use of
stroke control. The stroke rate was set at 10™% inch per second which
resulted in a stress rate of 0.08 ksi per second for the shortest member
tésts. ASTM (9) specification for static tests is a stress rate of less
than 1.66 ksi per second. The load value was read directly from the MTS
control panel.

Four dial gages at each end were used to measure the axial de-
flection and end rotation. They were placed an equal distance from the
center of the endplate to form a square. Figure 11 is a photograph of
this configuration. Taking measurements at each end allowed the elimin-
ation of the effect of test frame slippage on the displacement readings.

In the case of a Ball or a Bolted Joint where a Ball-Ball connection
is used, the rotation of the joint about the axis of the test member is
possible. This rotation at the ends of the test member was measured by
a dial gage located perpendicular to the beam column at each end and
connected by a circular offset to the center of graVity of the member.
This circular offset allowed unwinding of the connecting cable and hence
kept the offset constant. Figure 12 is a sketch of this setup. Rotation
is giVen by the gage reading (linear displacement of the circumference
of the circle) diQided by the radius of the circle. Figure 13 is a

sketch of gage layout for the test member including the gages used for



Figure 11. Dial gage setup for measuring
displacements
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measuring rotations about the axis of the test member.

2.4 TEST PROCEDURE

The purpose of the chosen test procedure is to ensure that valid

load VS. axial deflection data is obtained. To determine load resistance

of the member, readings of load and axial deflection were taken at pre-

determined intervals chosen to be approximately 20% of the expected

failure load. A loading rate was chosen to ensure that the static load

resistance of the member could be determined.

The test procedure was as follows.

a)

Load the member to 15% of the expected ultimate failure of the
member, (this load was estimated using Euler buckling criteria)
and take initial readings of the dial gages.

Readings of dial gages are taken for each Toad where the
increment of load was 20% of the failure load.

Continue to deform the member beyond its ultimate load in
decrements of 15% of the ultimate Toad. Readings of dial

gages are taken at these intervals.

Resetting of gages was done just before any of the dial gages
reached their maximum range. The reading of such a gage in its
current position is noted and then moved to a new position
either towards or away from the plate to facilitate further
readings with the same set of gages. Reading at this new
position is again noted, and the difference in reading due to
resetting is accounted for when calculating the axial displace-
ments.

Terminate the test when the load was reduced to 20% of the
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ultimate load.
2.5 COMPUTATION OF AXIAL DISPLACEMENT

The single angle member tests were configured using two types of
end connections which connects the endplates to the actuator or the
reaction block. They are the Hinged-Hinged and the Ball-Ball config-
urations. The Hinge in the Hinged-Hinged configuration was 1.75 inches
from the end plate. The ball of the Ball-Ball configuration was fabri-
cated such that the center of the ball coincides with the center of the
end plate.

Derivation of axial displacement and the computer program to cal-
culate this axial displacement for the Hinged-Hinged configuration is
documented in Appendix A. Derivation of axial displacement and the com-
puter program to calculate this axial displacement documented in Appendix
B is for the Ball-Ball configuration. Derivation for this configuration

takes into account the eccentricity of the test member.
2.6 STEEL PROPERTIES AND COUPON TESTS

To obtain data on the material properties of the steel angles
tested, coupon tests were performed using the MTS system. Tests were
done for each batch of steel angles and for each grade of steel A-36
and Grade 50. Two coupons for the same material were cut in the longi-
tudinal direction from a section of angle member. These were tested
using load control with a load rate of 110 1b/sec which corresponds to a
stress rate of 450 psi/sec.

One of the test results obtained in the form of a stress-strain
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curve is illustrated in Fig. 14. A1l other coupon test curves followed
the same shape as this curVe, with a well defined yield point and large
plastic deformation which are typical of mild steel meterials. Table II
details the Yield stress, Ultimate stress, Modulus of Elasticity and

Percent Elongation for each test. Percent elongation is a measure of

ductility of the material.

2.7 COMPARISON OF EXPERIMENTAL AND ANALYTICAL
RESULTS FOR SINGLE ANGLE MEMBER TESTS

The derivation of axial displacements using the data obtained in
the single member tests, and the computer programs to perform these cal-
culations are documented in Appendix A and B. Appendix A is for the
members with the hinged end condition. Appendix B documents these calcu-
lations for the members where the end plates are connected through a ball
joint. Axial load vs. Axial displacement (P vs §) curves are plotted for
each of these tests. Displacement at preload was taken as datum for
measurements.

The P vs § curves plotted includes the experimental test curve as
well as the prediction of the member behavior of the analytical computer
program of Ref. 7. The analytical computer model of Ref. 7 is a non-
linear computer code which includes the analysis in the post-buckling
region. The buckling modes considered includes flexural, torsional and
combined flexural-torsional. The "secant stiffness" approach was selected
in this to consider the yielding of cross sections both prior to the
ultimate load and in the post-buckling range. In two dimension analysis
the "secant stiffness" at a particular point in the moment-curVature diagram

is the gradient of the line joining the origin and that particular point.
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TABLE II

RESULTS OF COUPON TESTS FOR SINGLE MEMBER TESTS

YIEID | ULTIMATE MODULUS OF | PERCENTAGE
TEST STRESS STRESS ELASTICITY | ELONGATION

(KSI) (KSI) (KSI) (%)
S2 HH 50-2 56.4 73.5 29100.0 42.0
S2 HH 36-1 54.8 72.5 30700.0 41.5
S2 HH 36-2 54.8 72.5 30700.0 41.5
S1 HH 50-1 56.4 73.5 29100.0 42.0
S1 HH 36-2 54.8 72.5 30700.0 41.5
S3 BB 36-1 54.8 72.5 30700.0 41.5
S3 BB 36-2 54.8 72.5 30700.0 41.5
S1 BB 36-2 54.8 72.5 30700.0 41.5
S2 BB 36-3 50.6 68.4 30325.0 38.0
T2 BB 50-1 53.8 76.3 29100.0 40.0
T2 BB 36-1 54.8 71.2 29100.0 38.0
Tl BB 36-1 54.8 71.2 29100.0 38.0
T1 BB 50-1 53.8 76.3 29100.0 40.0
T3 BB 50-1 53.8 76.3 29100.0 40.0
T3 BB 36-1 54.8 71.2 29100.0 38.0
S3 BB %0-1 56.4 73.5 29100.0 42.0
SO BB 50-1 56.4 73.5 29100.0 42.0
T2 BF 50-1 53.8 76.3 29100.0 40.0
T2 BF 36-1 54.8 71.2 29100.0 38.0
SR3 BB 36-1 54.8 71.2 29100.0 38.0
TR3 BB 50-1 (1) 61.3 78.5 29400.0 32.0
TR3 BB 50-1 61.3 78.5 29400.0 32.0
TR2 BB 50-1 51.0 67.8 29200.0 34.0
TR1 BB 36-1 61.3 79.0 29300.0 32.0
T4 BB 36-1 48.1 63.0 29000.0 37.0
T4 BB 36-2 48.1 63.0 29000.0 37.0

27
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The stiffness of the member is adjusted using this method in the inelastic
and post-buckling region to predict'the load-deflection curve.

The P vs § curves giVen in Figs. 15 to 40 detail the comparison of
experimental and analytical results for all the single member tests per-
formed.

Tests performed can be placed in the following five categories:

(1) Equal angle test members with hinged-hinged end configuration

(2) Equal angle test members with ball-ball end configuration with

0.2 in. eccentricity in the X-direction only (Fig. 13)
(3) Equal angle test members with bolted connection having eccentri-
city in the X and Y directions (Fig. 13)

(4) Equal angle test members with bolted configuration at one end

and fixed at the other end.

(5) Unequal angle test members with ball-ball configurations.

These five categories were sufficient to study the effect of various
parameters that are of concern in member performance of single angle
members. In the first category basically the effect of length to radius
of gyration (L/r) ratio and the yield stress were the parameters used.

In the second category the effect of L/r ratio, yield stress and the eccen-
tricity of loading on the stronger axis were used to study the effect of
these on the member behavior. The eccentricity of loading on the weaker
axis and the effect of bolted connection were the new parameters used in
the third category. As the effect of local buckling in member behavior

of non compact long members are of concern, the last category includes
these members.

Table III compares the experimental and analytical Va]ues of ultimate
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loads. Computer results are somewhat higher than the test values. This
may be due to the fact that the computer model assumes a perfect column
which is not possible to achieve in tests.

In the tests where the axial load was applied at the center of
graVity of the member, large differences in peak load valués did occur.
In tests S2 HH 36-2 (Fig. 17), S1 HH 50-1 (Fig. 18), S1 HH 36-2 (Fig. 19)
and S@ BB 50-1 (Fig. 31) where the eccentricities of the applied Toad was
zero, the load reached a considerably higher value than that predicted by
the computer program (Ref. 7) and dropped suddnely. This rise and abrupt
drop of load is known as the ‘'spike.' It is believed to be caused by the
internal friction of the end joints. The holding force in the end joints
causes the member to function as a fixed ended column rather than the
assumed case of a pin-ended column, thus explaining the higher ultimate
loads observed in these tests. When other imperfections overcome this
holding force the load drops rapidly because the member changes instantly
to a pinned-pinned case from a fixed-fixed case. The comparison of test
S2 HH 36-1 (Fig. 16) and S2 HH 36-2 (Fig. 17) gives supporting evidence
to this phenomena. It should be noted that all parameters were the same
for these two tests except for the small eccentricity at one end of the
test S2 HH 36-1. This small eccentricity was instrumental in displacing
the member without causing a temporary fixed-fixed condition.

Tests S2 HH 50-2 and S2 HH 36-1 are those with hinged-hinged con-
nections which had Toading eccentricities. They followed a gradual curve
in the inelastic and post buckling region without a spike. The post
buckling strength of the tests were about 10-15% less than that predicted
by the analytical model. This may be due to the fact that the analytical

model assumes a perfect column which is not possible to achieve in tests.
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Tests S3 BB 36-1, S3 BB 36-2, S1 BB 36-2 and S2 BB 36-3 used the
ball-ball configuration with eccentricity on the xéaxis only. Favorable
comparison of these tests with the computer model of Ref. 7 were obtained
(Fig. 20 to Fig. 23), except for tests S3 BB 36-1 and S3 BB 36-2. In
these two tests the ultimate load values were lower than that predicted
by the computer program of Ref. 7 by 25.8% and 15.9% respectively. These
two tests are the same except that the value of eccentricities are in
opposite directions from the center of gravity of the angle. Test
S3 BB 36-1 was repeated as given in SR 3 BB 36-1 (Fig. 34) and a good
correlation was obtained with the computer model of Ref. 7.

The next six tests are those with bolted joints with eccentricities
about both axes which simulate a typical tower joint. In this series,
tests T3 BB 50-1, T2 BB 50-1 and T1 BB 36-1 were repeated in an attempt
to obtain better data. They are documented in TR 3 BB 50-1 (1),

TR 3 BB 50-1, TR 2 BB 50-1 and TR 1 BB 36-1 (Fig. 35 to Fig. 38). Test

TR 3 BB 50-1 (1) was discontinued after the failure of the stub angle.

A1l tests in this series exhibit a "softer" load vs axial displacement

(P Vs §) curve in the elastic range. This can be attributed to the
slippage of the bolted joints when the load is being applied. Another
factor causing this wider P vs § curve is the eccentricity of the load
from the center of graVity of the member. The fact that the bolt slippage
is the predominant factor contributing to this softer load vs axial dis-
placement (P Vs §) curve is supported by comparing test results for

S3 BB 50-1 (Fig. 30) and T3 BB 50-1 (Fig. 28). Both of these tests are
loaded with eccentricity of load in both directions from the center of
graﬁity. Inspite of the fact that test S3 BB 50-1 had higher eccentricity

than test T3 BB 50-1, the test T3 BB 50-1 exhibited a softer curQe in the
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elastic range.

The tests T2 BF 50-1 (Fig. 32) and T2 BF 36-1 (Fig. 33) are the tests
with one end fixed and the other with a ball joint. The computer model
of Ref. 7 is not capable fo handling fixed joints. Hence a fixed joint
was simulated by two hinged joints at close proximity at one end. The
difference in experimental and theoretical curves may be due to this
assumption or to the difficulty in fabricating a truly fixed end in the
experimental set up.

Tests T4 BB 36-1 and T4 BB 36-2 were performed to ascertain the
effect of local buckling in long compression members. These angle mem-
bers had a width-to-thickness ratio ( w/t) of 20 which exceeds the Timit-
ation in the AISC Manual of Steel Construction (8) for compact members.
These tests did not show the formation of a Tocal buckle before the
yielding of the member as they failed in an elastic buckling mode and
thus the stress level remained low.

The formation of a local buckle if any, is indicated on the curves
presented in Figs. 15 to 40. It is noted that all the local buckling
observed has occurred after attaining the full ultimate strength of the
member. The formation of a local buckle was predominantly seen in shorter
members, because members with smaller L/r ratios sustained high stresses.

In general the test results show that a long member has greater
ability to sustain load after the critical buckling load than the shorter
members. However, in all cases some resistance to axial load was evident
in the post buckling region. Hence members with larger L/r ratios exhibit
larger Tload plateaus before a gradual drop-off of load occurs. This is
because the members with larger L/r ratios require large axial displace-

ments to cause yielding due to the bowing of the member. On the other-
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hand members with smaller L/r ratios displayed a brittle type failure
with steep drop-off of load capacity after reaching the ultimate strength.

By comparing the P vs &§ curves for various tests it is evident
that the effect of the eccentricity of applied load from the center of
gravity of the member is to make the P vs § curve softer. A typical
example is the comparison of tests S2 HH 50-2 and S2 HH 36-2. The test
S2 HH 50-2 (Fig. 15) being loaded eccentrically from the center of gravity
of the angle has a softer curve than the curve for the test S2 HH 36-2.
Eccentrically loaded members have a more ductile type of failure with a
wider plateau but attain a lower ultimate load.

It is evident that the effect of a fixed end condition is to attain
higher ultimate strength of the member than in ball or hinge connections.
This is expected as fixed ends give greater resistance to applied loads.
However tests with bolted connections demonstrated their suseptibility
to bolt slippage, which resulted in wider P vs § curves.

The study of the effect of the yield strength on the member per-
formance was handicapped to a certain extent by the non-availability of
the steel stock with wide range of yield strengths. It is shown in
Table I that the yield strengths of members tested do not exhibit a con-
siderable difference in value between A-36 steel and Grade 50 steel.
However it is observed that members with higher yield strength with other
parameters being constant give rise to higher ultimate strengths as
expected.

It should be emphasized that the above observations pertaining to
the effect of various parameters in the member performance are done in

general terms. The limited number of tests performed and the test data
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scatter was a problem when extrapolating the results. However, it is
evident that the tests performed were sufficient to Verify the analyti-

cal computer program of Ref. 7.



CHAPTER III

PRELIMINARY EXPERIMENTAL PROGRAM FOR
INDETERMINATE TRUSS TESTS

3.1 OVERVIEW

This chapter documents the Preliminary Experimenté] Program
carried out to investigate the load transfer characteristics of diagonal
bracing in an indeterminate truss. Attention is giVen to the Experimental
set up, Instrumentation and the Test Procedure. The Steel Properties and
Coupon test results are included. The experimental load capacity of the
test frame for various diagonal members tested were compared with the

theoretical capacity determined by statics.
3.2 EXPERIMENTAL SET UP

Experimental set up for the indeterminate truss is shown in Figures
41 and 42. Figure 41 is a picture of the indeterminate truss without
diagonal bracing. Diagonal bracing is shown in Fig. 42. The idealized
configuration is shown in Fig. 43. A 48 inch square frame was constructed
using 8 x 8 x 7/8 double angles as a model to do preliminary study of Tload
transfer characteristics in an indeterminate truss. The double angles
between CD (Fig. 43) are welded to a W 24 x 68 which is restrained at E
and F. From the geometry the reactions at E and F are equal and opposite
and the magnitude is less than the pulling force in the actuator. The
- reaction at G is equal to the pulling force in the actuator (assuming
supports E and F do not contribute reactions in the CD direction).

Supports were proﬁided at E, F and G to resist the above reactions



Figure 41.

Setup of truss without diagonal bracing

Figure 42

Indeterminate truss with diagonal bracing
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(Fig. 43). The 8 x 8 x 7/8 angles were separated by 2 inches to facilitate
connection of the diagonal test member to fhe frame. The diagonal test
angles are bolted to a 13" x 5" x 2" connecting plate with 5/8 inch bolts
at each end. These plates are then pin connected to the frame to simulate
a frame as shown in Fig. 43. Members of the test frame were selected

large to give the frame a capability of testing larger members and to

minimize their size effect on the test results.
3.3 INSTRUMENTATION

The MTS system was used with stroke control to apply the load.
The load value was read directly from the MTS control panel. The de-
flection of the sidesway of the portal was measured using a Linear Variable
Differential Transducer (LVDT) with read out directed to the MTS control

panel.
3.4 TEST PROCEDURE

The chosen test procedure was selected to ensure that the compression
diagonal was well seated and compressed before the tension diagonal
sustained any load. This was an attempt to minimize the bolt shippage
in the compression test member connection.

The test procedure was as follows

1) mount the compression diagonal in the test frame

2) Apply a load at the joint B (Fig. 43) using the actuator of the

MTS system until the compression member is well seated. Five
hundred pounds is the normal load value used.

3) mount the tension diagonal
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4) Tload until failure of the tension diagonal.

The members tested and final results are given in Table IV. The
theoretical load capacity of the truss was determined by statics assuming
zero load resistance in the compression diagonal and a yield force in the
tension diagonal. A plot of the load deflection curves obtained from
these truss tests are presented in Figdres 44 to 52. The load is the
load applied by the actuator and the deflection is the sidesway of the

portal.
3.5 STEEL PROPERTIES AND COUPON TESTS

To obtain data on the material properties of the steel angles
tested, coupon tests were performed using the MIS Testing Machine.
Details of these tests are documented in Chapter II, section 2.6. A
typical stress-strain»curVe is illustrated in Fig. 14. Table V summarizes
the steel properties of steel members used in the indeterminate truss

tests.
3.6 DISCUSSION OF RESULTS

Table IVA summarizes the properties and configuration of diagonal
members used in preliminary truss tests. The areas listed for tension
members are for net sections calculated in accordance with the provisions
of section 1.14.2 of Ref. 8. The tension member used in test Fx3 was a
C 5 x 9 and was coped at its ends to facilitate mounting. Comparison
of experimental and analyticd] results of the preliminary truss tests
are given in Table IVB. The theroretical frame load capacity of the

frame is that load sustained by the frame when the tension diagonal is
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TABLE V

STEEL PROPERTIES OF INDETERMINATE TRUSS TESTS

YIELD ULTIMATE MODULUS PERCENTAGE
TEST STRESS STRESS OF ELONGATION
(KSI) (KSI) ELASTICITY (%)
Fx1 50.5 72.3 29100 31.0
Fx2 50.5 72.3 29100 31.0
Fx3 (TM)* 41.6 59.0 29700 38.0
Fx3 (CM)** 54.8 71.2 29100 38.0
Fx4 51.0 67.8 29200 34.0
Fx5 51.0 67.8 29200 34.0
Fx6 48.2 65.6 29100 35.0
Fx7 48.2 65.6 29100 35.0
Fx8 52.5 72.7 29100 34.0
Fx9 50.0 67.5 29300 39.0

* ™

*%CM

TENSION MEMBER IN TEST Fx3
COMPRESSION MEMBER IN TEST Fx3

68



69

Vi

cl

LX4 3531 py o4nbLy

("ut) juswaoe|dsig Aemsapig
ol g8 9 1A A

' 2 . Il 1

(1x4) speuobelrg uorssauaduo) pue uoLsusj

NOILWVYN9IANOI 1S3l

+0¢

LOE

£814

(sdix) peon



70

Vi

¢l

2x4 159 Gy ednbl4

(‘ul) juswaoe|dsiqg Aemsapis

ol

|0

9 ¢ Z

(2x4) sieuobelq uOLSS3UAWO) PUR UOLSUD]
NOILVYNIIINOD 1S3l

-0l

r0€

1014

(sdiy) peon



71

VEX4 PUB €X4 3S3] 9y S4nbL

(‘u1) yuswaoe|dsiqg Aemsspig
¥l A ot 8’ 9 14 <

(veX4) ALuQ sLeuobelq UOLSUD| « o= == o= ==

X4 S mcomm_.e :o_.wmeQEou PUR UOLSUD| e
(exd4) si L L L

NOILVYNOI4NOD 1S3l

(sdiy) peoT



72

¥bX4 pue px4 153) [y 94nbi4

(‘ur) Juswaoe|dsiq Aemsapig
0] g o 14 N

vi ¢l

08

(Vpx4) ALuQ LruobeL] UOLSUI] +em = e =

(#x4) s|euobelq uOLSS3AAWO) PUL UOLSUI| ememmmee
NOILWYADIANOD LS3L

(sdiy) peo’



73

4GX4 pue yGx4 ‘Gx4 3sa] 8y o4nbLy

(ur) yuswaeoe|dsiq Aemsapig

(96%4) ALup Leuobeiq UOLSSAUAUO) e o e

(¥gx4) ALup Leuobei( UOLSUB] « == = == =
(Gx4) speuobelq uOLSSaAAWO) PUR UOLSUD| e

NOILVY¥NI IINOD 1S3l

08

(sdi¥) peod



74

Vi

'l

9x4 1S8] 6f o4anbL4

('ur) Juswaoe|dsiqg Aemsapig
9 14 A

o'l g

09

(9x4) speuobeig uOLSSIUAWO) PUL UOLSUD| e
NOILYYNII4ANOD 1S3l

(sdix) peo’



75

g/x4 pue y/x4 /X4 3s3L 0G 94nbLy

(ui) Jusweoeidsiq Aemsapig

(9/xd) ALUQ LeuobeLg UOLSSBUAUWO?) wmmw w e

(¥LX4) ALUQ LRUOBRLG UOLSUD] +== = = =

(£X4) sieuoberq uOLSSBUAWO) PUR UOLSUD|  semmemmmeee

NOILYYNII4NOD 1S3l

£01°]

(sd1¥) peoT



76

vl

cl

¥8X4 pue gx4 3s31 |G aunbiy

(‘ur) uswooe|dsig Aemsapig
ot 8 9 14 4

08
(¥8xd) ALuQ 1euobBLE UOLSUD] ¢ cm www = =
(8%4) speuobeiq UOLSSIAAWO) PUR UQLSUD| e
NOILVYNI I4NOD 1S3l

(sdiy) peo’



77

¢l

¥6X4 pue 6x4 1531 2§ a4nbi4

("u1) jJuswaoe|dsig Aemsapig
o't 8 9 14 4

(v6X4) ALuQ Leuobeig UOLSUB] . = = =

(6%4) SLeuobeiq u0LSSAAAUO) PUR UOLSUY] e
NOILVINY I4ANOD 1S3l

08

(sdi¥) peoq



78

. stressed to yield and the compression diagonal carries a zero load.
The theoretical buckling Toad of a compression diagonal is the Euler
Buckling Toad of the member assdming a pinned-pinned connection. It is
assumed that the shear is equally distributed between the diagonal mem-
bers before the failure of the compression member and hence the tension
member carries the same load as the compression member. Hence the
theoretical frame load when compression diagonal buckles listed in
Table IVB is twice the component of the buckling load for the compression
member in the case of the tests with two diagonals.

The experimental results are presented in Figures 44 to 52.

The tests performed can be categorized into three as follows

(1) Tests with compression and tension diagonals

(2) Tests with tension diagonal only

(3) Tests with compression diagonal only

These three categories enable the study of the contribution of each
diagonal member and both members together in sustaining the applied
frame load.

Tests with compression diégona] only (Tests Fx5B and Fx78) showed
a gradual increase of 1oéd capacity and a steep drop of load after the
member buckles. However these tests showed that the frame had some
resistance to the applied 1oéd after the compression diagonal buckles.
The shape of these curves are similar to that obtained in singlé member
tests (Figs; 48 and 50);

Tests with both tension and compression diagonals showed a gradual

increase of load until the compression diagonal buckles and then showed

a little drop in load. The strdctura] system has the ability to sustain
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load until yielding of the tension member. This occurred at the bolt
holes. It is shown in tests Fx4 and Fx5 that the load sustéined in the
case of tension and compression members is higher than that of tension
member only tests in the post buckling region. The experimental ultimate
load was shown to be 17.8 and 45.4 percent more than the theoretical
frame load capacity calculated using statics. It was shown in single
member tests that the compression members do sustain axial load in the
post buckling region; This post buckling strength was instrumental in
increasing the frame load capacity above the expected in the idealized
situation. When the compression member looses load, it transfers to
the tension member thus enab]ing the system to sustain an increase in

load.



CHAPTER IV
CONCLUSIONS AND RECOMMENDATIONS

Basically the experimental results obtained in the single member
tests verified the analytical computer program of Ref. 7. The load
spike for members with no eccentricity was an important observation made
in this study. These members pretend to show a higher ultimate load
but a little disturbance causes sudden drop in load carrying capacity.

Experimental results of this investigation as well as the analyti-
cal computer model of Ref. 7 verifies that members with large length to
radius of gyration ratio possess a wider plateau in the post buckling
region. Hence these long members would be able to sustain their maxi-
mum load capacity for additional deformation. The implications of this
on a Limit State Analysis of a three dimensional truss is that long
members would allow the redistribution of loads to other parts of the
structural system. Long member performance may conceivably be modeled
as a bi-linear load-deflection curve. Members with a small length to
radius of gyration ratio showed an unloading immediately after the
ultimate load was reached. These short members could not sustain their
maximum load for additional deformations. This suggests that a Limit
State Analysis technique may be required to be able to account for
member performance depicted by load-deflection curves other than bi-
linear. This refinement should account for any unloading which exists
after the ultimate load is passed. The secant stiffness approach could
be used in this case. It assumes a lower stiffness of the member in

the post ultimate region. This secant stiffness approach is independent
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of the shape of the load deflection curve of the member and hence
ideally suitable.

Eccentricity of the member tends to provide a greater plastic

plateau but a lower ultimate load of the member. This makes a shorter
member with large eccentricity of loading perform 1ike a longer member
with no eccentricity.

The non compact long members tested showed that they were not
susceptible to local buckling even though their width to thickness ratio
was much greater than that of compact sections. This is because these
members being long are not subjected to a high enough stresses to
cause local buckling. This shows that the load carrying capacity of
long members with larger width to thickness ratios is riot affected
by the fact that they are not compact.

This study of single member tests provides a foundation to formu-
late axial load vs axial displacement curves for various parameters
of members. These curves are needed to obtain the modified stiffness
of members (secant stiffness) to use in Limit Analysis of Trusses
such as transmission towers.

The preliminary truss tests conducted supports the fact that the
buckled compression member aids in the load carrying capacity of the
indeterminate truss by transferring loads to other members in the
structural system. When the compression members reach their ultimate
load and it through large deflections, the structure is able
to redistribute it and resist higher structural loads by utilizing the
reserve strength inherent in the indeterminate truss.

The bolt slippage of members was a cause for considerable axial

displacement. It is recommended that further study of this bolt slippage
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be undertaken to ascertaip its effect on member performance. This
investigation was not concerned with the effect of intermediate supports
of compression members. It is also recommended that testing of single
angle members with intermediate supports and diagonal membefs connected
at their common point in the case of indeterminate trusses be undertaken
This will yield further data as to how various members behave in this‘

type of situation.
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APPENDIX A

COMPUTATION OF AXIAL DISPLACEMENT USING THE DATA
OBTAINED IN SINGLE MEMBER TESTS FOR THE
HINGED-HINGED CONFIGURATION

Derivation of Equations

Definition of symbols used in this Appendix are as follows

Symbol Description

X@(N) Gage reading at location N (Fig. 55) at pre-
N=1t% 8 load

X(N) Gage reading at location N after member is
N=1to8 loaded

Bn Distance between concentric gages at member
n=1+to?2 end n

a Rotation about y axis (Fig. 54)

n=1to02

RH Distance from the hinge to the end plate

In this Hinged-Hinged configuration the end plates are free to
rotate about the y axis and free to translate in the Z direction (Fig. 53).
X@(1), X@(2), X@(3) and X@(4) are the initial gage readings at locations
1, 2, 3 and 4 which forms a square of size B1. X(1), X(2), X(3) and
X(4) are the gage readings after displacements.

When a load is applied through the actuator the end plate trans-
lates a distance 0] 02 in the Z direction (Fig. 54) and rotate an angle
ay about the y axis. The length of the member is measured from the

hinge of one end to the hinge of the other end. Hence the displacement



Test Member

\Eid Plate

Figure 53 The end plate and gage layout at one end of the
test member
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of the member at one end is giVen by 0] 02 in Fig. 54.
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The sum of displacements at both ends gives the total axial dis-

placement for the member.

It follows that in Fig. 54.

O]A1 = 0,A, =R

oho = Ry

_ = X(1) + x(2) - Xg(1) - Xg(2)
€1y =6, = 3
BiBy = 6y =
DC, = BB, = G,

G, + G

Tan a, = 1 2

153 —

1

In triangle EC]C3

[]]

EC] C]C3 Cot oy

EC] 62 Cot o

EA] EC] - B]/Z

A]A3 = EA; Tan o4

02A3 = RH Sec a4

X(3) * X(4) > X@(3) - Xg(4)
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Initial Position

G, /
4
B, BQ
E
\\ Final
(Ao Ag / Position
A
\N
m—\
D C, Ca
X - \\\\
) . ‘
Q
X A

Figure 54 Translation of the end plate and rotation about
the y axis for the hinged-hinged configuration
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A] A2 = A]A3 - A2A3
= G2 - (B1/2) Tan ay - RH Sec ay - RH
= Gz - (1/2)(G] + Gz) - RH (Sec a] - ])
AJA, =

] 2 = (GZ - G])/Z - RH (SeC a] - ])

0,0, = A4A,

The displacement at the first end = O]O2

Applying proper signs to G] and GZ; the displacement at the first
end is =13 (G2 + G]) - RH (Sec ap - 1)

where Tan ay = (G2 - G])/B]

Similarly at the other end let the initial gage readings be X@(5)
X@(6), X@(7) and X@(8) at locations 5, 6, 7 and 8 (Fig. 55) and X(5),
X(6), X(7) and X(8) be the gage readings after displacements.

Then we can find G3, G4, and Tan a, such that

Gy = (X(5) + X(6) - XB(5) - X@(6))/2

6, = (X(7) + X(8) - XB(7) - XB(8))/2

Tan a, = (G4 - G3)/B2

Hence the displacement at the other end is = % (G

4 3 ) -

The computer program used to perform the above calculations are

shown on the following pages.
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End 1
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Figure 55 Gage layout for single member tests including the
rotational gages
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Input data for the computer program:

><
=2
=
~
]

( Gage reading at location N (Fig. 55) at preload
N=1Tto8

><
=
=2
N—
(1]

( Gage reading at location N after member is loaded
N=1to8

Resetting of gages need to be done just before any of the dial
gages reach their maximum range. The reading of such a gage in its
current position is noted and then moved to a new position either towards
or away from the end plate to facilitate further readings with the same
gage. Readings of gages after resetting were taken into account for the
difference.

Reset readings are input to the computer with a number 999.

The output printed is the displacement of the member at the
actuator end, the displacement of the member at the reaction block end

and the total axial displacement of the member.
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FLOW DIAGRAM TO CALCULATE AXIAL DISPLACEMENT
. FOR HINGE HINGE CONFIGURATION

INPUT INITIAL DIAL READINGS
X@(N)
N=1 T0 8

INPUT DIAL READINGS
FOR EACH LOAD
X(N)
N=1 TO 8
TYPE 'S' TO STOP PROGRAM

CALCULATE FOR EACH SET OF DIAL
READINGS AXIAL DISPLACEMENT,
AND ROTATION AT EACH END

PRINT THE VALUES OF DISPLACEMENT
COMPONENTS AT EACH END, TOTAL
DISPLACEMENT FOR THE MEMBER

HAVE ALL SETS OF
READINGS BEEN PROCESSED
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COMPUTER FROGHAM

10 REM THIS PROGRAM WILL CALCULATE DELLTS AND END ROTATION

BOOREM AT BOTH ENDS OF THE ANGLE GIVEM 8 G6GE REGDINGE.

30OREM ¥k TO RESET ZERGD ENTER 999 FOR EACH GAGE Vel.Ek

i WAIMXCED ) XQ Dy XL ()

I8 DE=O

Tl DA==O

BT AI=Q

38 Ad=0

40 FRINT

SO PRINT

GO PRINT "GAGE LAYOUT"

&S PRINMT M ACT FEMACT"

TOOFRINT M X
PRINT M 1

D FRINT
FRINT

RE PRIMT

QN OFRINT

G4 PRINT " X b p X"

P FRINT “ 4 & g

Q@7 FRINT

8 FRINT

LOO FRINT "INPUT 8 ZERQ READINGSY

LEO Mt TNFUT X0

L2 PRINT "INFUT @ GAGE READINGS"

30 MAT INFUT X

F3EOTF X OL) 58 THEN S500

140 MAT Xis=X-XO

LSO FOR Is=1 T 8 STEF 2

LEE T1=1/2+]

1HO XLy m XL (L) XL Cl+1)) /2

176G NEXT I

175 A=G.7

V76 Re=l,7%5

180 AL=ATNCCX (L) X (2 /) +AE

IR0 AR2=ATNM U)X 4)) //8) +A4

200 DLy Bk L) X (2 ) R CL /7008 (ML) L, 0)+D3

A2L0 DEs LS () + X (4) ) =R¥ (1L /7008 (A2) ~ 1. 0) +D4

R PRINT DELT CACET) REL.TA (REACT) GELTE

QX0 FRINT DL,D2,DL+D2

B4 PRINT ¢ ALPHA L) Ml ey (20

>(H
"

e Wl
b /

i x>
=

4

AE0 PRINT AL, AR

GOTQ 120
L8]
D4=D2
==y
A4=R2
GBOOTO 100
END




¥BRAGIC
KRUN

GABE LAYOUT

fACT REACT
X X X X
1 3 S 7
X X X X
2 4 ) 8

INFUT 8 ZERH READINGS
?.432,.5 LA94, L 50T, 491, . 485, .495, 0310
INFUT 8 Fﬁb& READINGS
Pe4T7E, 599, 500, .818,.477, . 468, .495, . 807

DELTANCT) RELTA(REACT) DELTA
QOLEIT -, QOBEOHT Q0T 4GB
ALPHACL) AL 2D

LDORETLSE - QOR4GHT

INPUT B8 GAGE READINGS :
P A0, 619, B0L,  B22, . bbb, 455, . 499, .51

DELTA(ACT) DL!TA(REALT) DELTA
P 0264741 LOLRS2 L 019490
ALFHACL) HLFH&(E)

L O0E4T85 = OOTEEEL

INFUT 8 GBAGE READINGS
?.0538,.673,.487,.515,.429, . 419, .528,.339

DELTA(ACT) RELTA(REACT) DELTA
ZR4T70146 =~ 0174854 COIFTEY
ALFHA (L) Al C2)

16402 ~. 16402

INFUT 8 GAGE READINGS
?.TIE, 884,.470,.515,.319, . 318, . 621, . 644

DELTA(ACT) DELTA(REACT) DELTA
14199465 =~ E21 641 L 1198324
ALLFHA L) ALPHA R

L D534578 = Q324956

INFUT 8 BAGE READINGS

7999, 999, 999, 999, 999, 999, Y95, 9H

INFUT 8 ZERD READINGS

7. 100, . 000, 470, 515, 519, 318, . 621, . 644
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INPUT

8 GAGE READINGS

198, .091, .489, 838, . 277, 281, .480,.688
DELTAACT) DELTA(REACT) DELTA
. 1988872 - QR02T7E 1756142
ALFHA L) ALFHA C2)

66ITLE ~ . 6HB4T7 )

INFUT

8

8 GAGE READINGS
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Symbol
X@(N
N=1rto
X(N)
N=1rt%o
En
n=1+t%o
Bn
n=1~*t%o
e
n=1*t%o
Bn
n=1t%o
Y
n=1~to
dy
N=1rto
Ro
R

APPENDIX B

COMPUTATION OF AXIAL DISPLACEMENT USING THE DATA
OBTAINED IN SINGLE MEMBER TESTS FOR BALL-BALL CONFIGURATION

Derivation of Equations

Definition of symbols used in this Appendix are as follows

10

10

10

Description
Gage reading at location N (Fig. 55) at pre-

load

Gage reading at location N after member is
loaded

Displacement of the center of end plate in Z
direction at member end n

Distance between concentric gages (Fig. 53)
at member end n

Rotation about X axis (Fig. 58) at member end
n

Rotation about Y axis (Fig. 59)
Rotation about Z axis (Fig. 57)

Gage reading at location N (Fig. 55) corrected
for the initial value

Distance from the center of end plate to center
of gravity of test member (Fig. 57)

Radius of the ball (Fig. 53)
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In this ball-ball configuration the end plates are free to rotate
about x, y and z axes and free to translate in the z direction. Figure 53
details these directions. X@(1), X@(2), X@(3), X@(4) and XP(9) are the
initial gage readings at locations 1, 2, 3, 4 and 9 (Fig. 55). Locations
1, 2, 3 and 4 forms a square of side B]. Gage 9 is located perpendicular
to the test member to measure rotations about z axis as in Fig. 55.
X(1), X(2), X(3), X(4) and X(9) are the gage readings after displacements.
E] is the translation of the center of the end plate in the z direction.
Layout details are given in Fig. 56.

The following define the relationship between displacements and

geometry.
X@0(1) + Ey + (1/2)81 Tan 8 + (1/2)81 Tan B4 = X(1) ]
X@(2) + E] - (1/2)81 Tan 6, + (1/2)81 Tan By = X(2) 2
X@(3) + E] + (]/Z)B] Tan 9] - (1/2)81 Tan By = X(3) 3
Xg(4) + E1 - (1/2)B]‘Tan 9] - (1/2)81 Tan B] = X(4) 4

Adding equations 1, 2, 3 and 4
XO(1) + X@(2) + XP(3) + XP(4) + 4E; = X(1) + X(2) + X(3) + X(4)

Ey =% (X(1) - XB(1) + X(2) - XB(2) + X(3) - X@(3) + X(4) - X@(4))

Let X(T1) - X@(1)

dq

X(2) - X@(2) = d2 , etc.
Equations 1-2

0, = Arc Tan ((dy - d5)/B1)
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Fiqure 56 Translation of the end plate with rotation about

the x axis
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Figure 57 Rotation of the end plate about the z axis
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Hence rotation about X axis

8; = Arc Tan ((d] - d2)/B])
Equations 1-3

B] Tan B] = d] - d3

B1 = Arc Tan ((d] - d3)/B])
Rotation about y axis

By = Arc Tan ((dy - d3)/B4)

Equations 1+ 2 + 3 + 4
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4B, = X(1) - X@(1) + X(2) - X@(2) + X(3) - XB(3) + X(4) - Xp(4)

Ey =% (dy +dy + dy + dy)

Rotation about Z axis Y4 is giVen by
Yy = (X(9) - XB(9))NR
Consider the Y1 rotation about Z axis (Fig. 57).

The location of the center of gravity of the angle is given by

Ry = (XX° + YY4)"

In Fig. 57

o"c

Ry Cos (ag *vq)

o"C

R, Co; ay Cos vy - RoSin a4 Sin v,

L > L
0"C = (xx% + YY4) XX Cos vy/(xx% + Y¥2)% - (xx® + v¥2)%

YY Sin yy/(0x% + Y¥2)*



XX = 0"C = XX Cos y; - YY Sin v,

Similarly

0"D

R,Sin (a] +vq)
0" = R Sin oy Cos vy + R Cos o Sin v

-<
<
1}

= 0"D = YY Cos Yyt XX Sin g

Now consider the rotation 91 about X axis (Fig. 58)

1

2z = YY! Sin 9,

YY! = 0"D = YY Cosy; + XX Sin v,

Z2" = (YY Cos yy *+ XX Sin y;) Sin 8,

YY" = vv! cos o,

YY" = (YY Cos Yyt XX Sin Y]) Cos 9]
yUo=yy Doy

Y! = (YY Cos vy *+ XX Sin y;)(1 - Cos 8;)

For rotation B] about Y axis (Fig 59)

)

XX" = XX Cos B]

XXII

(XX Cos Yy - YY Sin Y1) Cos B]

X' = (XX Cos Yy - YY Sin Yl)(] - Cos 81)
=xx ! (sin g

- (XX Cos Yy - YY Sin Y]) Sin B]

N N
~N ~N
{] 1]

The new location of center of gravity of the angle at the first
end is giQen by

M= XX*

1]

(XX Cos Yy - YY Sin y]) Cos By
. .

YYII

(YY Cos Yyt XX Sin Yl) Cos 9,
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Figure 58 Rotation of the end plate about the x axis
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Figure 59 Rotation of the end plate about the y axis
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P = E] + 22" = (YY Cos Yy + XX Sin Yl) Sin 9]

(XX Cos Yy - YY Sin Y]) Sin B] + E]

YY (Cos Yy Sin 8 + Sin vy Sin B])

+

XX (Sin Yy Sin 8y - Cos Yy Sin B])
+ Ey

Hence the position vector of the center of gravity of angle V]

at the first end is given by

V= Mi+ NG+ P

i, j and k are unit position vectors in x, y and z directions respectiVely.
Similarly let XQ(S); X@(6), XB(7), X(8) and X@(10) be the initial

gage readings at locations 5, 6, 7, 8 and 10 (Fig. 55). Let X(5), X(6),

X(7), X(8) and X(10) be the gage readings after displacements. Let E2

be the translation of the center of the end plate in the z direction.

Writing similar equations for the second end

X@(5) + E, + (1/2)B2 Tan 6, + (1/2)82 Tan By = X(5) 5
X@(6) + E2 - (1/2)82 Tan 92 + (1/2)82 Tan 62 = X(6) 6
X@(7) + Ay + (1/2)B2 Tan 6, - (1/2)B2 Tan 82 = X(7) 7
X@(8) + A - (1/2)B2 Tan 6, - (1/2)82 Tan B, = X(8) 8

Adding equations 5, 6, 7 and 8 we get E, =% (X(5) - X@(5) +
X(6) - X@B(6) + X(7) - X@(7) + X(8) = X@(8))

Similarly we obtain location of center of graQity of the angle at

the second end as follows

R = XX2“ = (XX Cos Yo - YY Sin Y2) Cos 82
S = YY2" = (YY Cos Yo * XX Sin YZ) Cos 92
T= 222" = -YY (Cos Yo Sin 92 + Sin Yo Sin 62) + continued
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- XX (Sin y, Sin 92 - Cos v, Sin B,) = E, + L

Position vector of the center of gravity of the angle at the second

end V2 is given by

<<
n

Vo =Ri+Sj+Tk

1

Ve (M -rR)2+ (N-5)2+(P-T)P2)%

L]

is the distance between the center of graQity of the test member
from one end to the other.
Hence the axial displacement of the test member is giVen by

sL =L - L]

The computer program used to perform the above calculations is as

follows.
INPUT DATA FOR THE COMPUTER PROGRAM
XX = Eccentricity of the test member in the X direction (Fig. 53
YY = Eccentricity of the test member in the Y direction (Fig 53)
B = Distance between concentric gages (Fig 53)
L = Length of the test member
P = Load value at each increment step
PM = Ultimate load of the test member
R = Radius of the ball
X(N) = Gage reading at location N (Fig 55)
N=1=to 10

Resetting of gages need to be done just before any of the dial
gages reach their maximum range. The reading of such a gage in its

current position is noted and then moved to a newer position either
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towards or away from the end plate to facilitate further readings with
the same gage. Readings of gages after resetting were taken into
account for the difference.

Reset readings are indicated to the computer by a character “Z"
for the load.
The output printed is axial load, gage readings and axial displace-

ment for each load step.



FLOW DIAGRAM TO CALCULATE AXIAL
DISPLACEMENT FOR BALL-BALL CONFIGURATION

( START ’
Z// READ XX, YY, R, B, L A//]

READ INITIAL DIAL READINGS
X@(N)
N=1 TO 10

READ P AND DIAL READINGS
FOR EACH LOAD

CALCULATE FOR EACH SET OF DIAL
READINGS AXIAL DISPLACEMENT

PRINT THE VALUES OF LOAD,

GAGE READINGS AND AXIAL

DISPLACEMENT FOR EACH OF
THE LOAD

HAVE ALL
SETS OF READINGS BEEN
PROCESSED

104



105

COMPUTER FROGRAM

®LIST

10 REM THIS FROGRAM CALCULATES THE AXIAL DISFLACEMENT FOR
20 REM A MEMBER WITH BaLL BRALL CONFIGURATION

2 DIM XO10) , X10) , X1 L), Le (30 '

286 READ Y1,Y2 _h,BAL_P

TOOFRINT "XX sy YLy YY"y YRy TR g Ry MRy Mty
S8 OPRINT "LQAD GAGE hthTNGC“
Sd AE=O

57 Ads0

FQ THm0

T T4

40 B0

41 B4=0

42 BI=0

47 GA=0

50 FOR N=1 TO 10

51 READ XO (W)

53 NEXT N

5% READ L%

6O IF L$="Z" GOTO SO0
70 IF L$="STP" GOTO 4002
190 FOR N=1 TO 10

191 READ X (N)

19D XL (N) =X (N) =X (N)
193 IF N4 THEN 195
194 GOTO 200

195 IF N&9 THEN 198
196 GOTO 200

198 X1 (N)=-X1 ()
A0 NEXT M
210 Al= (XL ) AX1 2 +X1 CH) X1 (4)) 74+A7

220 AR (XL E) XL (&) +X1L 7)) +X1(8)) S+

2340 Tl =ATNCOXL (1) X4 (2)) /7B T3

240 T2=ATN (X1 (8)~-X1(6)) /B+T4

230 Bl=ATM XL (L) X1 () ) /7B +R3E

26O BR2=ATNOIXLA7)-X1E)) /7B+B49

270 (G1=X1(9) /R+E3

275 GR=X1 (10) /R+eG4

280 Il=(Y1IXCOS (G ~Y2XSIN G531 ) %008 (B1)

20 Jl=(Y2%COS G +YLIRSTINGL) ) RCOS (T

RICTA N S Y”*(CUU(&L)*S]N(I})1SLN’ul)*SlN\UL))
SO hl“hl*Yl*(mIN(ﬁ})&Q[N(ll) =GOS L ASTNEL) ) +Al
S0 T2=(Y1RCOS(G2) ~YIRGINGR2) ) %xCOS (BD)



Ty
- "'Z 9]
e
b
400
402
405
410
420
HO0
S10
G20
B0

e
[HQ

70

&HOO

RINININ}
a002
J007F
004
ZO0NR
SO0
3 (:) (") 7

mOLE
301e
TOLT

Tﬂﬁl

AR
mOa
3024
BOaE
IORG
JORT
JOTO
4002

2

D=L~

B40 T

G4=E2R

GATO

DATA
DATA
DATH
DATA
DATA
DATA
DATAH
DATA
DATA
DATA
DATHA
DATA
DATA
DATH
DATA
DATH
DATA
DATA
DATH
DATH
DATA
DATA
DOTA
DATH
DATH
DATA
DATA
DATA
END
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JE=YR2RCOE (B2 YIRS INGGR) FxCOG T

CA=YR2X (COS(G2) ASIMIT2) +SIM G ASTN (B2

CEEY LA CBINGR) XGIN(TE) ~C08 (E2) XBIMIEZ) ) +A2+L.
SARCCIL-T2) ™2 (T L J2) Vi (R =k V)

PRINT LeiX L) g X @) g X ) g X(4) 3 X (D)

FRINT

X{H) g X7 3 XA(8)

PRINT X (93X {10
PRINT™
BOTO
AWEIEN

DELT@="3D

[E=
e T

e

- 342, 21y 2,870 bdH, 25,0
n54ﬁun5;9,.uo9..dil.u4d ..... P03 1 IR Y = IR ST S T 221
RATONE

PELO0Y, VB4R, JERY,VEI9, .87, 4835, 0388, 468, 326
L5548, 561

MELBEY, LEAN, B4, 56, JETD, L ABE, JET2, 449, 316
«od8, .35

N, OEY, L BEL, L E5B0, S84, W EBAT, L 48%, . BhbH, JAT0, 308
e Sty W EEE

P1RLAN L E96,  SBEE, L AQT7, L OEE, 494, L BED, VAT, LAY
T T
”}Tul"..&|7,.ﬁéﬁ,.&33,~ﬁ73,uﬁ90,.35®,.47&,nﬂ99
SR, EE

AT LT 649, L EEE, L ATO, LERT, VE00, L350, AL, 2T
u541,.550

TROLREY W TES, L HR0, 744, . 618, JERL, 320, .508, 263
«SE0, 548

mRLLEY, .U"?nufxth.éﬂqu.‘JWL" wmI W 278, B4, 200
M T SR

MG B, L PT0. AT, B, JEAL, VEBET, CLTE, 648, 207
SRR, WST76

NN W GIL, L HAT L B6O, LB, CEES, L LTE, 648, 220
WP ST

"iérve m”",.ﬁl@,u A2, 480, J540, 085, D88, L AET, LR
h0E&, 588

"RLEN W TAb, P68, B0, 688, . 167, 408, JARR, L 604
R-Y

"GTR "



OUTPUT OF RESULTS

XX mi, A2 YYme, T21 Re= 2 e
LOAD GAGE READINGS
TL00 LE42 0 B2 L5359
<388 468
548 L0561
DELT A= 0
SE6E 0 JT41 0 L S64
oL S
o a8
DEL TA=
L3581 L5850
LA70 0 308
S8 '
DELTA=
12.2 .896 3558
b2 LAT7R 298
L S44 583
DEL TA==
CHL7 0 L 5468

- ey
LN

= e
a e

9.8%
. 372
. 5448

L DOB3ELT

D .08 586 L0545

. Db

o S

COLIBLTR2T

LHOT7 .55

«QATI2BE
OID LSBT

]

15,2

[ A )
DE3E L4786 LARO
LE42 0,581

DELT A=
H49 L 583
A4E1L L 281

» S50

DELTA=
TIT 620
S8 26D
w G4
DEL TA=
21,5 .808 L6351
<276 GB49 0 L280
L4455
DEL T A==
A7 L 6ET
HAB 227
ST
DEL T A=
w210

amrer
LR T

588
DELT
R N Y

S O404015
17.7 SOHTO L3903
v )
« G4
- OEHOBR0OG
20.95 . 744

« 320

" é;) .I. Q

« S0
AO6BELY
L8800 L8591

L IER44E
19.8 CB6O L3544
17S
RS
1709314
480

N

14,258
« 588
o S0

ey
" L i

L HPO

« 540

S1ET7ET7E
« 890 L HEG

9.5
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a7 Eésy

AEE

« 485

« 4839

. 494

- SO0

» 508

. 085

L1 &T
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CLA402 0 4220 L6804
LHOT LE98

DEL T A W GQARTT b

READY
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