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- ABSTRACT
PRETENSIONING OF SINGLE-CROSSARM STAYED COLUMNS

by

. Hisham Hussein Hafez

The elas»wc buckllng load of a concen*rlcally loaded,
pin—ended, slender metal column may be increased many times
Jover its Euler load by relnforCLng it with an assemblage of
pretensioned stays and rigidly connected crossarm members
In this thesis,- the effect of preten51on1ng the stays on
the buckllng load of 51ngle-crossarm suayed colummns 1s
pres%gted The .optimum rgculred nretenslon is derlved
Also, the minimum effective pretension and the maximum
" possible Dnetension are developed. A geometrlcal ‘study of
the loaded coélumn has been used to obiain these values.

The derived relationships were applied to numerical
eiamples to demonstrate the influence of various stayed
column ﬁarametcrs on the opfimum.and minimqp_effecti§e_
pretension, and the maximum buckling lcéd:‘ The results
.indicate <the significant change in the optimum pretension
‘_when the stay diameter, the stay modulus of elasticity and
the crossarm menben length are varied, The results.glso
indicate the increase in the minimum effective pretension
with the increase in either the stay diameter or the stay
modulus of elaSticit;.

v iv



A series of tests were conﬁuctéd on a single-crossarm
stayed column model. The experimental results, obtained by
véiying the initial pretension, are'compéred'with-thé
prédicted~§alqgs. Both of the theoretical and expérimental'
results indicate the great influence of the value of .

" pretension, when below the optimum pretension, on the

‘buckling load of the column. -
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CHAPTER 1
INTRODUCTION

r

1.1 General o

A stayed column is a slender metal column relnforced
with an assemblage of nreten31oned stays and rlgldly
connected CrosSSarm members. This assemblage causes the
increase of the elastlc buckllng load of the column many
times by 1ntroduc1ng restraint agalnst translatlon and
rotation at the levels of the crossarms. Stayed columns
are classified as singlé-, double~, and triplé—crossar@
stayed columns according to the number of sets of crossafm
members distributed along its length. These.columns can
be used as supports to hoid plates in place during erection
of large plate structures, as side booms for the mast of
a derrick, as masts for ships, etc. '

A single-crossarm stayed column is shown in)F%gL;}.i.
The crossarms are arranged in a cruciform manne:;‘jgécause
of symmetry, the column can be considered as a two- |
dimensional structure, and buckling will occur in one rlane,
a plane containing one of the crossarms. Possible arrange-
ments for double- and triple-cfossarm stayed columns are
shown in Fig, 1.2, Stayed columns with more than three

“

crossarms are also possible.



1.2 . The Problem to Be Studied

In the last five years,. research and publlshed
- papers deallng with stayed columns were malnly concerned
 with the value of the maximum buckling load. Two analyti-
cal methods +to determine this load were developed. The
first.used a differential calculus approach to predict the
buckling load foresiﬂgleucrqssarm‘steyed columns. The
second method was more general and used a-fihite element
me€hod to solve the buckling problem of any stayed column.

In 211 the previous studies, it was assumed that a
small amount of tension existed in the stays just prior to
buckling. The required initial pretension was not computed.
Only a few"e;periments have been performed to date, and
they indicate that the critical load is significantly
affected by the variation of the initial pretension in the
stays. But no relationship has been derived to predict
analytfcally its influence.

The purpose of this research is to getlthe complete
relationship. between the initial pretension of a single-
crossarm stayed column and the corresponding buckling load.

The theoretical derivation is verified experimentélly,

1.3 Method and Scope of Work

The stays should be pretensioned to remain effective
during the application of the load. If not pretensioned,
they would become slack and ineffective. The nature of the

problem imﬁlies the use of a geometric approach to derive



the relationshiozbetweenrthe initial pretension and the
corresponding buckling‘load A relationship between the
: 1ncrement of applied load and the corresponding change in
tensmon in the stays was developed. o
First, the work done in the field of steyed columns
has .been discussed and the ooncluSions drawn by each
research worker has been presented. ThlS ks 1mportant
-.31nce the optimum pretension depends on the maximum value

of the buckling load derived Previously.

C s

Then, the’ theoretical study of the loaded column
followed, leading to: ‘

1) . The ‘optimum pretension required to give éﬁe'
meximum critical load, _

2) " The minimum effective pretension over which the
buckling load of the column begins to increase above the
Euler load, ang . |
| 3) The residual tension in the stays at the instant
of buckling in case of an initial rretension larger than
the optimum pretension. S

The maximum possible pretension, which is defined as
the pretension causing buckling without any external
applied load, .was derived to complete the principal p01nts
on an initial rretension-buckling load curve.

A computer program was developed +to predict these val-
ues d the corresponding buckling loads for either a real

column with four crossarm members or a model column with



4

two ‘crossarms only. A model column is shown in Fig. 6.1.
‘Numerical examples were solved, using the computer
program, to study the influence of some stayed column

parame%ers onn the optimum.and minim E*éffective pretension,

and buckling load.:

Finaily, the experimental work began. A series of
tests were performed on one model column. The pretension
in the stays was varied and the corresponding bﬁckling
loads were obtained. The theoretical and experimental

values were compared. Reasonable agreement was obtained.



CHAPTER 2
LITERATURE REVIEW

IR

2.1 General

Previbus resegrch in. the field of stayed coiumns mﬁy
be divided into tﬁo ﬁa:ts. Each part deals with a different
fypé‘oflcolumn. First attempts were cohcerned with pin-

- ended columns with ténsion ties and hinged crossarms.
After discovering the effect of welding the crossarms to
the column on” the increase of the buckling strength of the
column, the researchjwork began to deal with rigidly
connected crossarm mémbers to pin-ended columns. The two'
\pérts are discussed below with special emphasis on the

conclusions drawn by each research worker.

- 2,2 Pin-Connected Crossarm Stayed Columns

Two papers studylng this preliminary type of stayed
column were- publlshed. .In 1963, Chu and Berge(l) analysed
a slender éin—ended column stayed with tension ties
arranged in equilateral rosettes around the column and
bearing on several intermediate points along the column
through hogging framéé. The connections between the

-

* Numbers in parenthesis refer to cited references in the
Bibllography.



hogging frames and the coluﬁn; and between the ties and the
frame were assumed to be ideal hinges. They developed a
general solution for the elastic buckling load of the
‘column which indicated that the maximum possible buckling
load would bé\; four-fold strength increase over the Euler
column. Any increase in the ﬁumber of symmetrically placed.
intermediate frames did not affect fhe étfength increase.
To verify the analytical solution, model stayed columns
were tested, and the test results were found to agree
satisfactorilx with the predicted strength increase.
Then, in 1967, Mauch and Felton'?) continued the
work of Chu and Berge by developing an analytical founda-
tion for the rational design of their columns, such as
- exists for simple columns. To incorporate principles of
dimensional similarity, the structural index (P/L®) has
be;n used, in which P is the compression lcad and L is the
column length. This index may be considered as a measure
of loéding intensity. Their analysis indicated that at low
vaiues of the structural index, columns supported by
Tension ties offer potential savings of up to 50% of the
weight of optimum Simple tubular columns. That is because
at lqw values of the structural index, the optimum stress

for simple tubular columns is well below the elastic limit

of most structural materials.

2.3 Rigidly Connected Crossarm Stayed Columns

In 1970, a set of design-build-test projects(B).
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N e

ass;gned to the final year Civil Englneerlng undergraduates
{at the Royal Mllltary College of Canada, included the con—
struction and testing of a pln—enQedﬂ51ngle-crossarm stayed
column, .The‘érossarms,'instead of being pin-connected to
the column as in Chu and Berge's study, were welded to the
compression core. The test result was a seveﬁ—foid increase
in the buckling strength of the column, compared to Chu and
Berge's ﬁéximum of a rﬁur—fold increase. This increasg is.
due to the fact that the, crossarm members were firmly fixed
to the column, which prov1ded restralnt agalnst rotation 1n.

. addltlon to the translational restralnt exlstlng in Chu and
Berge's column. |

Ih_19?1, Pearson(a)-examined the behavioﬁr of a pin-
ended siﬁgle-éfossarm stayed column with a'high slenderness
ratio when loaded to its buckling point. This study
included experiments in which the stay pretension forces
and the stay slopes were varied. The buckling load was
affected significantly by both variations in the magnitude

“of the initial stay tension and chanées in the crossamm
| member length. No relatioﬁships were derived to predict
analytically the influence of these parameters.

In 1972, another experimental study on a.single—
crossarm stayed column was carried out by Clarke(S). The
results verified the conclusions made by Pearson. At the
same time, some experiments were performed on pin-ended
triple—crossa:;-stayed columns at the Royal Military
College of Canada by McCaffre§. Test results obtained

N -



‘McCaffrey and Ellls(s)

‘shape. - An alternate approach by Temple

L4 e

' .1nd1céted strength 1ncreasesﬂrang1ng from 34 to 45 times
that of the Euler buckllng load of the unstayed column.

The flrst analytlcal study of the rlgldly connected

crossarm stayed- columns appeared 1n January 1975. Smith,

published a paper in which they

developed buckling solutioris for Hetermining the critical

buckling load associated with each of two modes of failure
for a pin-ended single-crossarm stayed column. The-

influence .of various Stayed column parameters on its

buckling behaviour and strength was also demonstrated. A
"'differential calculus approach was adopted to derive the. -

theoretical solutions by assumlng the buckled shapes to be
of 51ngle and .double curvature.

In the same year,. Khosla(7) developed the second

analytical method based on a finite element approach for

determlnlng the bucklang loads of stayed columns.. This °
method is extremely flexible and can be applied to any

stayed column to get both the critical load and the buckled -

(8) empleying
stability'funEtions was used to check the finite element

procedure,

——

By using the analytical solutions described above,

the problem of determining the maximum buckling load ‘and

'the'corresponding buckled Shapee for symmetrical stayed

columns was solved. The two analytical studies showed that
for a éingle-crossarm stayed colﬁmn, two buckling modes or

b}



,%ypes 6f instability are possible; These are represented

by a type of triple curvature (symmetrical) and a double

curvature'(antisymmet:ical).~ These deflecfedushapes of the

column a?é sgowﬂ in Pig. 2.1 as Mode I and Mdde II respec-
tively. |

. The study made in this thesis will try, in addition

to deriving the relationéhip between. the initial pretension
'and the corresfonding b@ckling'load, to find the‘gnalytical
"”basis for the_experiments pepformgd by ?éarson and verified
by'Clarké. The influence of the variétion_of the initia;l-
pretension and changes in the crossérm length on the
buckling load of a singie—croséarm stayed column will be
analysed.  Ih additidn to this, the influence of chahging
the stay diameter and modg}ﬁs of elasticity on both thé
optimum and.minimum effective pretension and the maximum
buckling load will be discusséd analytically. The maximum
‘buckling load derived by the finite element method wiil be

the basis Tor the optimum initial pretension required.
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CHAPTER 3

ANALYTICAL STUDY OF THE TENSION IN THE STAYS

-~
<

3 1 General .
For stayed columns. the purpose of pretenS1on in the
stays is to exert through the crossarms, certain forces on
the column, These forces are the horlzontal components of
%he tension in the stays. Due to symmetry rn.shape of the
stayed column, which’ implies a symmetry in the preten31on,

these horizontal forces on the column are 1n equlllbrlum

.and have no direct effect on a vertlcally applled load

until this load reaches the Euler buckling load of_the
column. At.this instant, these_hprizontel forces will
prevent the column from buckllng since t ey constitute a
kind of restraint agalnst translatlon anz rotation. By
increasing the load, the tension 1n the stays decreases as
will be shown in the next section. At a critical load,
which is many times the Euler load, either the tension in
the stays becomes zero or they become unable to reslst fhé
buckling as will be explained in this chapter. A state of
unstable‘equilibrium is created and the column buckles. 1In
case of a single-crossarm stayed column, if-the column has
a relatively short crossarm and small stay diameter, the

rotational restraint w1ll be high compared to the

translatlonal restraint and the column -will “buckle in a

10 o
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.Y .
triple curvature mode, i.e. Mode I buckling. 1If, on theg
contrary, the crossarms are relatlvely long and the stay
dlameter relatively large, the translatlonal restraint will
- be larger and the column will buckle according to Mode II,
i.e. with a double curvature deflectlon Thus, the initial
preten51on should be large enough to remaln effective untll
the applled load reaches its maximum possible value, At
the same tlme,-the Pretension should not be too large since
the. tension in the stays has vertical componénts which, in
addition %0 the applied load, are parts of the total load
tendlng to cause buckllng

3.2 Basic Assumptions

The follow1ng assumptlons are made during this
analytlcal study of the tension in the stays:

' 1) The single-crossarn stayed column to be studied
is completely symmetrlcal and ideally concentrically
loaded. This means that there is no initial eccentricity
'or crookedness,

2) The connections between the ‘crossarm members and
the column are assumed perfectly rigid. The commections
) between the stays and the column and between the stays and
the crossarm members are'éssumed to be ideal hlnges
3) Buckllng occurs in one of the two planes
contalnlng the stays and the crossarms In this case, only
.two stays resist the buckling while in any'other case, four
stays will resist the buckling.



4) The maximum possible buckling'lOAd of the stayed
column is assumed to be the load obtalned by the finite
element method(7)

5) The axial deférmétion of'the>crossarms and of
the column have been neglected when deriving the maximum

buckling load, but they were taken into consideration when

studying the tension in the stays.

3.3 Buckling Lozd and Pretension Relationships

3.3.1 Definitions

1) Minimum effective pretension: It is the minimum
initial pretension of the stays which remains effective
until the Euler load has been reached. This means that the
ﬁretension in the stays is lost at an applied load less
than or equal to the Euler load. At a larger load, the
stays become slack and the column buckles since it is no
‘longer reinforced by the set of stays and crossarms. There
is no advantag; ip using stayed columns if the pretension is
equal to or lesslthanréhe minimum effective pretension.

| 2) Optimum pretension: It is the initial pretension
of the stays m&ﬁxﬂldisappéars completely just after the load
of the column reaches ifs maximum buckling value. This |
means that the stays remain effective until the maximum
eritical load of the column has been applied. In the
previous work(s)’(7)’(§), the pretensioﬁ‘waé aésumed to be

optimum. Thus the stayed column was assumed to buckle only
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at the highest p0381ble value of the applied 1oad
Theoretlcally, the optimum preten81on is the best value
for pretensioning the stays, _

3) Maximum possible pfeten31on- It is the initial
preten31on of the stays which gives vertical components at
the ends of the column large enough to cause buckllng
without any addltlonal applied load. Buckling occurs
inspite of the large horlzontal components of the tension
in the stays which prevent the horizontal translation of
the mlddle of the column. The maximum possible preten51on
. has no practlcal importance. Its value is required
theoretlcally_only, since it is the maximum limit for the
Pretension and it gives the last point'of the buckling load
versus pretension curve.

L) Residual pretension: When the 1n1t1a1 preten-
sion of the stays is larger than the optimum preten31on,
the tension in the stays does not go to zero at the instant
of buckling as will be shown in the next section. Tn this
case, the residual pretension is the value of the tension

remaining in the stays.

3.3.2 CGeometrical Analysis#

Only the position of one point and the locus of a
second point were known in the rélationship between the

initial pretension in the stays and the associated buckling

* The first part of this Section is similar to that in
reference (6). '
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load'of the stayed column. This is illustrated in Pig. 3.1.
With zero pretension in the stays, the buckling load is
nothing more than the Euler load. It was also known that
there is a maximum value for the bﬁckliﬁg load which éould
not bé-increased whether by increasing or by decreasing the
initial pretension. | '
v To derive the_reiationship-b;tween these two limits,
consider a pin-ended single—crdésarm sta&ed column with the
geomeﬁrical properties shdwn in Fig.rl.l. Tet Ti be the
initiél'pretension force in the stays, and a the angle
between_the stays and the column. If there is no external
applied load to the colﬁmn, then, from the equilibrium of
forces in the vertical direction [see ﬁig. 3.2 (a)], the
initial axial force on the column, P, induced by the stay

pretension, Ti' is:
P, = mT;cosa _ - (3.1)

in which n;= the number of stays conngcte&‘to the column
end. For the cruciform crossarm configuration of the

stayed column shown in Fig, 1.1, n, = &,

Due to the axial force on the column induced by the
pretension, the initial shortenin® of the column may be

expressed as:

4TiL'cosa

(3.2)
AcBe
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in which A = the cross-sectional area of the column,
Ec= the modulus of elasticity of the column, and L = the
Total length of the column.

| From-thé equilibrium of forges in the lateral-
direction [see Fig. 3.2 (e)], the initial compressive force
on the crossarm member, Fi; induced by the initial tensipn

in the stays, Ti’ is:

< F.

) 5 =_n2Tisina. ' (3.3)

'in which n_, =-the nupber of stays connected~to the end of
the crossarm member. For the éingle-crossarm stayed column
n, = 2, ‘

-Dﬁe to the compressive force in the crossarm member
ipduced by the ihitial‘pretension, the initial shortening
of the crossarm member may be written as: | ‘

2Tilcasina

' Al = : (3.4)
' | ca A E |

ca ca

in which 1_.= the length of the crossarm member (Fig. 1.1),
Acgf’the cross-sectional area of the crossarm member, and

E.,= the modulus of elasticity of the crossarm member.
Let an axial external Eaéd, Pa’ be applied to the

column. This causes the preteﬁsion force in the stays to

decrease. The result-is a final axial force on the column,

Pss [Fig. 3.2 (b)]. 1Its magnitude is given by:

Pp=P_+ qucosu . (3.5)
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in whiéh Tf = the tension in the stays after applying the
_ external load.

In addition, the compressive force on the crossarm
member decreases, By considering the equilibrium of forces
L ]
shown in Fig. 3.2 (a), the fina3 force on the crossarm

member, Ff, 1s glven by:

. = ZTfSina. _ | (3.6)

F
~ : :
Then, as shown in Fig. 3.3, the shortening of the
column,.ec, from the case of initial axlal force P.y to
the case of final axial force. Pf. can be expressed as:
A, = L(P;‘F: L __ (3.7
ce

By substltutlng the values. of Pf and P from Eq. 3.5
and Eq, 3.1, Eq. 3.7 becomes:

_ [Pa - h—(Ti - Ti.)cos ol \

¢ =
e

(3.8)

3

n which Ké is the‘éxial'stiffness of the column and is

given by:

- f
ACEC .

0= 2 o %3.9)

The magnitude of the elongation of each crossarm

=
"

member, due to the decrease in its compressive force, is

L

S
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Agi_.ven bys_

(F. - P )1ca

A = . - (3.10)
ca : :
A caEca

Substltutlng for F. from Eq 3 3 and Ff from Eq 3.6,
Eq.- 3.10 yields:

2(T. - T . )sina
- 1 i
g, = —2 - (3.11)

Kca

in which Kca is the axial stiffness of the Crossarm member

and is given by:

AcaEca.

Kca = T—- - (3.12)
ca
The shortening in the stay length due to the °

decrease of the tension'force in the stays can be expressed

as:s

(3.13)

in which 1= the length of the stayFig. 1.1), A= the

cross-sectional area of the stay) d ES‘= the modulus of

 elasticity of the stay.-

Eq.- 3.13 may be written as:

Ti--Tf

AS = —_— ’ (3.1’-!-) .

- , , Ks :

-
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in 'which KS is the stiffness of the stay given by:

K =
S 1

(3.15)

_ For small deformations, the change in the length of
the s.'f:;y after applying the external load, Pa’ is related
to the change in the length of thq column and to that of
the crossarm (Fig. 3.3) by:

a_ = %Accosa - Acasu.ac. . (3.16)

Substituting for ag from Eq. 3.14, for a, from .
Eq. 3.8, and for A&,, from Eq. 3.11 into Eq. 3.16 yields:

Ty - T ) [Pa - M—(Ti - T;) cosa]cosa

X 2k

. [Ia(Ti - Tf) sinaJsina

- (3.17)

Kpa

Solving Eq. 3.17, the tension force decrease can be

expressed in terms of the applied load, Pa' as:

: ‘ Pacosa.
T; - Tp = — a (3.18)
ZKCE%+2%nq+2c§s a]
S ca c

Since «, K.» K, and Kca are constants for a given

single-crossarm stayed column, Eq. 3.18 may -be written as:



?; - T, =P C (3.19)
*“\\f cosa - |
in which €, = - = (3.20)
‘ 1 2sin‘a 2cos®a
2K[ &+ + — + ] -
cL KS Kca ] .Kc

Eq. 3.19-indica.tes that there is a _lineé’.z‘ relation
between the applied load and the corresponding.cha;nge in
the tension forces in the stays.

The shortening of the _c;olumn, Ac’ can Be written in
-'terms of the final axial load of the column, -P—i‘" and 't;he
initial tension in the stays, Ti' by combining'Eq. 3.5 and
Eq. 3.8 as follows: ‘ |

s =-1L _ - (3.21)

By substituting for A from Eq. 3.14, for Ac‘-from
Eq. 3.21, and for a__ from Eq. 3.11, Eq. 3.16 becomes:

T, - Tp ) [Pf - ll—'I'icos a] cos cc.

KS 2Kc'_

[Z(Ti - Tf)sin alsina .
- - : (3.22)
Kea N ' '

Solving Eq. 3.22, the final tensio_n in the stays may

be expressed as:



'(Pi - I;LTicos a) cosa - -
£ L eins (3.23)
2K (__+._SJ:£.§'_)
c KS Kca S

i

Substituting for T. from Eq. 3.23 into Eq. 3.5

T
yvields:
S (ﬁf - 4T.cosa) cos «
Pp =P, + LTy - — Jecosa (3.24)
: 1, 2sin®g S
2K, (g * S )
s  Teca

Solving Eq. 3.24, the applied ioad, P, can be.
 expressed in terms of the initial tension in the stays,

T, and the final axial load on the column, P., as follows:

, ' 3 '
P = (P, < bP.cosa)[1 + zcos’a ] (3.25)
a f 1 1 2sin?
inc
Kc('K * K )
S ) ca

Eq. 3.25 can be simply written in terms of one

constant, C;, as: :

P, = (Pp - 4T, cos @) C, (3.'26)
. ) 2cos®a _
in which C, = 1 + e . (3.27)
1 2sin”a
K (g2 * 7% )
4 . s ca s

-

The relationship between the initial pretension in

the stays and the corresponding buckling load of the single-

crossarm stayed column may be divided into three zones:

T T TN
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1) & zone assoclated w1th an’ 1n1t1al preten51on

/

smaller than the minimum effectlve preten31on,
: 2) A zone assoc1ated w1fh an initial preten51on

between the minimum effectlve preten31on and’ the optimum

1

preten31on, and S _ . ‘ ;

" . -

3) A zone assoc1ated wmth an 1n1t1al pretens;on

-

larger than the optlmum preten51on._, :

In the first zone. the lnltlal preten51on-1s S0
small that it dlsappears completely when a load is applied
that is less than or equal to the‘Euler load At the
1nstant the ten51on in the stays vanlshes, the stays

e _.

become ineffective and the- column behaves as an unstayed

column. This means that by 1ncrea51ng the‘load, the column

buckles at the Eulep%load éiﬁee:there is .no residual

tension in the stays to,prevent’the‘column from buckling.
This is }rue for anyinitial preten§ion_1ess_tﬁan the
minimum effective pretension, This minimum effectgve

pretension can fe_calcﬁlated;ffdﬁ*ﬁa. 3.19. " The final

tension in the stays, Tes is zero,'whiie the applied ioed,iu

Pa’ is the Euler load given by: Cae

-
v

p = T°EL

g =T . _(3.28)

Using the above substitutions, the minimum effective

pretension, T .

nin' °&0 be expressed as:

w?E I C,
- cTe
Tnin = 1,2 ' (329)
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in which I, = the moment of inertia of the cross-section,

of the column, and C, = a constant for the stéyed.column

YE%Ch depends on the geéme#ricﬁproperties and materialé of

the column and is given by_ﬁq. 3.20. . 4

The first zone appears in Fig. 3.4 as 2 horizontal
line, with the Euler load as the buckling load, between
zZero prétension and the minimum effgptive“pfetension.

. For the second zone, the pretension is equal to or
smaller than the'dpti%um pretension and larger than the
minimum effective pretension. In other words,‘the-initiél
prefension dec;eases'by applying a load on the column,. but
will not vanish whenﬁthe'-Euler load is reached. It will
- remain effective until reachinéfa higher load equal to or
smaller than the maximum bﬁckling load of the stayed column.
This.leads to the following criteria used to dete;mine the
buckiing load corresponding to é given pretension lying in
“the second zone: <the buckling gccurs at the load which
causes the tension in the- stays to vanish. At this instant
there is no lateral dr/rotétional reétraint to prevent .the
column from buckling.

-Thus, the buckling load.can be obtained from Eg. 3.19.
expressing the relation between the applied load, P,» and
the corresponding chané; in the tension in the stays. ﬂhen
the final tension, Tf, goes to zero, the applied load
represents the buckling load. Consgqﬁently, the go%erhing
equation for the buckling load in the second zone can be

*

expressed as:
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p_=_1 | | (3.30)

L

in which Pér the buckliné load of the stayed column,
and C; = the constant given by Eg.3.20. _ |

It is clear from Eq. 3.30 that the relation ﬁ;tweeh
the initiél pretension and fhe buckling load is sbili
linear when the prefension lies between thé minimum
‘effective pretension and the optimum pretension. Eq. 3.30
can be used to caXculate the optimum pretension; When tﬁe
~buckling load, Pcr' in Eq. 3,30 reaches its maximunm vaiue.

the initial pretension, Ti' will be the optimum pretension.

Knowing the maximum buckling load from the finite element

1method(7), the optimum pretension may be written as:
Topt = Cleax (3.31)
in which Topt = the optimum pretens1on, Pmax = the maximum

buckling load of the stayed column, and C, = the previous
constant -of ﬁfoportionality.

The second zone is shown in Fig. 3.4. It consists
of a straight line in which the buckling load increases
with the increase of the initial ‘pretension until the
optimum pretension corresponding to the maximum buckling
load.

.  In the third zone, the initial pretension is greater
than the‘optimum pretension. In this case, the final

- r
tehsion force in the stays, Tf. has a non-zero value. But
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this value can not resist the bifurcation of the column if
thé)final load on the column, Pf,zreaghes itslmaximpm value.
The final load 'is the sum of the épplied load and vertical
components of the final tension in the stays at the end of
the column and is given by Eq. 3.5.. Its maximum value is
the maximum buckling load of_the;stayéd column, P___.
To compute thé fesidual tension at the instant of

-

buckling, Eq. 3.23 is used and yields:

T.=T; - (Pmax'— hTicosaJ C, | (3.32)

in which Tr = the residual tension at the instantfof
buckl}ng, and C; = a constant depending on the material
properties and geometry of the single-crossarm stayed

column, and is given by:

. Cs =. 1°°:3“§ — (3.33)
2K ( i Sin“g )
: ¢ g Kea T ) ,

The residual teﬁsion in the stays represents a ﬁart
of the load, which in addition to the actual applied load
contributes to the buckling 1oad: This means ‘that the
larger the initial pretension, the larger the residual
- tension, and the smallér the applied load. The initial
pretension'may be large enough o cause buckling b} itself
without any applied load at all. This is the maxsmun

possible pretension.

The buckling load for-the third zone can be
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-_calculated by using Eq. 3;26'which relates the applied load
to the final axial load on the column. The applied load
will correspond to the buckling load of the column if the
final axial load is taken as the maximum buckling load

The . governlng equation for the buckllng load in tQ% third

zone can be wrltten as:

P = (Pmax - ll-Ticos a) C, ' (3.34)

in which C; = a constant'which depends on;%he proﬁerties
of the materials of the stayed column and its geometry.‘
It is given by Eq. 3.27. )

" The third zone is-shown'in Fig. 3.4 as a linear
relation in which the blickling load decreases with the
inqréase of the initial pretension. The third zone ends at
“the maximum possible preten51on since a lg;ger Pretension
means that the stayed column has already buckled The

maxlmum p0551ble pretension can be calculated from Eq. 3.34

by equating the right hand side to zero yielding:

P
m x = max (3—35)
Lecosa

e effect of the initial pretension on the
of the. single-crossarm stayed column is shown
in Fig. 3.4, as well as the residual pretension at the

instan% of buckling.



CHAPTER 4

COMPUTER SOLUTION

L1 General

A computer program is- necessary to solve for the J'
preten51on valhes_of a 51ngle-crossarm stayed column.' The
value of the optimum pretension dependé on the value of the
maxlmum buckling load of the column which éould be obtained
-by a flnlte element method that take;ni;;§n$age of the
computer's capgbility. A computer program has been
. developed to solve for the effect of the initial pretension
on the buckllng load of a 51ngle -crossarm stayed column.
The computer program requires a minimum of data while the
output describes completely the analytlcal relationship
betﬁeen the pretension and the buckling load. The only data
required are the length, inner and outer diameter, modulus
of elasticity of the column and erossarm, the stay diameter
and its modulus of elasticity. The output includes the
minimum effecfive pretension and the corresponding buckling
load (i.e. the Euler load), the optimum pretension and ‘the
corresponding maximum buckling load, and the maximum
possible pretension which corresponds to a zero applied
bﬁckling 1ozd. The information contained in the output is
enough to draw the cbmplete curve describing the relation-

ship between the initial pretension and the buckling load of

26
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the stayed column. It is a Smele matter of 301n1ng the -
three points from the output with straight lines as _ ‘
explained in Chapter 3 (see Fig. 3.4). The output also
includes the buckling load corresponding to 2 given initial -
pretension and the residual pretension at the instant of
buckling: The last information in the output is the
buckling shape of the stayed column.

The program also includes modifications for the case
of a plane éingle—crossarm stayed column with two croésarms
and four stays set in-'one plane, the plane of buckling, the
column belng prevented from buckling 1n any other plane.
These modlflcatlons were needed for the model column used in
the experimental portion of this research as explained in

Chapter 6.

.2 Solution for the Maximum Buckling Load#*

7 The finite element method is used %o solve the
stability problem of the single-crossarm stayed column. The
structure is divided into a number of substructures or
finite elements. The elements are assumed %o be inter-
connected et a discrete number of nodal points. The
potential energy of each element is written in terms of the
- displacements of the nodal p 1nts Thiﬁilnlmlzatlon of the
total potential energy of the structure will always result-

.
in a stiffness relationship given by

S

#* For more information and details see reference 7.
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-~

[K1{a} = {F) - (&.1)

in which [K] = the stiffness matrix of the complete

structure, {a} = the vector of nodal displacements, and .

EF} = the veétor of loads at the nodes) ‘f/JD
Because of the presence of large deflections

encountered in the buckling problem,_strain—disPIaéement

equations contain nonlinear terms which must.be included in

calcﬁlating the stiffnéss matrix. Including the appropriate

noﬁ;inear'térms in the strain-displacement relations results -

in a stiffness matrix [K] comprised of two components. '
That is, ‘ ' \\\
N )
(K] = [KgJ + [K,] (4.2)

in which [KE] = the conventional elastic stiffness métrix;
and [KG] = the geometric stiffness matrix.

For the typical beam column‘element and end
displatements shown in Fig. 4.1, the elastic Stiffness

matrix in the local coordinate system is given by

u, -V 64 Uy Va 05
EA/L, ' SH -
0 12EI /L3
. 0 6EI/Li 4EI/L, .
s o EA/L
0 -12E1/1] -6EI/IZ 0 12E1/13
0 6BI/12 2EI/L, O© ~6EI/LZ U4EI/L,
" ) (%.3)
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in which E %,the modulus: of elasticity of the element,
A = the cross-sectional area of the element, I = its ﬁomen;
of inertia, and L, = the length of the element. )

The geometric stiffness matrix of the beam column

element in the local coordinate system is given by -

Uy Vy 8y u, Vo 8.
- -
0 6/5Ly
0 1/10 2L,/15 ~ -
[kG] = P.n o 0' o .o (&.4)
0 -6/5L, -1}10 0 6/5L,
o 1/10 -L,/30 0 -1/10 2L,/15

in which Pin=\¥he.initial loading at which the geometric
stiffness matrix is‘calculated.

The elastic stiffnesé matrix is independent of load
level., The geometric stiffness matrix depends not only on
the geomgﬁry but also on the initial interna; force existing
in the member at the start of the loading step. This matrix
representé the effect of the axial load 5n the flexufal

" stiffness.

As a second step in determining the buckling load,
after dividing the structure into the suitable number of
elements, the elastic and geometric stiffness matrices are
calculated for each eiement of the stayed column. Then, the
master elastic and the master geometric stiffness matrices

are assembled for the possible nodal displacements.
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The axial load in the column can be expressed as

P = AP*® ' (&.5)

-

in which A is-a constant and P¥ represents the relative
magn;tude of the %gplied loads which can be gonveniently'
taken as unity. Alsc, the geometric é?iffness matrix which
is proportioﬁal to the internal forces at the_start of the
loading step, may be written as

[K,] = x[K*] i- (%.6)

in which [K%] = the geome%ric'stiffness matrix for a unit
value of the applied forces. Hence, Eg. 4.1 can be written

as

(K + Akgl{a} = {F} (4.7)
\A P
A% the buckling load, no external disturbances are

required to displace the structure. Hence,
[Kg + Akz1{a} = {0} (4.8) .

Since {A} cannot be zero at the critical load, then the

determinant of the stiffness matrix is zero. Thus,

. K + AKgl = 0 | ~(.9)

In thls\typlcal elgenvalue problem, the lowest value

of A gives the buckllng load for the stayed column if P¥# is
chosen as unity. ‘\ihe elgenvector a35001ated with this

elgenvalqe gives the relative value of the displacement
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componenfs, thatxis, Fhe buckledkshape:
Because of the singularity of the geometric stiffness

matrix, Eq. 4.9 should be multiplied by [Ké]“l/i_to read
ly[1] + [kg] k23l = o (is. 10)
in which [I] = unit matrix, and y = 1A
Subroutine NROOT, from the IBM SYSTEM/360 Scientific

Subroutine Package(io): calculates the'eigenvélues of the

matrix [K;] '[K%] which are y. To obtain the buckling load,
the largest value of vy is inverted to.obtain the smallest

eigenvalﬁe A

L.,3 Description of CSﬁputér Program

The computer program, written to handle the <
calculations required to find the maximum buckliﬂg fgad and
thé main pretension values, consists of approximgtely 400
cards. The program is writth in FORTRAN IV. Aléghglete
listing of the program is contained in Appendix I. &:[‘he
program consists of a main program and five subroutines.
The steps of the program can be summarized as follows:

1) Read Data. Only three cards are needéd? Each
card contains the necessary infbrmationé fof one of the
three components of the stayed column. The column length,
its outer diameter, its inner diametef'and its modulus of
elasticity are read on the first card. On the second cafd,

there is the same data for the crossarm. The diameter of

the stays and the modulus df elasticity are read on the

-



third card, | _

2) Calculate the properties of the stayed column.

These properties 1nclude the areas and moments of 1nertla of
the column crossarms and stays, as well as the stay length
The Euler load of the column is also calculated.

3) U31ng these propertles, call subroutine SCCMEK to
calculate the master elastlc stiffness matrix for the stayed
column, Ther stayed column is divided into ten elements
the column is divided into four elements aﬁgslach crossarm
or stay is considered as one element. The mdments of 7
inertia for the stays, which are subjected to axial ten51le
~ forces only, are taken as zero since they do not possess
bending stiffness. The elastic stiffhess matrlx for each
element is calculated and transformed to the global
coordlnate System using a standard transformation matrlx
The master stlffness matrix is set up for the assumed node
dlsplacements using a "Variable Correlatlon Scheme"' The
- finite elements ang the assumed possible node dlsplacements
taken into consideration are shown in Fig., 4.2,

4) Xnowing the column length, call subroutine SCCMGK
to calculate the master geometric stiffness matrix of the
stayed column. The element geometrlc stiffness matrlx is
only calculated for +the four elements of the column since-
the initial axjial forces in the crossarms are very small
compared to its buckling load. ~ The master geometrlc -
stiffness matrix is assembled for the assumed Possible

displacements,
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5} Subroutine A%RAY from IBM Systeﬁ?Béo‘is used to
put.thé master elastic and-geometric stiffness matrices in
a vector f;rm to suit the use of subroutine NROOff

6) " Then, subroutines NROOT and EIGEN are used to
calculate the eigenvalues of [KE]_i[KEJ. The régiprocal of -
the largest eigeﬁvalue gives the lowest eigenvalue of
tKajfi[KE] which corre8p§nds to the maximum buckling load
for the Single-crossarm stayed column. -The eigenvectof
corresponding to this eigenvalue gives the rélative values
of therbuckléd_Shape corresponding ‘to the maximum buckling
load. ' |

£ ©9) The constants relating the pretension values to

the buckling loads and residual pretension are cé%culated
either for the space or piane single—cros§arm stayed colﬁmn.
8) The output includes the geometrical properties of
the column, the minimum effeétive, the optimum and maximum
possible_preténsion. and the corresponding buckling‘loads._ X
The relative shape of buckling, as well as, the residual |
pretension and expected buckling load for a given initial =

~pretension are also included,

L.k Limitations of Computer Program

- G.A
The computer program calculate the necesSary‘preten-

sion values and the corresponding buckling loads %equired to
draw the’ complete initial pretension-buckling load curve.
Unfortunately, it is subjected to the following limitations:

1) The stayed column must be of the single-crossarm
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type. ,

2} The column end resfraints.must-be hihged.

3)‘ The column and the érossarms»must have a fﬁbular‘
g section. Thg gross-septionalVproperties of the coluﬁn must
be tgé same for the full length of the goluﬁn. Also, the
.propertieg of the crossarms must not change through its
length.

4) . The number of crossarms must be four arranged in
- a cruciform manner or two set in one plaﬁe.__The Zorrespond-‘
ing number of stays must be eight or four.

5) Each of the crossarms, as well as the stays; must

have the same iength and propef%ies. . /'



CHAPTER 5

- EFFECT OF STAYED COLUMN PARAMETERS

-

5.1 General

h In this chapter, the pretension—bpckling‘relation—
ships are applied to a numerical example in order to éain
insight‘ihto the efchjs that various sfayed coluﬁn parame;
ters have on the optimum pretension and the correspondlng
maxlmum buckling load of a pln—ended s1ngle—crossarm stayed

column The effect of these parameters on the~mln;mpm

effective pretension is also demonstrated. The three

parameters'which were varied sre‘the crfssarn member-length,

the stay diameter, and the sta& modulus of elasticity. The
computer program written 1n Chapter 3, after only a sllght
change, was used to obtaln the results required o study
the effect of the various psramsterSn The resu;ts‘;ndicatg
that the required optimum pretension was significanfly
altered by therchanges'in any of the three parametefs
studied.

5.2 DNumerical Example _ _@

) " The foilowing-numerical example is used to demon-
strate the influence of the various stayed column parameters
on the optimum and minimum effective‘pretensioh, and fhe

maximum buckling load. The column and crossarm members are

35
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assumed to be circular tubes w1th an outsxde dlameter of
2,25 insand an inside dlameter of 1 ?5 in. The modulus of .
elasticity of the steel tubing, elther for the column or
the crossarms; was taken to be 29.6 x 106 psi. The length
' of the column was selected to be 20 ft. To:explore‘the
infiuence'of crossarm member length on the pretension— ‘
buckling behaviour, the ratio of half column length, 1, to
crossarm member length, 1 2’ LS varled from ten to one. To
examine the influence_of stay d;ameter'on the optimum and
minimuﬁ effective-pretensioq_and the-corrésponding buckling
load, the stay diameter is changed from 3/16 in. to 7/8 in,
with an increment of—1/16 in. ‘fﬁe_modulus of elasticity. of

6

the stays is varied from 9.4 x 106 psi to 29.6 x 10~ psi to

demonstrate its effect on the required prétension’values

v -,

and buciling load.

5.3 Effect of Crossarm Member Length

. The analytlcal results which demonstrate the effect
of the crossarm member length on the optlmum and mlnlmum
effective pretension and the porrespondlng-buckllng load
are shown in Fig. 5.1 to Fig. 5.7. These figures reveal
that by varying the crossarm member length the optimum
pretenéion follows the shape of thé'buckiing load curve.

- It increases with the increase .of the buckling load and
decreases with its decrease. This is due to the fact that
the constant of proportibhality between the pretension and

the buckling load, C,, does not change greatly with the
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. change of the crossarm length, Examining Eq. 3.20, the
increase 6?.the crossarm 1ength,‘;nd consequently the angle
o betweén'the stays—and the columﬁ, causes a. decrease in-Ksj
i{ca' cosa and an increase in sina . The result is a
gradual decrease in the value of C;. In this example, C,-
decreases 1o &bprokimately'half its value by incréasing the
crossarm member length ten times.

At large ratios of 1 to.l 2 the minimum effectlve
pretension does not vary with the change in the crossarm

‘ member length. It decreases only at low values of 1 to lca
A 'This.variation is‘governed by Eq. 3.29. Since the *term
#?EI/L*® on the right hand side of the equa%ion is constant,
the change in the minimum effective pretension with the |
increase of the crossarm member length represents also the
change in C,.

Fig. 5.1 represents the optimum and minimum effective
preten51on, and the corresponding buckling load as a
function of 1 to 1ca ratio for a stay diameter of 3/16 1nh>
and stay modulus of elasticity of 9.4 x 106 psi. It shows
that for large ratios of 1 to lca’ instability is controlled
by Mode I, the type of triple curvature buckling mentioned
‘in Chapter 2 (see Fig. 2.1). "As fhe ratio of 1 to‘lca
decreases, a rapid incpease‘in'the maximum buckling load
and consequently the optimum pretension occur, For small
ratios of 1 to 1ca’ MOde II, the type of.dquble éurvature
mentioned in Chapter 2 (Fig. 2.1), becomes the controlling

instability mode at bifurcation. The result of decreasing
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the rﬁtio of 1 %o lca i$ a decrease in the maximum buékling
load accompanied by a répid-decrease:of the optimum
pfeteﬁsion. This is due to the fact that C, gets smaller
rapidly. This behav1our is expected since the increase in
the crossarm member length leads to the decrease of the
‘rotational restraint and to the increaée of the transla-
tional restraint of the column at the'crossarm level. The
maximum . p0331b1e buckllng load, and consequently the
maximum optlmum preten81on, is in the vicinity of the
1ntersectlon of the two buckling modes curves.

Flgs 5 1, 5.2 and 5.3 illustrate the 1nfluence of
the crossarﬁamember length on the optimum and minimum
effective pretension, and the correspondlng buckllng load
at a- small stay diameter and various values of stay modulus
of elasticity. From these figures, it is apparent that as
the modulus of elaéticit& of the stays is increased, for a
constant small stay diameter, the maximum possible buckling
' load and maximum optimum pretension occur at a large ratio
of 1 %o ica' In this case, the buckiing load is slightly
increased while the corresponding increase in the optimum
pretension is very large. The use of steel rods having a
modulus of elasticity of 25.6 x 10° psi instead of steel
wire ropes having a modulus of elasticity of 9.4 x 106 psi
causes a 7% increase in the buckling load and moée than p
‘300% increase in the required pretension. The reason for
this increase can_be obtained b& again inspecting Eq. 3.20.

?he increase in the stay modulus of elasticity leads to an
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increase in K_ and hence a large increase in Cy.

Figs. 5.4, 5.5 and 5;6 represent the effect of
crossarm member length on the maximum buckling load, the
obtimum and minimum effectivé pretension at 2 medium sizéd -
stay diameter and various values of stay modulus of elastic-
ity. These figures show that the previous observatlons
for a small stay diameter are still valid for medlum sized
stay diameter. In case of a medium sized stay diameter,
the maximﬁm possible buckling load and the corresponding
maximum optimum pretension occur at a larger ratio of 1 to
lca‘ These maximum values occuf ét a ratio slightly larger
than ten in case of a'étay modulus of elasticity of-

19.5 x 108 psi and at a much larger ratio in case of a stay
© modulus of elasticity of 29.6 x 10% psi. As the stay
diameter increases, a small increase in the value of the
maximum buckling load and a larger increase ip the value of.
the cdrre5ponding optimum pretension occur. This is again
due to the increase in Ks and consequently the relatively
large increase in the constant of proportionality C,.

The effect of the crossarm member length on the
buckling load, the optimum and minimum effective pretension e
at a large stay diameter and various values of modulus of
elasticity is illustrated in Fig. 5.7. Only Mode IT
controls the bﬁckling since Mode I governs only at a ratio
of 1 to 1 mich larger than ten. As the stay modulus of

elasticity changes, no appreciable difference can be

obtained in the value of the maximum buckling load while
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the optimum pretension changes considerzbly. The decrease
in the values of the maximum buckling load and of the
corresponding optlmum preten51on is small at large ratios

of 1 to 1 and is large at small ratios.

5.4 Effect of Stay Diameter -

It has alréady been pointed out that the increase in,
the stay diameter is accompanied by an appreciable increase
in the constant of proportionality-cl. If this is the case
it would be expected that the optimum pretension would also
inerease. This is illustrated in Figs. 5.8 to 5.14. These
figures indicate that; by varying the stay diameter, the
optimum pretension curves do not follow the shape of the
maximum buckling load curves as was the case in the pre-
vious section. As the stay diameter is increased, both the
optimum and minimum effective pretension increase conti-
nuously, even without an increase in the corresponding
'buckling load. This can be explained by considering the |
constant of proportionality C; in Eq. 3.20. In this
: equation'Ks is proportional to the square value of the stay
diameter. Thus an increase in the stay diameter has a
considerable effect on the increase of K, and C;. Conse-
quently, the optlmum and minimum effective preten51on
increase even at constant buckllng load.

- Fig. 5.8 1llustrates the curves of optimum and
minimum effective preten31on, and the corresponding buckling

load as a function of the- stay size. The ratio of 1 to lca



wf

41

is tefi"and the_stay-modulus of elasticity is 9.4 x 106 psi.

Por small stay diameters, Mode I buckiing is the control-
1ing'§pde. In this case, the increase in the stay diameter
leads to a rapid increase in the maximum buckling load and
a similar increase in the optimum pretension. PFor large
stay diameters, the buckling is controlled by Mode II. 1In
this case, the increase’in the maximum buckling load, due
to an increase in the stay diameter, is slow. But the
optimum pretension continues fto increase with the same
rapid rate as in Mode I zoné because of the rapid increase
in C,. The modes of buckling controlling the instability
were ant1c1pated because the translational restralnt of the
column at the crossarm level increases with the increase of
the stay diameter.

Figs. 5.8, 5.9 and 5.10 illustrate the influence of

‘the stay diameter on the buckling loads and the correspond-

ing pretensions at a large ratio of 1 to 1ca for various
values of stay modulus of elasticity. These figures show
the effect of the stay modulus of elasticity, at a large

- ratio of 1 to 1, (ten), on the point of intersection of

the two buckling mode curves at which both Mode I and Mode
IT buckled configurations are equally possible. As the
stay modulus of elasticity is increa§ed; fhe point of
intersection occurs at a smaller diameter yielding a
slightly larger maximum buckling load. This means that the

increase in the stay modulus of elasticity leads to an
- /J
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(;\N\ 1ncrease in the maxlmum buckllng load, the optimum and

| minimum effective preten31on This is ‘true for various
stay diameters. At large stay diameters, the increase in
the optimum pretension is always quite large compared to
the cbrresponding increase in the maximum buckling load.
This is da; to the increase of both the area and modulus .of
elastlclt§ of the stay which greatly affect the value of Cy
- Figs. 5. ;1 5.12 and 5.13 confirm the valldlty of
the observations mentioned above when the ratio of 1 to L
becomes smaller, six instead of ten. In this case, the
point of intersec?ion of Mode I and Mode II curves occurs
at a smaller stay diameter and a slightly smﬁller maximum‘
buckling load. This ié obvious because the increase in the
crossarm member length causes the decfease of the rotational
restraint and the increase of the translational restraint
of the?column at the crossarm level. In case of a ratio of
1 to léa of six, the decrease in the optimum pretension, as
well as the minimum effective pretension, is much larger
than the decrease in the maximum buckling load at the point
of intersection of the two buckling modé curves. This is
clearer at a large stay modulus of elasticity. In case of
steel rods with a modulus of elasticity of 29.6 x 10% psi,
the optimum pretension decreases from 1.5 kips to less
than 0.5 kips while the maximum buckling load decreases from
30.2 kips to 28,9 kips. This is due to the large decrease
in C; when the ratio of 1 to 1., falls from ten to six
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 causing a decrease of cosa, K_ and K in Eq. 3.20.
Probably the most interesting results are obtained
in Fig. 5.14 in which the diemeter and modulus of elasticity
of the stay vary while the ratio of 1 to lca is kept
constant at one. The variation of these parameters has a
very significant effect on the optimum and minimum effective
pretension while the maximum buckling load remains approxi-'
mately the same. As the stay diameter and modulus of elas-
ticity are increésed, the maximum buckling load increases.
very slowly. Tﬁis is because Mode II is the controlling
mode of buckling far away from the point‘of its intersection
with ModeAi buckling which does not occur at é practical
stay diameter. At the same time, the increase'of the stay
diameter and modulus of eiastiéity causes a large increase
in Ks antd conséquently C, as seen from Eq. 3.20. The
result 1S a considerable increase of the optimum and
minimum effective pretension. As the stay diameter is
increased from 3/16 in. to 7/8 in., the increase in the
optimum pretension is over 1?00%. The use of steel rods
with a modulus of elasticity of 29.6 x 106 psi instead of
steel wire ropes with a modulus of elasticity of 9.4 x 106
psi cause an increase in the required optimum pretension-=
from 200%, in case of 7/8 in. stay diameter, to 400%, in
case of 3/t6 in. stay diameter. Approximately the same
percentage increase applies in the case of minimum effective

pretehSion, while the maximum buckling load remains approxi-
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mately constant in all the cases considered.

5.5 Effect of Stay Modulus of Elasticity

The effect of vafying the stay modulus of elasticity

6 psi to 29.6 x 106

from 9.4 x 10 psi on the maximum buckling
load, the optimum and minimum effective pretension was
investigatedvtheoretically; The results are shown in Figs.
5.15 to 5.21. As is the case when the stay diameter is
wvaried, the pﬁetensién curves 4o not follow the shape of
the buckling load curves. As the stéy modulus of elastici-
Ty is'increased, both the optimum and minimum effective
Ppretension tend to increase éontinuously at approximaiely a
constant rate. But the buckliig load increases rapidly
when controlled bf Mode I buckling, and slowly when ’
controlled by Mode II buckling. Equations 3.14, 3.20 and,
B.Bi'give an explanation to this difference in behaviour
between the buckling loads and the corresponding pretensions.
~As the stay modulus of elasticity is increased, KS and‘
consequently the constant of proportionality C; increase.
The large increase of C; counteracts the effect of the slow
increase ?f the buckling load when controlled by Mode II
buckling, hence the optimum pretension keeﬁs its constant
rate of increase. g
Fig. 5.16 shows the influence of the stay modulus of
elasticity at a constant stay di?meter, 7/16 in., and a

ratio of 1 to lca of ten. AT small values of stay modulus

of elasticity, instability is controlled by Mode I buckling.
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This mode is always accompanied by a rapld increase in the
buckllng load when the stay modulus of elasticity increases.
At large values of stay modulus of’ elast1c1ty » instability
is controlled by Mode II- buckllng In this case, as the
stay modulus of elast1c1ty is increased, the increase in
the buckling strength is slow. Mode II governs at large
values of stay modulus of elasticity because of the
increase in the stiffness of the stay members. This
increase in the stiffness means an increase in the
translational restraint of the column at the crossarm
level. As explained previously, the optimum and minimum
effective pretension increase rapidly both in the zone-
controlled by Mode I pfickling and in the zone controlled
by.Mode II buckling. |

Figs. 5,15, 5.16  and 5.17 represent the effect of
stay modulus of elasticity on the maximum buckling load,
the optimum and minimum effective pretension at a constant
ratio of 1 %o 1ca of ten and different values of stay
diameter. It can be seen that at small stay diameters and
Yarge ratios of 1 to 1 a’ Mode I controls the bifurcation.
For medlum 31zed stay diameters, Mode I governs at small
moduli of elasticity while Mode IT governs at large
moduli of elasticity. 4t large stay diameters, only Mode
II is the governing buckling shape.l Thus, the point of
1ntersectlon of the two buckling mode curves occurs at a

very large stay modulus of elasticity as the stay diameter
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decreases from 7/16 in. to'j/ié in. As fhe'diameter
inereases to 7/8 in., the point of intersection occurs at
a relatively-small value of-éfay modulus 6f elasticity.
Again, the reason for this behaviour is that both the area
of the stay and its modulus of elasticity affect the
stiffness of the stay members,‘and consequently the
translational restraint of the column‘at‘f%e level of the
créssarms. The change in the vaiues of the maximum
buckling load is always small w en instability is controlled
by Mode ITI buckling,- and s'gnifican't when Mode I

governs. This means that therd is no appreciable gain in

the strength of the column when the stay diameter or
modulus of elasticity is increased~in‘the.Mode‘II zone.
As the staj modulus of elasticity incfeéses, there is a
large increase in the optimum pretensidnlwhether Mode I or
Mode II governs. | |

The influence of the stay modulus of elasticity on
the maximum buckling load, the optimum and minimum
effective pretension is affected by the change in the ratio
of 1 to 1__. The effect of decreasing the ratio of 1 to
1ca from ten to six is shown in Figs. 5.18, 5.19 and 5.20. -
Fig. 5.18 reveals that the governing mode for: various
values of stay modulus of elasticity at a stay diameter of
3/16 in, is Mode I buckling. Mode IT is the controlling
mode of buckling for both 7/16 in., and 7/8 in. stay

diameters. This means that as. the ratio of 1 to lca is
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degréased, the point of intersection of the two buékling
mode curveé occufé at a.smaller stay modulus of élasticity.
This is due to the fact that as the crossarm member length
is increased. the translational restraint increases and the
rotatlonal restraint decreases at the 1evel of the crossarm
member. There is an appreciable increase in the maximum
buckllng load in the ‘zones whlchﬁe controlled by Mode I
at a ratlo of 1 to 1 of ten. The change in the optimum
-and mlnlmum effectlve pretension is ﬂot significant in case
of decreasing the ratio of 1 to l to six,

Fig. 5.21 illustrates the effeet of _the stay modulus’
-.of elasticity on the buckling load, the optimum and minimum
effective pretension at a ratio of 1 to 1., of one and-vari-
ous vﬁlues of stay diametef. In all the cases; Mode II is
the governing mode. The buckling load does not change sig-
nificantly with the change of 'any of these parameteré. Only
the optiﬁum and minimum effective preﬁensionggre considera-
bly affected. They increase continuously with the increase
of the stay modulus of elasticity. Thié increase occurs
with approximately the same rate for any of the stay
diameters. There is also an appreciable increase in the
optimum and minimum effective Pretension with the iﬁcreaSe
of the stay diameter. In both céses, KS and consequently
C: increase and lead to a large increase in the required
\Hgfszen31on for a constant buckllng load. Thus, it is not

preferable to. 1ncrease the stay modulus of elasticity or

.o
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There will be
no gain in the buckllng strength of the column while the

stay diameter at-a small ratio of 1 +o l

required optimum pretension will increase considerably.
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CHAPTER 6 |
EXPERIMENTAL PROCEDURE AND RESULTS -‘

6.1 General

A series of tests were conducted on a single-crossarm
'stayed column model to verify the theoretlcal relatlonshlps
between the initial pretenSLOn and the corresponding
buckling load derived 'in Chapter 3. The tested model had
only two crossarms and four stays set in one plane as shown
in Fig. 6.1. ‘The buckling was confined to that.plane.‘ The
tested column-properties are given in the following section.
This section includes the geometrical and material
properties of the column, Then, the experimental equipment
and procedure are outlined. Finally, fhe results are.

summarized at the end of this chaptef.

- 6.2 Tested Column Properties

6.2.1 Geometric Properties

The plane single-crossarm stayed column moéel was
preferred over a conventional space single-crossarm stayed
column model. The advantages of the first type of stayed’
column may be summarized in the following: |

1) Its buckling occurs in one confined plane,.the
plane of the crossarms and stays, while for a space column

buckling may occur in one of the two plartes containing

k9

!r.
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crossarms and stays. Therefore, its buckling is: easier to
controli | o .. - -
2) It needs less material since the space column

contains four crossarms and eighf stays compared to two

crossarms and four stays in case of plane stayed column

Thus, half the materlal for the staye elements,ls used.
}) The plane column takes &s effort to set up,
uses less equipment.and requires* fewer readings

during the experiment‘without any loss of accuracy or

- L

efficiency. _
. The choice of the plane_fype model wae‘accompanied‘by )
a theoretical modification in -the predicted relationship‘-

between the initial preten31on and the correspondlng N

buckllng load. This modlflcatlon was necessary to suit the.

-

decrease in the number of stays at each end of the column.

e

It 1s derived in the next chapter.

-

The length of the column was chosen according to the
space available 1n the laboratory, and at the same time as
close as possible to the practlcal length of a stayed column
" A length of ten feet was satisfactory. The diameters of ‘the
column, crossarms.‘and stays were chosen such that the
maximum buckling Load could be applied conveniently'insfhe
laboratory. The cross-seactions of the column:and the
crossarm have the sSame dimensions and properties: The outer
diameter of the tube, from which the column and Crossarms
were cut, is 1.50 in. and the inner: diameter is 1.00 in.-

.The stay diameter was goxegred by the available load cells

. | -
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that can measuré the.forpe in the stays, and was taken as
“'1/8 in. An emphasis on the accuracy, both ih cross-sectional

dimensions and longitudinal straighfnesg, was required.

6.2.2 Material Proverties

Both the column and the crossarm members were cut
from a cold drawn round seamleés Steel mechanical fube‘
MT~1015.¥ Commefcial steel rods were used for stays.

Several tests were-carried $ut on sﬁeéimens-tb_determine the
¢ necessary properties of the tube and rods. The tube was
found to have an ultimate stress of 70 ksi. The yleld stress_
was 49 ksi whlch was satisfactory since the theoretical
axial stress at the maximum buckling load was 22 ksi. The
modulus of elasticity of.thé'tube was 29.1 x 103 kéi Tests
on the steel rods indicated that the modulus of elasticity
was .29,3 x 103 ksi Whlle the ultlmate stress was 89 ksi.
Thus the ultlmate force taken by the wire was 1080 1bs while

the theoretical-optimum pretension was 240 1bs.

6.3 Experimental Equipment

A set of four ring load cells were chosen to b&e
placed with the four stay m;Lbérs Each-ring load. cell
conS1sts of an alumlnum rlng beam and two strain gages. The
ring beam ‘has an outer diameter of 2.0 -in. y an inner
‘diameter of 1.5 in., and a thickness of 0.375 in. Two holes.

" located along one of its diameteré are slightly more than
1/8 in. diémetér, which fit the stay diameter. Two strain

, &gages are placed on the inner and outer diameter of the
N

B

v
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ring beam to give an indication.df the defiection of the
ring’ﬁeam and conseguently the‘axial force actingdalong the
iwo holes. These load cells were used to fulfill two
functions. They had to measure the tension in the stays by
their strain gages. At the same time, they were used to
 introduce the pretension in the stays through nuts and
threads as shown in Pig. 6.2. AThus, there was no need for

furnbuckles. .

A Universal Flat load cell was used to measure the,
épplied compressive 1lgad of the column. It has a maximum
capacity of 25 kips compéred to the maximum theoretical
buckling load of 21.5 kips. A small groove was machined on
the top Qf_thb load cell to fit an’end ball of the column as
shown in Fig. 6.3. '

A hydraulic jack used to apply the axial load of the
column i§.3hown in Fig. 6.4, In addition to a separate base,
the jack Qas mounted by a connection part having a hollow
tube to fit the cylindrical piston of the jack and a
rectangular top to £it the base of the flat load cell.

The strain indicators used to measure the strain in
the strain gages are shown in Fig. 6.5. Fourteen channels
of %?formation that read deformations were needed during the
tests: one for each ring beam load cell and ten for gages TN
applied on the column and crossarms. These channels were
.provided by the two identical étrain'indicators. Another

strain indicator was used for the flat load cell calibration.

Iwo dial gages were used to measure the lateral

-
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deflection at the mid-height of the column.

6.4 Experimental Procedure

The callbratlon of the two types of load cells, the
column preparatlon and’ testing to get the buckling load for
dlfferent initial pretension are outlined in this section.
An important precaution was necessary to be able to use the
same column for the different tests. This Precaution is

explained at the end of this section.

"6.4.1 Eaquipment Preparation

A calibration of the flat load cell was made on a
Universal Testlng Machine by applylng-a compre381ve load in
increments of 500 1bs up to the maximum load of 25,000 1bs.
The feadings of the connected strain indicator were used to.
prepare the linear oalibration chart of the load cell.

A calibration of the four ring load cell\was made by
hanging weights vertically'along the two holes in increments
of 26 1bs. The ﬁeights representing the axial force in the
stays were increased up to 400 1bs which is a 160 1bs over
the theoretical optimum pretension of the stayed column
model. The two sirain gages on each ring beam were
connected to their proper position in the strain indicator
in a half bridgo_oonnection. The average reading of each
increment of load was used to plot one curve for all the
ring load cells. This curve, which was found to be a
straight line, répresents the calibration chart relating the
axial force aloag the two holes to the reading of the strain

-
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in edch ring load cell.

6.4.2 Column Preparation

After determining the important properties of theA
materials used in the model celumn, the, tube was cut into
the required le;gths for the column and crossarms. ' The
crossarms were machined to fit the column at one end of each
crossarm, and at the other end, two inclined threaded holes
were drilled to hold the stays. Then, the crossarms were
welded in place to satlsfy the requlrement that they be
- rigidly attached to the column.

Two bases for the column were machined as shown in

Fig. 6.6 such that they fit the two ends of the column.
- Each base had a groove that fit a small ball which

represented. the hinged support. Each base was welded to. one-

end of the column to transmit axially the compressive load.
Another function of these bases was to hold the stays
Through 1ncllned threaded holes which suit the 1nc11nat10n
of the stays %o the column. Fig. 6.3 shows the base during
the experiment, )

Six strain gages were aﬁplied at three positions on
- the colﬁmn. Four others were applied at tﬁe middle of the
crossarms. These gages were applied at opposite Sideslin
the plane of buckling. A sketch of the positions of the
strain gages is shown in Fig. 6.7. They were used to

measure the strains during the experiment.

The stays were cut and threaded to be joined to the
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ends of the column and crossarms, and, at the same time, to
hold the ring load cells: through nuts.

A small groove was machined in a thick plate to fif
the top end ball of the column. Two heleg were drilled gn
the plate so that it could be firmly attached to the girder
.of a frame in the laboratory. This top plate is shown fixed
in its position in Fig. 6.8. The base of the hydraulic jack
was welded to. the floor with its center exactly under the
center of the groove of the top plate Thus, the welding.
‘ensured that the applled load passed through the axis of the
column during all the  tests.

The column was set in-its ﬁlace using two end balls
of 1.0 in. diameter each.. Hence, the column could rotate
easily at each end which represented the assumed hinged ends
of the stayed column. The celumn Wes bound by the top plate
and the girder at the top, and by the flat load cell and the
hydraulic jack at the bottom.

| To confine the buckling in the plane of the crossarms
and stays, tﬁo sets‘of lateral supports, each coﬁSisting of
two bars welded to two angles, were prepared. Two square
tubes were clamped to these lateral supports as showé(in
FPigs. 6.9 and 6.1. Tﬁus, the movement of the column in the
- direction perpendicular to tpe plane of the crossarms and
stays was prevented with a minimum amount of friction,

Two dial gages were installed at each end of the
crossarms. They were used to determine the lateral deflec-

tion of the column at the level of the crossarms under the
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effect of the applied load during the tests.

~

6.3.4 Column Testing

First, the column was tested without stays. The aim
of this test was to ensure that the buckling load of fhe’
column is fhe Euler load. This was considered as = proof
~ that the two sets of lateral supports confining the buckling
in one plane had a negiigible effegt on the buckling load.
Then, a series of tests was conducted with different
initial pretensions. They cover the three zones described
in the analytical derivation of the relationships between
the initial pretension énd the corresponding buckling load.
In general, each test began by intfoducing equal pretensions
in the four stays. The pretensions were gradually applied
so that neither the column nor the crossarms bent under the
forces in the stays. This was done by tightening the nuts
along the threads of the stays at the ring load cells in'
reasonable increments and in order until reaching the
required initial pretension. The value of Pretension.at
each increment was controlled by using the strain indicator
and calibration chart. Then, the column was loaded in
inerements until buckling. The load was axially applied
using the hydraulic jack. Its value was known from the
strain indicator reading and the calibration chart of the
flat load cell. The two end balls served to keep tﬁé load
axial and to allow the rotation of the ends of the column.

After each increment of load, the readings of the dial gages
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were taken to get the horizontal deflection of the column at
fhe level of crossarms. The readings of the strain gages on
the column and crossarme were used to check the applied load
and the stralghtness of the crossarms during the experlment '
The readlngs of the straln gages on the ring load cells were
recorded to give a measurement of the rema:.n:.ng_ tens:.on in §
the stays after each incrementfof load.‘ -

The upper limit of the‘epplied load differed from
test to test according to the gositibn of the initial
pretension of the test in the theoretical curve of buckling
load versus initial pretension. In the first zone, fhe load
was slightly increased above the Euler load which was
considered as the buckling load. In the second zone, the
observed buckling lodd was taken as the load at whicﬁﬁthe
tension in two stays on one side of the column vanished.

The applied load was slightly increased above that load.

In the third zone, the observed buckling load was taken as
the load at which a considerable increase in the horizontal
deflection of the column at the level of crossarms occurred
without a significant increase in load. In this case, the
tension did not vanish in any stay. Any attemp% to increase
the applied load beyond this limit led 'to"the failure of the
two stays resisting the deflection of the column. .

6.4.4 An Important Precaution

Only one column was tested several times at different

initial pretensions until buckling. To ensure the

s .'
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elasticity of the column after buckling each time, a -
maximum allowable deflection at thé level of crossarms had
to be determined. This deflection was calculated Such that
it kept ali the fibers of the'column'below.the elastic |
1imit under the aﬁplied lozd. The critical load after
which the extreme fibers exceed the elastic range can be

calculated using the well-known formula:

_ P
dfﬁi—f‘ | (6.1)

Eq. 6.1 may be writfen for the stayed column in
terms of the allowable deflection.z.\a as:
Pa PaA‘aDo ‘ .
6. = 2+ 5== .2
% y Ac 2 Ic . (6.2)
in which dy = the yield stress of the material of the
column, and Do = the outer diameter of the column.
Eq. 6.2 may be arran@ed to yield the following
expression for the maximum allowable deflection under the
applied load:

21 g 21
a, © 5 - 5D | (6.3)
a o C 0

THis means that the deflection allowed at the end of
each test depended on the amount of the applied load. A V.
further precaution was that this deflection should not caé%;‘r

the failure of the stays on the convex side of the column.



6.5 Experimental Results

For each test, the load-deflection curve was drawn.
- 'On the same~graph: the tension in each stay is plotted
against the applied load. Figs.-6.10'and 6.11 illustrate
the curves of‘loadjversus deflection and tension in thé
stays for an initial pretension less than %he minimum
effecfive_pretension. The reéults for tests starting with
an initial pretension between the minimum effective preten-
sion and the optimum pretension are shown in Figs. 6.12 to
6.16. Figs. 6.17 to 6.207§é9w the effect of an initial
pretensidn equal to and g?eater than the optimum pretension
on the buckling load and the residual pretension. The
results of the experimental buckling loads and residual
pretensions éoﬁpared to the theoretical values are shown

=

in Fig. 6.21. The analysis of these results is presented

-

in the next chapter.



. CHAPTER 7

 ANALYSTS OF EXPERIMENTAL RESULTS

7.1 General

To compare the experimental results with the
theoretical’ vAlues, the analytical relationships between
the initial pretension and the corresponding buckling load
should be modified. The reduction in the number of sta&s
at the ends of the Plane stayed column should be taken .
into account. This modification is presented in the next
section. Another difference between, the theoretical
treatment of the stays as made of.one homogeneous material
and the-actual elements used as stays in the model should
be considered. This is due to the existence of the ring
load cells in the stay elements which caused the change of
the stiffness of these élements from that of 'stays made of
steel rods only. The equivalent stay médulus of elasticity
that should be used to predict the theoretical buckling
load for.each test is derived in this chapter. Finally,
the expefimen tal results are -compared with the predlcted

values b sed onn the above modlflcatlons

7.2 Analytféal Relationships between Buckling Load ang

Preten81on for a Plane Single-Crossarm Stayed Column

A plane 81ngle-crossarm stayed column has only two
) 3

s
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sfays at each end of the column compared to four in the case
of a space stayed column. For a plane column, the value of
n, in Eq. 3.1 is two, and the initial axial force on the
column induced by the ini‘!_:ial pretenéion. 'l‘i, may be

expressed as:

P, = 2T;cos ' (_7.1)

After applying an axial extérnal loé.d, Pa.‘ the
expression of the final axial force on the column given by

Eq. 3.5 is cha.ﬁged to:

Pp =P, * 2T.cosa (7.2)

‘By substituting the new values of P_ and Pi from

iy
Eq. 7.2 and Eq. 7.1, Eq. 3.7 becomes:

PN .

) [Pa - 2(Ti - Tf)‘cos a)

A, " (7.3)
c
Substituting for Ao, from Eq. 3.1k, for 8., from
Eq. 3.11, and for &, from Eq. 7.3 into Eq. 3.16 yields:
T. - Ts ) [Pa - 2(Ti - Tf) cosa]cosa
KS ZKC
[2(Ti - Tf) sina]sina

- (7.4)
Kca :

Solving Eq. 7.4, the decrease in the pretension force,

Ti - Tf. may be written as:
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. : Pacosa _ . \
Ti - Tf = | ‘. . . 2 . 2 i (?'5)
, ZKCEKA"’zIS{lna"'CC;(SQ] .
s ca c

The shortening of the column can be. written in terms
of the final axial load, P,, by combining Egs. 7.2 and 7.3
as follows: '
P, - 2T.cosa
a, =L 1 (7.6)

c

‘Comparing Eq. 7.6 with Eq. 3.21, it is obvious that

EqQ. 3.23 should be substituted by: ' oD
. (Pf - 2DT;cos a) cosa
Tf = Ti - | (?'?)
' 1 2 sin®a
2K (g + = )
s ca

Substituting for Tf from Eq. 7.7 into Eq. 7.2 yields:

(Pf - 2Ticosa) cos @
Pe =P+ 2[ 7. - Jeosa - (7.8)
a 1 2.3
1 2 sin“a
2Kc('f(—’+"mﬁ_)
. ' s . Mea

Solving Eq. 7.8, the applied load, P_, can be

expressed in terms of the final axial load of the column,

A

Pf. and the initial tension in the stays, Ti.h as follows:

2 cos®a
P, = (Py - 2T5cosa)[ 1 + T 2o’ 1 - (7.9)
K (_+_£1_°'~)
c Ks K

ca

S~
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These modifications.lead to the following-:elation-
'ships relating the initiél pretension to the corresponding
buckling load for a‘plane'single—crossarm staye&_cdlqmn. In
the first zone, the Euler load given by Eq. 3.28 ié

considered as. the buckling‘lbad-qipce the tension in the

stays becomes zero under the applied load. The minimum ¢
effective pPretension can be calculated from the following
expression: P
' ~»8
TraEcIcCi \'
o Thin s —“Lz—- (7.10)
in ﬁhich‘Ci is a constant of proporfionality given by:
- : cosa )
. Ci = — T aoie — (7.11) -
2K ( I S sSinTa + cCoOsS™ X ) )
c KS Kca :Kc'
In the second zone, the governing equation for the
buckling load can be wriften as:
X
T.
= i :
Pcr = ET (7.12)
1 ' .
The maximum pretension in the second zone is the
optimum pretension given by:
Topt = CiPpay (7.13)

in which Pma# is the maximum buckling load of the stayed

column that is the same for the Plane or space column.

!
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The buckling load in the third- zone is govermed by
- the followihg equation:

-~

Pcr = (?méx -2 Ticos o.),‘Cg ' (?.1’4-)_
) - in which Cy is a constant of proportionality given by: e
o | cos?a )
p R T pointa . (7.15)
‘ e sin“a
- TR (=)
. N . c KS : Kca

The residual pretension should be equal to zero in
.the\first_and'Second zone, while in the third zone it has

- * a value given by:

I T =T, - (P -2Tcosa)Cs  (7.16)§

(-

in which C, ié'the'same constant given by Eq. 3.33.

7 3 Equivalent Stay Modulus of Elasticity’

In the plane stayed column model, a stay was composed
" of steel rods anﬁ a rlng beam load cell. The modulus of
elast1c1ty of the stay was not dlreotly taken as;the fod
modulus;of eléSt;city.=but it was calculated according to T
the aotuél‘stiffness of the stay. and load celli‘. |
" The deflectioh of the ring beam due %6 a temsion céa
} force'inathe_roas'ﬁos calculated using Castigliano*s

theoren. ' The. calculation is outlined in Appendix II. The

= * value of the deflection of a ring beam of mean radius, R,_
. } R e ; . _
s ~ under a tension force T in the rods is given by: )
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TR -  «TR - TR®
5 = -+

P hna,  bep, | ba,

‘iq which-Eb = the modulus of elésticity of the ring beam,
Ab = the cross-sectional area of the ringAbeam._Ib = its
moment of inertia, and Gb = 1ts modulus of rigidity. ]

Due to the tension force T, the elongation of the
actual leng?h of the steel rods used in the. stay was
calculated from the well-known formula:

| o

(7.18)
r .
E A . o .

a

2 in which 1r = the actual length of rods used in one Etay,

Er = the modulus of elasticity of the rods, and A. = the

" cross-sectional area of the rods. ¢
N :

The actual stiffness of the sta{\ﬁas taken aswe . .

S = — (7.19)

“. . ) N : . i
Accordingly, an éqQ}valent stay modulus of elasticity was -
- - )
used in the cemputer program to predict the theoretical
buckling load for each test. Its value was taken as:

"-

+(7.20)

‘W
N

in which 1, = the theoretical length of the stay caleulated

r . » .

L] .
z ) . N
L. . . —
- . S - TTTTr——
» : . . B
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in the computer program.

-

7.4 Comparison of Observed and Predicted Buckling Loads

and Residual Tension in the Stays

?.14,1 Case of Initial Pretension Less than the

-

Minimum Effective Pretension

The theoretical minimum effedfive‘pretension was "
found to be 44 1bs. The results of two tests .carried out
‘at an initial pretension less than this value are
represented in Figs. 6.10 and 6.11. It can be seen that
‘the column can support a load larger than the Euler load
which 1s considered the theoretlcal buckllng load This is
due to the increasing ten31on force in the two stays on the
‘convex side of the column. This force prevented the
completion of buckliﬁg. But as’Eﬁé tension force in the
other two stays approached zero, they beéaﬁe ineffective,
and consequently the column was no longer considered to be
a stayed column. This was taken as the buckling QF the
column. According to this point of view, the experimental
buckling load in Fig. 6.11 appears slightly highér than the
theoretieal buckling load. This is probably due to the
temporary residugl strain'in the load cell after the
dimappearance of the tension in the rods.

Generally, the. tension in all the stays did not
decrease at the.same rate under the application of a loéd'
as was considered in the theoretical‘approach.‘ ihis is due

to the imperfection of the column. In all-the.tegis, the
~
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tension in the iwo stays on the side of the initial
imperfection began to decrease less than that-in %he<other
two stays under the épplied load. Then, as the load was
increaSéd, the“tensidﬁﬂgtafted to increaéé-iﬁ the two stays
on the convex side of the column. “This-increase ﬁsually oc-"

curred in the vicinity of the buckling load.

4 . _
7.4.2 Case of Initial Pretension between the Minimum

Effective and the Optimum Pretension

- The theofetical optimum pretension was found to be
240 1bs aﬂﬁ the corresponding buckling'load was 21.5 kips.
Taking the experimental buckling load as that load at which
the tension in any st2y wvanished, Fig§. 6.127tp 6.14 show
good agreement between experimental and theoretical values
of bﬁckling'ioad. The tension in the two stays on the
convex side of the column deéfeased less than tgg; in -the
other two stays up to the vicinity of the-buckling load.
Then, it began 1o increase due to the increasing deflection
at the crossarm level. .

At a buckling load higher than 13.5 kips, the
experimental results became much less than the theoretical
values, as shown in Figs;fé.is to 6.17. This can be
explained by the efifect of the initial imperfection of the
column which increases appreciably with the increase in the
value of the buckling load. The imperfection caused a higher™

rate of decrease in the-tension in the‘ﬁho stays on the

concave side of the column ét high values éf applied load.

Lo
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7.4.3  Case of Initial Pretension Greater than the

'thimum Pretension ' . “s\ '
Pigs. 6.18 to 6.20 illustrate the experimental and

theoretical values of buckling load for an injtial
pretension greater than'the optimum pretension. In this
case, the theoretical buckllng load is slightly 1less than
~ the maximum value, while the experimental results indicated
approxlmately the same buckling load. Thus, the difference
between- the theoretical and experimental values rémains
high beéause of the imperfection as stated before. The
" initial imperfection had the same effect on the value of
the residual prefension which was taken as the remaining
tension in. the two stays assisting the buckling at the ®
instant of buckling. The residual pretenéion was

eclably less than its theoretical value at these high
~ values of buckllng load. On the other hand, the tenéion
inthe other two ‘stays was con31derably larger than the ’
theo;etical‘valug because of the large deflection at the

1ev;} of crossarms. -

13

~—~—.

. Pig. 6.21 illustrates a comparison of the theoretical
and experimental values of buckling load in the three zones.
The theoretical and experiméntal residual pretension at the

instant of buckiing are also shown on the same figufé.



CHAPTER 8
'CONCLUSIONS AND RECOMMENDATIONS

8.1 Genéral‘ X

This thesis was‘concerned with the studx of
pretensign for a single-crossarm stayed column. A
geometrical agalysis was used fé predict the effect of the
initial.pretensionhin the stays on the buckling load of the
column. A computer program was written to obtain the basic
preten%ion values and the corresponding buckling 1oads for
a given space or plane single-crossarm stayed column. The .
influgnce of three stayed column pérameters on the optimum\
and minimum effective ﬁretension, and the maximum buckling

load wés demonstrated. Experimental results for the

buckling load at different initial pretensions were obtained
by tesﬁing a'plane single-crossarm stayed cblumn. The

"results were compared to the theoretical wvalues.

8.2 Conclusions
‘ JThe following conclusions may be drawn on the basis
of this study:

1) The relation between the initial pretension and
the corresponding buckling load ié controlled by three

valﬁes: the minimum effective pretension below which there

is no increase in the bucklinggload of the column over its

69
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Euler'load. the optimum pretehsion which‘ié associated ﬁith
the maximm buckling load of the column, and the maximum
p0331ble pretension whlch causes buckling without any
external applied load. . . 3

2) An initial pretension less than or equal to the
minimum effective preten51on does not affect the buckling -
load of the columnr

3) The relation between the initial pretension and

the corresponding buckling load will be linear if the

initial pretension is between the minimum effective and the

optimum pretension. As the.initial pretension is increased,

the bucklihg load increases..

4) The relati between the initial pretension and
the corresponding buckling load wili continue to be llnéar
if the lnltlal pretension is greater than the 0pt1mum
preten51on. In this case, as the initial pretension 1sl
increased, the buck}ing load decroases. .

5) The effect of the crossarm length on the;puckling
-load and the optimum pretension depends on the values'of
the stay diameter and its modulus of elast1c1ty At small
~ratlos of 1 to l ar the buckling load and the optimum
preten31on 1nor;ase rapidly with the lncrease of the
crossarm length. At large ratios of 1 to l a* @S the
crossarm length is increased, the buckllng load and the
optlmum pretension decrease, The ratio of 1 to l
\

considered large or small accordlng to the values of stay

dlameter and modulus of elasticity.

-
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6) At large ratios of 1 to 1.,» the minimum
effective preteﬁsion remains approximatgiy constant w%th
_the change of the crossarm length. At small-ratios of
1 te lca,~as thgécrossarm length is increased, the minimum
effective pretension slowly decreases.

7) The increase in the stay diameter causes an

increase inffhe buckling load and the optimum pretensibn.

The increase is rapid when the buckling load is controlled

by Mode I buckling. When controlled by Mode II buckling,
the incréase in.lhe-buckling load is very slow, but the.
increase in the optimum pretension continues to be rapid.

8) The minimum effecfive pretension increases-
continuously with the incfease_ig the sfay diameter.

9) The increase in the sta& modulus of elasticity
leads to a rapid increase in the opfimum pretension and %o
a’ continuous increase in the minimum effective pre%ension.
The buckling load iﬁcreases rapidly when controlled by
Mode I buckling and slowly when controlled by Mode II
buckling. At small ratios of 1 to lca‘ the increase in the
buckling load with the increase in the stay modulus of
elasticity is insignificant.

10) Economical design of stayed columns may be

obtained by choosing thg rroper stay diameter and modulus

| of elasticity. In some regions governed by,Modé IT
buckling, tpe increase in the stay diameter or stay modulus
of elasticity does not éignificéntly a}fect the buckling
load.

A
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(a) Initial Conditions (b) Final conditions
4

‘at End of Column - at End of Column

\mg; B ) \\g%_A =~

' !
(c) Initial Conditions at

(d). Final Conditions at ~ -
Stayed End of Crossarms Stayed End of Crossarms S~

]

-

i

Fig., 3.2 Equilibrium Force -Syste)ms,l of Stayed Col_umn;

-

(After Smith, McCaffrey, and Ellis)
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Fig. 4.2 . Finite Elements and Assumed Possible Node

Displacements for a Single-Crossarm Stayed Column.
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Fig. 5.2 Effect of Crossarm Length for a Stay Diameter of

3/16 in. and Modulus of Elasticity of 19500 ksi.
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Fig. 6.4 Hydraulic Jack.
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Fig. 6.8 Top Plate of the Column.
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Fig. 6.9 Lateral Support of the Column.
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L APPENDIX II
DEFLECTION OF A RING BEAM UNDER TENSION

The deflection of a rlng beam#* subaected to a tension
force along one of its dlameters can be calculated using
Castigliano's theorem. The theorem states that if external
forces act on an elastic member, the displacement, in the
direction of any one of the forces, of the poiqt of :
application of the force is equal to the partial derivative

of the tofal elastic strain energy in the member with

respect o the force. This can be written as:

-

in which 6, = the deflection of the ring beam in the
direction of the‘applied tension force T, and U = the total
strain energy in the ring beam.

The total strain energy of the ring beam shown in
Fig. A.1 can be obtained by summing the work done by the -
internal moments and forces acting on each differential

element of the beam. This can be expressed as:

-

- Nds %J-V ds_,_%fmads

* _For more details, see reference (9).
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’ l
in which U = the total strgii;gnergy in the beam, N = the

normal force acting on a dlfferent}al element of length ds,

= the shearlng force acting on the element, M = the
bendlng moment actlng on the dlfferentlal ei;;;;t Ab = the
cross-sectional area of the beam, Eb = its modulus of
elasticity, Gb = its modulus of rigidity, and Ib = its
moment of inerfia.

<

Substituting for U from Eq. A.2 into Eq. A.1 yields:

5 BN IVBV

M
b " EbA aT ¢ g i iy aTds (a.3)

For convenlence, one quadrant of the ring beam is
studled In Fig. A.2, if section B-B is assumed to remain
fixed, the veftical deflection of the plahe A-A due to the
forces acting on the quadrant will givé one half’of the
total deflection of the ring beam. On aﬂ; section C-C
making an angle ¢ with section A-4, the direct normal force,
N, the shearing force, V, and the bending moment, M, afe'

given by the following equations:

N = gcos 8 (A.4)
{f = 2sine (A:5)
2 6 -
M= My + %?(1 - ¢cos 9 ) - - (A.6)

in which MA = the internal moment at secfion A-A, and
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R = the mean radius of %he ring beam.
M, could be fouhd using the fact that sections A-A
and B-B remain planes at right angles to each other because

of symmetry. This is satisfied by: Py R

£A®==O #;> | (A?)

in which Ade = the change in the angle de between two
normal sectlons a dlfferentlal distance apart, after
deformation as shown in Fig. A.2. ' x

For an initially straight beam, the rate of change

r

of slope of the elastic curve is given by:

a%y . M : 4 (4.8)
ax® EI - ‘ '

For the ring beam, which is initially curved, the

rate of change of slope of the elastic gﬁg;g\is given by:
o _ AdS '
Res = Rae : (4.9)

Since the depth of thé section is sﬁall.relative to
the rgdius'of curvature R, the influence of the initial
curvature of the ring beam can be neglected. In fhiS'case,
Eq. A.8 can be equateg to Eq. A.9, and solving for the
change in the angle dé in terms of the internal moment M

3
yields: ' - : *

Ade = —E:I_ .(A°1O‘)“
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By eubstituting the value of Ade from Eq. A.10,
Eq. A.7 becomes:

ey - .
i 0 - o (A.11)
0 b ‘/r O

Substituting the value of M from Eq. A.6 into

l%

&

Eq. A.11, and considering R, E, and I, as constants, the
following equaﬁ?gh may be obtained: ya .
, . d L

1. 2w
IMAde+%‘J'TRd9-%J'TRcosed9=0 (a.12)
0 0 0

-

;‘ 1

Solving Eq. A.12, the 1nternal monent at sectlon A A

- 1) - (A.13) K

Since 2/m is less than 1, My is negative.  Hence, it

can be expressed as:

M. = TR(

A~ 2

2

increases the radius of curvature of the quadrant The

bendlng moment on sectlon C- aQnl be obtained by substi-
Tuting the value of M from 3 into Eq. A.6 which

.
vields: | .

TR, 2

M=? ;—COSG) ’ ) (A:lll-)

H

For the calcu tlon of _the vertical deflection of the
quadrant, the partla derivatives of the internal forces and
moment with respect to the vertical load in the quadrant,

T/2, should be obtained from Eq . A.%, A5 and A.14 as

| G
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. follows: - ) \\
a_g = cosg - (a.15)
3(§) : )
. A
;3%} = sin® . (4.16)
a(i) | '
M 2 . ' :
—~— =R(Z - cos6) - (a.17).
a(%) s . ' -

I

Substituting the values of thé partial derivatives
from Eqs. A.15, A.16 and A.17 into Eq. A.3, the following
expression for half of the total deflection of the ring

" beam can be obtained:

.
=

é" . é" 2 é" 3

T cos“9 T sin“o: TR 2

%6 - I ._..__Rde + J‘.....—Rde + I (s_ - COS 6 )zde
b5 28y 02Gphy T 0 2B, T '

N (A.18)

Solving Eq. ‘A.18, the required deflection of the
ring b,eém due to a tension force, T, along one of its

diameters is givefl by:

< T 4TR TR TR

8
COTERE TERL TEEL (o (D
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Fig. A.1 Ring Beam Subjected to Tension Force Along One of

7 ~ its Diameters. -
R B
é‘-\ - Ade
B N c

de

Fig, A.2- Quadrant of the Ring Beam and Differential Element

»

to Be Studied.
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