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ABSTRACT

This thesis presents the results of theoretical and experimental
Investigations intc the behaviour and ultimate load capscity of
latticed tower panels with cross-bracing diagonals made of

equal-leg, hot-rolled steel angles under the effects of in-plane

loads

Loading tests to collapse are catried out on cross-bracings in
raduced-scale two-dimensicnal frames of various arrangements.
The Southwell-plot of deflection measurements lmmediately pricr
to first yield of the diagonals is used to define equivalent end
eccentricities and effective length factors, which therefore
account for geometric and material Imperfections of the test

speclmens.

A proposal for new design formulae for rvalculating the
resistance of struts is presented. The new design aguetions are
based on the secant formula end are calibra-ed against the

experimental results.

A computer model is develepea based on flexibility equations
which do not require an t.erative anelysis oprocedure, The
non-linear effects are piven through the inclusion of Berry
stability funct’ons. The effects of eccentric forces and nodal
restrailnts are simulated at all joints In which diagonals and
main chords are connected. An additional rodel is formulated
ugsng 3 mainframe finite-element cod:, demonstrating rhat it is
now pussible to perform nen-<linear analyser of complex frames

including asymmetric members.
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Experimental results from this and other investigations are
compared with ultimate lpoad predictions based on the new design
equations and the computer models, and also usual buckling
curves for design of eteel transnission towers. In all cases the
propnsed models give acceptable predictions ot the behaviour and

ultimate capaclty of the bracings.

In particular, failure loads calculated with the new design
equations show improvements with respect to predictions based on
current deaign buckling curves. These equations, therefore, can
be used tor deulgn of steel latticed tower structures with angle

membera.
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Figure

1.01

1,02

1.05

1.06

1.08

fa) A self-rupporting transmission line steel
towar. Note the lateral panels with
cross-bracings. (b) Lareral panel with stee] angle
crossed diagonals conn-cte2d bark-to-buck at the
cross-over icint.

Typical transmission tow«r bolted connection.

The framing eccentricity e, is defined vy the
distance between the sect{on's orthogonal x-axie
and the centre ofthe main chord's ~onnected leg.

ASCE design curvea fur struts I= cross-bracing
gystems, and details of princijal dimensions.

ECCS design curves for struats in cross-bracing
systems, and details r¥ pr ‘nclpal dimensions.

Experimental research reported by Usaml et al
[2)-23]. The angie specimens are welded to tee
sections, and these are connected te the testing
machine. The planes of load are Indicated with a
star (*} for the three end conditions (a), {b) and
(e).

Research on cross~bracings of lateral panels in
steel “ulldings [35-46]. (a) Diagonal interaction
at cross-over jolnc, where f' le the tile's lateral
restraint coefficient. (b} Case of no restraint:
full.wave, first mode of buckling. (c} Case of
full reatraint: half-wave, second mode of
buckling.

Two-dimensional model used hy Elmes Lln his
computer analysis of c. jas-bracing in transmission
towers [51]. Node {c) iadicates the cross-over
joint, ag in Flgure 1.01.(b).

Typical model used by Behncke in his experimental
analysis of cross-bracing in transmission towers
[11]. Note - aat the transverse heams in the frame
imposed fu; restraint to the main cherd's
torsional re.oations, also preventing out-of-plane
deflections of the outside bracings.
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2.01-a

2.01-b

2.02

2.03

2.04

2.06-a

2.06-b

Z2.06-¢

2.06-d

Typical experimental cross-bracing model, as
reported by Wood [49) and CIGRE [63). Note that
the outside bracings and the main chorde were
connected to transversal beams, The compression
members in the outgide panels of bracing ware
reinforced against buckling at midspan by
redunaant bracings,

Strain gauges in the frames above were located on
the v-v plane as shown here, on both central
diagonels, thus only allowing for calculation of
axial forres in the bracings.

Cross-bracing deformation history reportcd by
Behncke (11], see aleo Figure 1.01-b. a8) Unlcaded
frame: no deflections. b’ Low loads: the tie and
strut deflect in the same out-of-plane directino.
<) Close to fallure: he tile gives support at the
crosg-over joint c. Deflections at midepan of the
strut incresse. d) Fallure: typlcal asvmetrical
crosy-bracing failure mode. These resu).Ls are
confirmed in the praesent investigation.

Locked-in systems of crossed diagonals,

Various experimental frame and hbracing
arrangements in the present investigation. (a}
Normal frame, parsliel legs. (b) Locked-in system,
inclined legs. (c) Normal frame, inciined legs.

(d) an: (e) Additional frame arrangements with
inclir ! legs and redundant bracings.

The experimental frames were desipned to simulate
conditions of the bracinge and maln chords aw
parts of a larger panel.

G-neral test setup In the present investipgation.

Genersl rlew of teating rig assembled on the floor
of the laboratory.

View of various elements in the main rig,
including specilel regulation rods far adjusting
tht vertical displacements of the outsitde
bracings.

A view of the reaction-support frame, connected to
the Fpundatlions.
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2.08-.a

2.08«h

2.049

2.10

J.1b

Specfal vertical rods with Cardan's ioints.

Turnbuckle and horizontal support f the
experimental frame. Alsn showlng tle out-of-plane
regulation rod st the reactjion-level crogs-aver
joint.

Turnbuckle, load -ell and out-of-plane regulation
rod at the load-level cromss-ever jolnt,

Assembly and detail of compression leg asupport,
which was designed to allow for free torsional
rotations of the main chord, ms opposed to the
fixed support conditjons in frames shown in
Figures 1.08 and 2.01. The angle « indicates galape
of the main chord.

Assembly and detail of tension leg support, which
was deslgned to allow for free torsivnagl cotations
of the main chord, as opposed to the fixed support
conditions in frames shown in Flgures 1.08 and
2.01, The angle = indicates slope of the main
chord.

Load-pack and load wsupporting fraeme, which is
cornected to the foundmtions. The hydraulic jack
has a capaclty of 550 kN, with a maximum scroke of
152 mm. It ip operated from a Losenhausen
univergal testing machine

Typical location of strain gauge sets on the main
diagonals and un the outside hiacinge. The figure
also shows details of the gauge positionsa (1), (22
and {3) in the tie and strut diagunals.

Location of displacement transducers ln the
testing frames. The most important readings were
the in- and out-oi-plare deformations of the
central diagonals. A detall also shows the
apsembly of the transducets.

Location of angle transdurecs {(inclinometers) at
the four important nodes in the testing Frames.
Readings of interest were the flexural end
raotationg in the diagonals and the torgional main
chord's rotations. A detail also shows the
agsembly af the Inclinometers,

Flowchert depicting the recording and processing
uf test data.
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3.1.01

j.1.oz2

3.1.07

3.1.08

1o

3.11.02
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3.11.04

3.11.05

1.11.06

Comparisop vf rezults from teste on frames with
identical conditions and variable -lenderness
ratios.

Main leg’'s rotational response at node &, zee
Figure 3.01.

Mein leg’'s rotationsl rerponse at node a, see
Flgure 3.01.

Strut's rotational response at node a, see Figure

3.01.

Bracing out-of-plene deflections at node c, see
Figure 3.01.

Vertical and horizuontal srrut deflectlons, see
Figure 3.0i. Test 102.

Vertical and horizontal gtrut deflectlions, see
Figure 3.0). Tegt 802.

Vertical and horizontal strut ¢deflections, see
Figure 3.01. Test 902.

Nominal snd maximum stress ratios for rdimgonals
with slendorness ratios Lg!rvnloﬂ and 160,

Comparison of results from tests on frames with
parallel legs, constant slenderness ratios and
varigble diggonal inclination.

ain leg's rotat'-nal response at node a, see
Figure 3.02.

Maln leg's rataticnal response at node d, gzee
Figure 3,02,

Strut's rotptional response at node a, see Figure

3.02,

Strut's rotational reasponse at node d, see Figure

3.02.

Bracinr's out-of-plane deflectioms at nodn ¢, see

Flgure 3.n2.

Vertical and horizontal strut detlections, ges
Figure 3.02, Test 202 - g=30v,
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11.07
IT.08
IT.09
I1.10
II.11
il.1:z
.03
I11.01
I17.02
ITI.03
ITI1.04
III.O5
ITI1.06
III.07
04
Iv.01

Vertical and horlzontal strut deflectionc, see
Flgure 3.02. Test 202 - B=30°.

.

Vertiral and horizontal stru* ~ctions, see

Figure 3.02. Test 3)2 - B=4 ".

Vertical and horizontal strut deflections, see
Figure 3.02. Test 302 - B=40",

Vertical and horizontal strut deflections, see
Figure 3.02. Test 402 - p=50°,

Vertical and horizontal strur deflections, s e
Figure 3.02. Test 402 - g=50°,

Rominal and maximum stress ratios at midspan s,
see Figure 3.02.

Comparison of results from tests on frames with
congtant slenderness ratlos, Inclined legs, and
variable diagonal inclinations.

Main leg's rotational responee at node a, see
Fipure 3.03.

Strut’'s rotational response &t node a, see Figure

3.03.

Bracing oui-of-plane deflectinms at nods c, see
Figure 3.03.

Vertical and horizontal strut deflectiong, see
Figure 3.03. Test 502 - fA=30°,

Vertical and horizental strut deflectione, asee
Figure 3,03, Test 602 - fi=40°,

Vertical and horizontal strut deflections, szee
Figure 3.03, Test 702 - f=50%.

Nominal and maximum stress ratios at midspan g,
see Figure 303,

Comparison of results from tests on frames with
constant slenderness rotios and diagonal
inrlinations, and variable lep slopes.

Main leg's rotational response at node a, see
Figure 1,04 - fB=30°.
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Jv.a2

3.IvV.03

3.IV.04

1.IV. 05

3.IV.06

3.IV.07

3.1v.08

3.IvV.09

3.65

vl

3.v.02

3.v.03

3.V,04

3.¥.05

3.V.0h

3.v.o7

Main leg's rotatiocnal response
Figure 3,04 - p=40-,

Main leg's rotational response
Figure 3.D04 - fi=50°.

Strut's rotaticnal response at
3.06 - pBm30-,

Strut's rotational response at
31.04 - B=4De,

Strut'e rotacional responsa at
3.04 - BuS0°,

at node

at node

nade a,

uade &,

node &,

a'

gee

-3-1:]

gee

Bracing's out-of-plane deflections at node

Figure 3.04.

Bracing's out-of-plane leflections at node

Figure 3.04.

Bracing's out-of-plane deflections at node

Figure 3.34.

see

geq

Figure

Figure

Filgure

c, pee
c, see
c, Bee

Comparison of regults From testg on fremes with
constant slenderness ratios, constant leg and

diagonal inclinations and variable end conditions.

Main leg's rotational respeonse at node a, see

Figure 3.05.

Strut's rotational response at node a, dee

3.05.

Bracing’s out of-plane deflections at node

Flgure 3.035.

Vertical and horlzontal strut deflections,

Figure 3.05. Test BO1,

Vertical and hor{zontal strut deflectiona,

Figure 3.05. Test BOZ.

Vertical and horizontal strut deflections,

Figure 3.05. Test 803,

Vertical and hoarizontal strut deflections,

Figure 3.05. Test 804,
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J.v.c8

3.06-c

3.06-d

3.¥1.01

3.v1.02

3.vI.03

3.¥1.04

3.V1.05

3.V1.06

3.VI.07

3.Vi.08

3.00

Nominal and maximum stress ratios at midspan g,
gepg Figure 3.03.

8) Bracing arrangement for Test AGL - Basa case,
b) Bracing rrrangement for Test 807 - Inverted
diagonsls in the outside panels.

Bracing arrangement for Teet 8035 - Redundant
bracing.

Bracing srrangement for Teat A06 - Redundent
brating.

Main leg’s rotationel responge at node a, see
Figure 3.06-a.

Strut's rotaticnal response et node a, see Flgure
3.06-a.

Bracing's out-of-plane deflections at node ¢, see
Figure 3.06-a8,

Vertical and horizontal gtrut deflections. Test
801.

Vertical and horizontal strut deflectlons. Test
805.

Vertical and horizontal strut deflections. Test
BO6.

Vertical and horizontal strut deflections. Tesat
807.

Nominal and maximum stress catios at node g, eee
Figure 3.06-a.

Analysis of frames with Yocked-in systems of
crugsed diggonals,

Aseembly of the compression leg support in frames
with locked-in diagonals. A horizontal bar was
added to provide restraint in the x-direction, see
Figure 3.07,

Asaembly of the tension leg support In frames with

locked-1in clagonals, Nots the adjustable har
joining both main legs, see also Figure 3.07,
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3.vII.ol

3.Vv11.02

3.¥11.103

3.VI1.04

3.VII.05

3.VIZ.o06

3.10-a

3.10-b

3.li-a

3.11-b

3.11-c

3.14-8

3.14-h

Axial forces In the tension and compression
diagonals. Locked-in systems.

Main leg's rotatlonal response at node &, see
Figure 3.07. Locked-in systems.

Strut’s rotaticnal response at node @, see Figure
3.07. Locked-in systems.

Bracing's out-of-plane deflecrions at node c, see
Figure 3.07. Locked-Iin systems.

Nominal, maximum stress ratios at node g, see
Figure 3.07. Locked-in systems.

Bracing's out-of-plane deflections at cross-gover
joints. Locked-in systems.

The bending effect dug to the eccentric forces in
boith pisnes xz and yz initially induce deflections
in the bracing as shown above.

Typlcal in-plane and out-of-plane strut
deformations at midspan (not to acale). When
approaching failure, deflectionr occur
predominantly along the u-axis.

Vertical and horizontal atrut deflections, see
Figure 3.01. Test 102,

Vertical and hoerizontal strut deflections, see
Figure 1.01, Test BOZ,

Vertical and horlzontal strut deflections, mee
Figure 3.%2, Test 302,

Typical strut deformations during tests. Before
failure, the diapgonals adopt the half-wave,
anti-symmetrical curve shown in full line above.

Pogltive directions of recorded nedal rotatlons at
jirints a and d.

Recorded rotations at node a, see Filgure 3.13.
Tert 202.

recorded rotat.ieons at node d, see Figure 3,13,
Test 202.
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3.14-¢

5.14-d

3.15-a

T lA=g

3.15-d

3.16-a

3.16-b

3.16-c

3.16-¢

3.17

3.20-a

3.20-b

3.21

Strut-end rotations at node a, see Figure 3.13.
Test 202,

Strut-2nd rotations at node d, see Figure 3.13.
Tast 26G2.

Recorded rotations at node a, see Figure 3.13.
Test 302,

Recorded rotations at node 3, sec Figure 3.13.
Test 302,

Strur-end rotations at node a, see Figure 3.1i.
Teat 3C2.

Strut-end rotations at node d, see Figure 3.13.
Test 302.

Recorded rotations at node a, see Figure 3.13.
Test 402.

Recorded rotarions at node d, see Flgure 3 13,
Test 402.

Strut-end rotations at node &, see Figure 3.13.
Test 402.

Strut-end rotations at node d, gee Figure 3.13.
Test 402.

Additicnal rotations at node a due to joint
flexibility. Incveased slenderness ratio.

Addirional rotatlons at node a due to jolnt
flexibility. Increased main leg size.

Typizal in-plane and out-of-plane strur
deformations at midspan (not to scale).

Typical strain readings at the strut's critical
sectjon, Test 802 with L/r=160.

Strain readings at the strut's critical sectlon.
Test 102 with L/r=100,

Srrese ratios at ihe extreme fibre of the
diapgonals for Tests 102 and 602.

Recorded axial forces in the tension and
compression diagonale. Typical example.
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4.02

4.03

5.04

5.05

5.08

5.07-a

5.07-b

5.07=-c

Model of strut in cross-bracing. § 1s the upring
etitfness ar ends, and ls expressed as the ratio
vf moment to unit rotation of the bolted
connection and adjacent main leg.

Calculated effective . ;th facter for different
end conditions.

Calculated failure loads, see Eguation (4.08).

Design curves for struts in cross-bracing systems
(2-bolts).

) Two-dimensional frame with crossed diagonals,
as simulated in the gnalytical model. Note that
the positions of the main chords and bracings are
as in the experimental frames. b) The unknowns at
each of the nodes about the principal axes are
alepn indicated.

Simulation of end restraints at a typical bolted
connection between two steel angles. Note the

eccentricities sbout the orthogonal x- and y-axis.

Conditions at intermediate nodes tn the bracing.
a) Undeflected position. b) Considering the
general caee of compression furces and sway.

&) Corditions at joinis connecting diagonals and
main chords. Directions of end moments and end
rotations in the bracings are also indicated. b)
Note the rotational spring which represents the
flexibility uf the joint sbout the x-axie,

Posltive directione of end moments and rotationa
in the bracing.

Conditions et the connection in Flgure 5.04-a.
Note the eccentric forces about the orthogonal x-
and y-axis.

Main leg rotations. Conditions at the cotnnecting
nodes about the x - and zL-axis.

Main leg rotations. Detail of main leg lengths L1
and L2.

Mpin leg rotations. Conditions at the connecting
nodes about the ¥, -ax1s.
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3.08

5.09-a

5.09-b

3.09-c

3.12

5.13-a

5.13-b

3.13-c

5.14-n

5.14=C

3.14~d

5.15-a

5.15-h

Conditions at the cross-over joint in the central
panel of bracings.
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LIST OF SYMBOLS

The commonly used symbols and notations are given below. Other

avmbols used in the text are explained when they first occur.

A Nominel cross-sectional area

ag Initial amplitude or initial deformation
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Bp-84 Berry stability functions

Cyx.Cy Cross-over joint forces
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CHAPTER 1

IRTRODUCTION

1.1 -~ Elementary concep:ts

This investigation examines the deflection and buckling
characteristics of croass-bracing used in the lateral panels of
self-suppoerting transmigdion line towers, shown in figure 1.01,
with partlcular interest In the effects of eccentricity of load
end end restraints on the behaviour and ultimate capacity of the

diagonals.

b

Figure 1.01: (a) A self-supporting transmission line steel
tower. Note the lateral panels with cross-bracings. (b) Lateral
penel with stesl angle crossed diagonals connected back-to-back

at the crosgseover joint,
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Cross-bracing systems comprising tlee and struts connected at
their croag-over joints act as shear-resisting members, with one
diagonal in tension and the ether in compression. These lateral,
in-plane farces normally arise from the actian of external
torsional moments produced by unbalanced longitudinal loads,
such as stringing and maintenance operdstions, collapse of an

adjacent tower or broken conductors.

As in most tower members, crosa-bracing diagonals are made of
hot-rolled steel angle sections, which are economic and readily
pvailable, easy to manufacture and transport, and adaptable to
most structural shapes. However, while the angle members are
very convenlent structurally, the actual behaviour of the loadad
tower is highly complicated and very difficult to reproduce ipn
theoretical models. In particular, the performantce of the
lateral bracings is significantly influenced by the geometric
characteristics of both the tower and the angle sections., and by
the connection srrangements. These effects can be summarized as

follows:

- The geometric configuration of the structure determines the

distribution of forces throughout the bhracing.

-~ The angle sectlon's torsional stiffneess and minor axls of
inertia bending stiffrness are small in comparison to its

stiffness about the major axis.

- The steel angles are bolted to other flexille elements of
the tower through only one leg, as shown in Figure 1.02. As
8 result, some degree of eccentric leoading iz nearly always
upavoidable, and the members are consequently subjected to
combinat ione of axisl forces and bendiag moments. This

perticular condition, typical aof mast bracing members in
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steel transmission towers, may be represented conveniently

by a beam-column under biaxial bending.

- The bracing elements in a tower ere restrainsd at the joints
against rotation about both orthogonal axes x and y, Figure
1.02, and this has an important effect on the resistance of
the members. ‘The degree of end restraint at any particular
joint depends upon the number of connecting bolts, the
flexura} end torsiona}l rigidity and the axial loads of ali
the adjoining members. Thie is further complicated by the
use of a gusset-plate and packings.

- In the particular case of crose-bracing diagonals, the tie
gupporte the s*rut at tine Iinterconnacting joint, hence
rveducing the strut's unbraced length and improving its
buckling resietance. Experimental resulte show that the
amount of lateral support at the cross-over joint is not
constant, but is a function of the increasing forces and
lateral deflections Iin the hracing.

. '{_
GUBQEEEEELf ://' .
' T >~ °
x ._ PO

N

e A

u v

\h%x
Ja

Flpure 1.02: Typical transmission tower bolted connection.
The framing eccentricity e, is defined by the distance
batwaen the section's orthogoral x-axis and the cantre of the
main chord's -onnected leg.
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- In addition, it has been ohserved that the overall stabillcy
of the brar’'ng depends upon the ratio of tension to
compression force in the diagonmals and, finally, that this
ratio of bracing forces is influenced by the external
loading and boundary conditions, the geomecric configuracion

and the internel structural actioms In the towers.

All these combined effects repult in the diagonals undergoing
significant ocut-of-plane deflections, twisting and pgenercrl
non-linear hehaviour from the onset of loading. Failure of the
hracing at medium and even at high values of slenderness ratio
iz normally inidtiated by che yielding of the extreme fibres in
the compression member, followed by inelastic buckling in the
direction of the section's major axis of inertia. At low values
of slenderness ratio, however, yield may occur first in the tie,

prematurely reducing the load-carrying capacity of the bracing.

These considerations, together with other factors such as
rolling and manufacturing tolerances, variations in quality of
material, aa wel)l as reeidusl stresses, make the resnonse of the
whole tower under ultimate loads to be in most cases out.'de the

range of accurat theory.

Significantly, though, framing eccentricities, as well as end
and intermediate restraints, are not generally included in
analyses of steel towers. In traditional design procedures a
tower is assumed to be a latticed syatem in which individusl
members behave aes though pin-ended, and joints are deslgned so
as to ensure that the centroidal axes of all incoming elements
meet at one point. The member axial stresses vesulting from a
glven set of loading conditions are calculated using this
simplified model,
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Similar limitations exist’ In definitions of the failure strength
specitied in design codes, where the ability of angle diagonals

to resist compreseive loads is treated as a buckling problem, In
which empirical effective length fartors account for the unknown

effects of eccentricity of load and jolnt restraints.

Experience shows that bolted structures designed on this basis
generally provide the required overall load capacity. However,
some design problems are still not completely resclved, in spite
of many individual and international research Ilnitiatives. Test
datas often indicate that there is considerable disparlty between
tower member forces ¢alculated in computer analyses and member
loads measured during prototype tests [1]. It has been noted
that forces on the more heavily loaded elements in a structure,
usually legs end maln chorda, are more acturately computed.
However, loade in the majority of structural elements in a tower
are relatively light and uncertain. Thus, failures still]l occur,
normally at unexpected locations. This suggests that, to some
extent, the complex behaviour of the loaded structure may not be

represented effectively by existing models.
As is clear from the discussion above, transmisslon line tower
desipn hae to take account of a multiplicity of factors. In

practice, however, designs are based on certain simplifying

assumptions, as reported in the following Section.

1.2 - Current design recommendations for tower members under

compressive loads

In conventional stress analysis, the transmission line tower is
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pgenerally cvonsidered as a spatial truss. Solutions of
force-displacement linear equations are based on the undeformed
geometry of the structure, although some computer programs [2-4]
may include in the analysis the additionel forces and maments

induced in the members by nodal displacements.

Strictly speaking, howsver, latticed steel towers ars spatial
frames, 1in which bracing members behave as “eam-columns with
elantic restrainis. Moreover, most members in a tower are, under
som~ or other load condition, stressed _u compresgion, and musc
therefore be designed as struts. The exact second-order analygris
of such structures may ultimately become hopelessly complex if
all the relevant variables are considered, and certainly

impraccical and expensive for industry design purposes.

Alternatively, simplified methods of structural analyeis can ba
employed which reduce the necessary computations to mwore
reasonable limits. Desligners use buckling curves defined by
semi-empirical formulae given in tower design manuals. These
methods are approximate and are based on past experience and on
numerous teste on prototype towers. Recommendations from two of
t' mogst commonly used menuala for tower derlgn are examinaed in

-ae following Secticns,

1.2.1 - The ASCE Manual Ho 52

This guide for design of self-supporting steel towers [5] has
been in use by electric power utilities and tower manufacturers
sinre its first publication in 1971, An updared version tas been
issued in 1989, in which desig. recommendations for new

materiels and new tower configuiations are included.
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In the case of tower members made of hot-reolled stewl angles,
the ultimate .ompressive loed in the elastic range ls determined

by the Euler buckllng lead as follows:

Eyle 1
e w{~ for T = V2 ... (1,01}
f)’ Tk

where fulr is the ultimate compressive stress in che strut and

fy is the guaranteed yield stresc of material, both in MPa.

1n the :nelastlc range, however, the ultimate load is given by
the Column Research Council (now Structura) Stability Research

Spuncil) [6] equation as follows:

fure ri
[ for 0 s Iy = V2 <e.a{1.02)
fy 4

In these equations I'k is the relative slenderness ratic, given

by the following:

kL
Py = —o Vity/E)
o

wheret
- k i the effective length factor, and kLfy is the strut’s
vffactive slenderness ratio, which is determined by uaing

experimentally-based wquationy of the type:

klL.jr = ¢ + d (LIT)
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where coefficients ¢ and 4 are a function of the end
vonditions of the towey, members and are ‘letermined

empirirally.
«~ E is the modulus of wlasticity of material in MPa.
Thus the stress limir for elastic analysis i glven as
Tk = v2, which can also be expressed by the following stress
ratlo:

fulr = 0.5 fy

In terms of the strut's geometric dimensjons, however, the

elastic limit i1s given by:

kLfr = Ce.

where:

Ce = m Vlzszy)

Local buckling is avoided by itmiting the width-to-thickness

ratio bft ag follown:

(b/t)tim = 210/v(ry)

where b and t Lre as indicated {n Figure 1.03.

For croass-bracing systems it i considered that the diagonal in
tension gives suppert at tre cruss-over joint when the ratio of
tension to compression fo ces in the bracing is equal to or
greater than 0.6. The critical slenderness ratlo for buckling

load ig given by the tollowing expressions:



ASCE MANUAL No 52 BUCKLING CURVES
Steel qualily 300-W (300 MPa)
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Figure 1.03; ASCE design curves for struts in cross-bracing
systems, and details of principal dimensions.

kug/rv. cr kilg + 0.iLe)/rx

whare ry and tx are tne radi{ of gyration about the v and x

=xe8 respectively, and Lg and Lg are strut lengths, as shown
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in Figure 1.03. ASCE butkling cvurves fer cross-bracing diagonals
made of steel angles of quallty 300-W are also included in
Flpure 1.03.

1.2.2 - The ECCS Manual No 39

The ECCS5 manual [7] was published in 1985, giving buckling
curves and recommendations for design of steel sectilons used in
tranemission iine towers, It includes curves for hot-rolled
stecl angles as well as cold-formed sections. The buckling
resistance of the strut is obtained by solving the following

eguation:

fult 5 fule fuze
kg - = (1 - T "fht)(l - e} sl (1,03
fy fy fy
in which:

~ k¢ is the factor in the Perry-Robertson formulas which
sllows for imperfeetions, including end eccentricities, and

ia expregped ao:
kg = 0,125(I'k - 0.2)
«» fult ils the ultimate compresgive stress in the strut in
MPa.
- fy is the yield stress of material in MPa.
« Tj is vhe relative sienderness ratilo, which in this case

is abtained ay follows:

Me = ¢ + g
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where E {8 the modulns of elasticity of material in MPa. HNote
that the relative slenderness ratio I'g is obtained without
considering the effect of end conditions, thus aesuming
inirially that the buckling lengths are the centre-to-centre
distances between bolts locnted at the interseciions of member
degign lines. The ratlo I'g is then modifled for different end
conditions by introducing the coefficlents ¢ and d which are
also, in rhis case, determined empirically. The limit against

local and torsional buckling is calculated fram:
(bit)lim = 0.567 v(E[fy)

The dimensions b and t are shown in Figure 1.04, together with
the ECCS buckling rurves for cross-bracing diagonals made of
steel 300.W.

The design recommendatiens outlined above hava, for the .auat
part, proved adequate and reliable. For exomple, aensrally
satisfactory resulta obtalned from the use of the AFCE Manual No
52 [5] for design of latticed steel towers of liner up to 500 kY
have heen teported by Finzi [A). However, limitariona have been
ldentified in exiating design procedurss, as the following

Section shows.
1.2.3 -~ Limitations of the design re-comenduetd ne

The sizes aof new towers hav  Yeon (neceasing os a funcrion of
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ECCS MANUAL No 39 BUCKLING CURVES
Steel quality 300-¥% (300 MPa)
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Relative slenderness ratio

A = g

Fipure 1.04: ECCS desipn curves for struts in cross-bracing

greater electric power demands. This has resulted In taller

structures, which suffer larger deformations induced by therr
S heavier lcads. At the same time, the internal in-plane farces
O and moments as well as the nodal distortions and restraining

sctions have alro increased with increasing size of towsss.
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Design curves currently in use, based of an empiricsal
interpretation of test results, may not give correct results in
these larger structur=es, especially at extreme ranges of

elenderness ratio, resulting in premature fallures.

Tests conducted in South Africa on a 765 kv, 40 metre high rigid
gurpension tower, for example, resulted ir several failures of
mein legs at less than the specified desipn leoads [9]. These
failures were apparently triggered off by prematiure instability
of the adjoining lateral cross-bracings. Yet, no indlcation
exlsted in the elaptic analysis, nor in the dimensioninpg of
membere, after allowances for safety, of the possibility of auch
failures. The detailing and the erection procedures were also
found to be faultless.

Other interesting examplez of unexpected tower failures have
begen reported by SBhort [10]. He obmerved that most premature
prototype failurea are dee to deslgn simplificatlions, which may
resulr in incorract detalling of tower members. Some of the

limitatiors are:

- Insufficlent knowledge of the actual reatraint provided by

nodal polnts and intermediate supports,

- Excessive concentracion of stress in holes of tension

mambers.

- Redundant or supporting members which are nominally
unstressed. However, secondary effects in the structure,
such as bending due to ovar-of-plane eccentr.-ities, may
induce hvigh torces in these members, resulting in thedir ovn

fajJure and subsequent cullapse of the supporced legs.
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Experimental results from tests performed on reduced
two-dimensional frames with cross-bracing systems [1l) alsc show
differences in the ultimate capacity of the diagonals with
respect to the predicted failure loads. 1t has been found that
the calculated results are conservative at high values of
slenderness ratio, with the diagonals falling at higher loads
than expected, This implies an inefficient use of the angle

rection's tota'® load capacity per unit welght of steel.

At low values of slendernesz -atio on the other hand, design
curves give optimistic fa'‘lure loads, .esulting in the diagona a3
failing ac lower loads than expected. This latter snomaly has
more serlous impilications and may be the orlgin of severe
structural damagze, since cross-bracings with short unbraced
diagonals are located in the top bays of the lateral panels,
where ax.al forces are higher, with no significant nodal
distortions and latersl dispiacements. The axial stress
components and the effect of eccentr.city of load are
Jredominant Iin this region, resulting in either torsional
burkling failure by twisting of the crnss-section, local
buckling failure even at safe wildth-to-thickness ratlos bfr, or
premat.re yielding of the tension member at the creas-over
juint, which typlcally occurs prior to buckling in

crosa-hracings with short diagonals.

Finally, while design buckling curves make alliowance for various
end conditions of the members, incliuding eccentricity of load
and increased end restralntes produced by the use of more
connecting halta, they do not consider other effects, such rs
additicnal restraint from breacings in adjacent bhays, different
size and slope of the main legs, as well as reletive inclination

of tne bracings. It is later J monstrated in this thesis that
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some of these factors have conslderable influence in the

performence of the diagonals.

1.3 - Review of previous investigetions concerning the behaviour

rmd resistance of typical tower members

Due to uncertainties and simplifications in the design process,
most tower models of important transmiesion -ystems are tested
to destruction prilor to cormencing production. These full-scale,
proof teste are traditismally performed to confirm the ability
of the complete towers ta withsrand the design loade, and also
to &ssess the maxlmum resistance of the structures. Data on the
distribution of member forces sud connection behaviour are not
nomally recorded, although information ohtained from prototype
tests has bheen used to improve loading specifications and

structural design technigues.

Consistent research on full-scale steel towers hags not been
common in the past, perhaps due to the limitations of
conventional tower testing statione, the difficulties, cogt and
time invoived in tower research, and also the ever-changing
requirements of different trensmission systems in terms of tower
models, loads and dimensions. It has thus Leen diffilcult to
estaplish accurate relationships between loading: ua+wd member

strength based on the observed behaviour of these towers.

In vesponse to thie lack of research data, the EPRI tower
testing station at the Transmissjion Line Mechanical Research
Centre [12-14) has been established, albeit only recently, In
order to improve the guantity and guality of prototype test

information through acquisition of accurate and reliable membe-
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loads and behaviour, eveluation of member strength and analysis

of current design techniques.

Before this, however, .valuation of member and tower response to
loads was possible only through research on individual angle
struts and on bracings in simpiified testing frames. Results
from some relevant investigations are summarized in the

following Sections.

1.3.1 -~ Single-gngle columns

As stated before, the eccenisic attachment of steel angles in
transmisgsion towers induces additional biaxlal moments in the
members due to the amplification effect of axial loads. This
normally regults in ylelding of the external fibres in the
compression anglee prior to elastic bucklirpg. Thie problem has
been studied extensively and both analytircal and experimental
work hes been carried out to determine the behaviocur and
ultimete capacity of angles in the elastic and inelastic

regions, and for verious end conditions.

Flrstly, the analysis of flexural bucklirg of individual members
is bagsed on Euler's early formulation on cuncentrically loaded
columne. More related to angles, the eiastic behaviour of a
generic thin-walled, apen section member under symmetrical
blaxial ber 'Ing was initislly studied by Goodler [13], who
developed the basic differential equationa of equilibrium for a
almply supported member. Timoshenko subsequently arrived st the
same expressiong [16), after an analvsis of pure bending of
prismatic elements and pure torslon of members with open

crose~-sections. These preliminary studies were based on previous
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the,rstical analyees in connection with the development of new,

lighi- 2ight sections for use in alrcraft structures.

The exact sclution to Goodier's system of differential squaticons
wae given by Culver {17), although approximate procvedures had
previcusly been In use for some ideal boundary conditions.
Culver s complete sclution requires the use of twelve boundary
conditions to evaluate as many constants of i-'.yration. After
calculation of the displacements, the stresses at any scctior of
the column can be evaluated in terms of the differant stress

components due to axial force, bending and warping.

More recently, Trahair solved Goodier's differential equacions
for elastic behaviour of an individual member with elastic end
restraints [18]., He made use of numerical techniques and also
simulated tests on single-angle columns which had originally
been performed by Foehl [19}. Traheir's solution introduces
restraint coefficients in the boundary conditiona, which are
defined as the ratlos of the actual end restraining moments to

the moments :i@2quired to develop full end fixity

Further research developments include the study of inelastic
beliaviour of beam-columns with end restraints. This problem has
been snivaed for angle struts through a number of succesnive
thvoretical and experimental investlgations performed by
Trahair, Usaml and Galambos [20-23]. These authors have
conducted extensive resegrch in which forty six eccentilcally
loaded single-sngle columns with slenderness ratios between &0
and 200 were tested to failure under three different end
conditions. The eccentricities were modelled by welding the

angle ende to structural tee sections, as shown in Figuie 1.03,

The tests included equal-leg and unequal-leg aungles. in both
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casers made ot mild steel ind high tensile eel.

In the theoretical model adepted by Usami [22;, also show~ in
.sgure 1.05, struts were treated as end-restrained columns under
biaxial bending, wiil partlcular attention to thelr luelastic
behaviour. The end restrainis were modelle.d after the observed
behaviwur nf the welded tee sect.ons at the end of the angle
struts, as described in Reference [20). The end restraints are
represented in the theoretical model by rotational sorings,
located in directions which are parallel .o the two legs of the
angle. The most important conclusions of Usaml's investigation
relate to the ability of the model to predict inelastic failure
of eccentrically loaded single-angles with end restraints. The

behaviour of the angles can be summarized as follows:

- Typical non-linear deflections and also ewvisting occurred

from the beginning of loading. D.splacements at the center

ISt

Figure 1.05: Experimental research reported by Usaml et al
[20-23]. The angle specimens are welded to tee gections, and
these are conrected to the testing machine. The planes of load
are indicated with a star (*) for the three end conuitions (a),
{b, and {(¢).



of the volumn were predominantly perpendicular to the plane
of loadinpg. with small displacemerts Iln the zame plane. The
columns buckled inelastically atrer yielding had taken place
at the critical sectjon. Results from tests with unequal-leg
angies confirmed tha: (he maximum renistapnce is obtained
when the long leg is pe - - dicalar to the plane of Joading.

These results were anticipated by Foehl {19].

An experimental investigation was vonducted by Kennedy and
Madugula [24], Ip vhich single ond double angle styuts with
slenderness ratios of up to %0 were tested to faillure, The axial
lnads were applied concentrically, with plnned and cixed en-d
vonditions. The tesr resgles compare favoureply with theeretival

prediction: for flexural, tocsional aw le-al failure modes,

A finite~element analyris was used by Haodjer [25) to model the
elastic Dehaviour of single-angle struts under eccentric loads.
It war shown in this investigation that 3 complex, non-linear
model can be uged to simulate the behaviour of single struts
and, with some limtrations, to predict their failure loada. A
denipn criterion .= thus recopmenjed. in which effective lenpth
factots are ured to pelate the actual eventrivally loaced angle

to an equivalent concentric column.

Results of rvesearch in aelastic instability ot beam-volumns
were piegented by Ly in 19287 (267, Studies on equal-leg and
unequal-leg apples inciude the tlexuroal-torsional inutalility of
gimply.supported angle olumns loaded concentrically, and the
tlexural-torgional instabiiity anglysir ol swawilar colwnns
soaded ecoentiivally through pusset-plates. Indtial deformat fons
and vesidual stresses were taken .nto weount in this tesearch,
However, contrary to previeas analvses on unegqual-leg angles, 1t

was shown that the long leg outstanding position is not always
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the more favourable arvangement. This eoffect 1n governed by the
slendernenss ratio, and {t is demonstrated that short struts will
give higher ultimate lcads with the short leg outatanding

nataad,

Tewts wore conducted in Australia on sinple and double-angle and
Tee atruts by Kiri;.rnchni and Lee [47,28). They compared
experimental rerults with theoretical predictions of the elastlc
snd inelastic hehaviour of struts. The columne were
simply-aupported ond conventrically Loaded. These results
compare well with design guides cucrently in use in Austzalia

and the Unjited States,

Two recent papers by Al-Saved and Hjorhovde report sxperimental
snd theoretical studlies on the buckling response of
unreatrained, concentricolly leaded angle columnn [29.33). Equal
and unequal-leg anglen were used to eatablicvh elastic and
inelastic foilure characteristics. Carefrl renidunl stross
measurement s were made using the method of sectioning. It wan
found that the maximum compressive residual stresses ocour at
the heel ind at the roes of the anples, with 2 maximum value of

22 to I0Y of the measured vield stress of the materiol.

Al=Sayed and Bjerhovde coneluded that the flexural-torasisnal
moade 0f failure is pousible in angle members, therefore this
should he chocked as an additional limit state. The influence of
the width-to-thickness ratio Mt wan included in the study, hut
it wats acknowledged that further research was required for a

mare conplete ansesament of its eifect.
Finaliv. o theoreticol analysis was conducted by Lui on

uncqual-leg angles {3]. dis model indludes the efiects of

initial crookedness and twisting, as well a: of repiduail
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stresges. Lul proposed an irteraction wquation for designing
unequal-leg angles. It was established, in apreement with
Al-Sayed and Bjorhovde, that residual stresses have a

deleterious effect on the resistance of struts.

This brief ceview includes only those studies which sre of
intercat to this research, although there is a conslderable
amount of literature on the lnvestigation of the behaviour of
beam-columns, including single- and compound-angle struts.
Comprehenaive litersture surveys have been published by Chen and

Santathadaporn {32] and Madupula and Kennedy [33,34}.

It can be concluded that single-angle wtruts with elegtic end
restrain a show Jhe following charscteristics when aubject to

biaxial 1cading:

General non-linear behaviour trom the onget of loading.

- Twisting of the sercion about its shear cventre.

- Considerable deflection in a direction perpendicular to the

connected leg.

~ Yielding of the axternal fibres due to bending effect prior

ro elastic buckling.

- Loading capacity of the ntrur s significantly atffecrad by

the bhoundary condirions.

- Initial impertections are negligible in compavison with the

elfoct of vocentricity of axial leads.



1.3.2 -~ Cross-bracing systems

Unfortunately not much 1ls known about the behaviour of croses
bracinpg syatems, since a very limited amount of information
exln_ 5 on expe:imental results and on analytical predictions of
the ultimate resistance of the crossed diagona.s unlisr different
loacdings and snd restraint conditions. The few published reports

on these problems can be divided into two zroups:

- Studies on sguare or rectangular coof and wall cross-bracing
arrangements found in ateel buildings, which are gubject to

lateral wind or vrane loads.

- Studier on cross-bracing systems found in lateral panels of
communication and tranemission line towers under the effect

of torsional leads on the tower.

Both caues ore examined in the following Sections.

Lateral panels of steel bulldings

There are square or rectangular panels, in which the diagonals
are divided ar the cross-over joint inte twe equal subspans,
Figure 1,06. Th sleaderness ration are high, ond thecefors the
wffects of the end restramnte and ecoentricity of loads are
neglected: the diagonals are assumed to be puin-ended and
coneentrically leaded. The horizontal member at the top of tae
bracing produces ap unknowa ratio of tension-to-compression

toree din the diopgonal bhrocing members,



Traditional pracrice in steel building design considers that
lateral loads affecting cross-bracing systems are reslsted only
by the tensicn member, or tie, thus lgnorilng the cont.. .iion of
the compression member, or atrut. This assumption lmplies that
the tle does not support the strut against buckling at the

crogg-over joint, resulving in conservative designs.

In a simple analysis., the tie in the crosa-bracing system can be
congidered as an elastic support to the strut at the
intervonnecting joint, as indicated in Figure 1.06-a, where f'
is the tie's elastic lateral stiffpess, which can b+ calculated
from equations of equil.brium of a simply-supported member under
tension load, and a transverse force that represents the action

uf the other diagonal,

The following cvases csn be ldentified for a constant compressive
laad in the strut:

{0}

by

Le)

Figure 1.06: Research on cross-bracinge of lateral panels in
ateel bulldings [35-46). (a) Diasgonal Interactlon at cross-over
joiut, whers §' ia the tie's lataral restraint coefficlent,
(b) Case of no restraint: full-wave, first mode of buckling.
(¢) Case of Full restroeint: half.wave, second mode of buckling.



- The two diagenals e not intercopnected, 1 which case

fi'=0, and no laterai restraint is provi ed by the tie,

- The diapunals are interconnected, but there is no force in
the tie. in this case a partial lateral res:traint is given

by the tie's flexural stifttfness, as fnllows:

f' = 4BEY/LI

where 1 is the section's moment of inertia, and E is the

modulus of elasticity.

- The diagonals are intercunnected, and the farce in the tie
increases congistently at a rate which can be higher or
lower than the forve in ‘he strut. The voefficient g°
lncreases with the out-uf-plane deflections of the bracing
and the force in the tic until it resches a critlcal value,
after which the tie provides full support at the cross-over

joint ror additioral loaa.

In the first two vases the effe-.ive lenpth factor is kel, and
the critical lead is given 'y the Euler elasric bueckling load,
with the atrut failing .n the charecteristis halt-wave, first
mode of huckling, Figure 1.06-b. In the third vase, the
effective lepgth Factor i5 k=0.5% ifeor long members in which the
effect vf wecentric forces can be {gnored), and the critical
load ig, at leas theoretically, squal to four times the Euler
buckling load. T strut fails in the charactevistic full-ware,

second mode of | ackiing, also shown in Figure 1.9b.c.

It follows that an increase in the ratio of tension to

compression for es g the bracing, which van by simulated by a
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seatbon of the effective lengoh factor k, will be reflected by
sorppse nf the strut’s bucklins resistance, thus

striduting to the overall load capacity of the froame.

Studies on these effects of Qiagnnal forres at the
interconnect ing joint have been conducted by Timoshenko [35], De
Wolf and Pelliccione [36], Kitipornchai and Finch (37], and merte
recently a series o. investigations have been carried out by
Picard [3B~431. Similar stvdies are alsoc reported by El-Tayem
[44] and S5ioman [45,46). The most impectant conclusions ran be

supmar tzed as follows:

- Tha vontribution of the compression member to the

vross-bracing load capecity cannot be ignored.

- Provided that ferces in the rension member are higher thap
the minimum ceitical value, 8 restraint is enforced at the
in*erconnecting joint, allowing the strut to fail Lln the

second mode of buckling,

- The tateral stiffuners g' developed by the tie 18 a Junction
nf the flexural rigidity of the tension member and the axial

foree in the tension member,
~ Tne load cepacity of the bracing is significantly influenced

by the ratie of tens.on to compression forces in the

diagoenals.
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Lateral panels of steel transmission towers

Torsional loads in a lattlce transmission tower induce sheser
furces in the transverse and longlitudinal panels and, as a
result, the internal bracings are loaded In pairs of
tension-compreskion members. This ariangement pre-ents speclal
problems bLecauses of the complexity of the interactiouns between
diagonals and main legs, &8s well as between diagonals
themselves. However, very few theoreticral models have been
developed to describe these hracings, and experimental dats are

also uncommon.

Lateral panels with crossed diagonals were tested by Carpena
[47,468) in an investigation sponsored by ENEL, the Italian
Electric Power Authority. Hot-rolled steel angles of varlous
sizes and cold-formed steel members of various shapes were used
in the jnvestigation. Test results were compared with buckling
curves in the elastic and elastic-plastic reg.ons, in an effort

to establish the efficiency of different stesl gsections.

In this investigation it was shown that the ability of a
partlcular section to carry a compressive load can be expressed

gy follows:
KE = Afv(L) = vid) /T
i, whith:
- A is the area of ‘oss-section,
- 1 is the moment o. inertia about an axis perpendicular to

the buckling n.ane,

-t is the radius of gyration about the minor axis.



The parameter K, was found to be convenient [or comparisen of

sreel sections ?n the elastic region, cince it 1s properticnal
to the weight of material required to sustain a given locad P on
a4 known member length L. Carpena concluded that a tower using
vold-formed steel sections (with higher lackling resistance)
requires feweo members than a similar structure made of
hot-rolled angles, with additional savings in the number of

bolts, cost of manufacturing, and transportation and erection.

A similar investipation on cross-hracing systems was reported by
Woad {49), in which a large number of tests were conducted on
two-dimensional frames with vrossed diaponals connected with 1,

2 and 3 bolts, and with slenderness ratios greater than 120,

It was tound that the fallure gstress in all diagonals was higher
than the calvulated buckling stress, and that the ratio of
failure stress to desipgn stress increases with lncreasing
slenderness ratio. These regults thus clearly conflrm that
traditional design rurves are jincreasingly conservative for

longer columns.

Wood'a report contain non-dimensional buckling r~urves, which are
based on linear regression analyses of the ieet repulis. Theee
curves can be applied te desipn afrer including the local valuws

of steel elastic limits and satety factors.

in South Africa, Kemp [55] teveals an early interesc in the
effects of ferce distribution in the bracings and eccentricities
in the members of shear panels of lartived steel towers.
Subeequent investigarions by Elmes [51] on s theoreticral meodel,
and Bebncoke {11] on experimental fromes, demonstrate the complex

and predominantly non-linear behaviour of crossed diapgonals.



Elmes' compurer analysis of cross-Lracing [51) is based on a
two-dimensionzl model in which the member ends are attachad to
supports with variable rotational fixity, Figure L.07. This
representation of the bracing is conslstent with the observed
out-of-plane deflections of the diagonals. The eccentricity of
loading is modelled by considering an offset equal to the normal
framing eccen'.ricity, which iy the distance between the plane of
contact cf iwo adjoining wembers and the centroidal axes of the

angles.

The effects of various parametecs were examined, usually by
varying one at a time. [t was established that the load-carrying
caprelty of the bracing is considerably influenced by the
following factors:

- Variable end restraint and eccentricity of load.
- Ratio of axial forces in the diagonals.

- Slenderness ratio.

{3
‘ o0 = 2
® A '
— o J._,_r T_L
- e . —
; c
s — nrlg _éL ¢
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Figure 1.07: Two-dimensional model used by Elmes {n his
computer analysis of cross-trazing in transmissicon towers [51).
Node (c¢) indicates the crosz over jolnt, as in [ipure 1.01 (b).
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- Size of the angle secticns and elastic limit of material.
- Relative Inclination between the diaponals and slope of the

main legs.

Subsequently, Behncke [11] conducted laboratory tests on
equal-leg angle specimens, using frame arrengements as shown in
Figure 1.08. Slenderness ratios of 90, 140 and 160 were
congldered with one and two-bolt end-comnections. From
gvaluation of test results it was possiblie to jdentify the
factors which Influepce the resistance of the bracings and, most
importantly, these analyses permitted the researcher to isolate
and describe typical fallure patterns for the bracing, Results
from this investigation are examined in mure detail in Chapter
2,
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Fipure 1.08: Typical model used by Behncke in his
experimental analysils of cross-bracing In transmission towers
[11]. Note that the transverse beams in the frame imposed
full-restraint to the main chord’'s torsional rotations, also
preventing out-of-plane defiections ot the outside bracings.
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Other important rac ors in terms of ultimate resistance of tower
bracings are initial imperfections, suh as residual stresses,
and the flexihility of the cennectiins. Some aspects of these

problems are reviewed in the tollowing Section.

1.3.3 - Additional effects on column behaviour

Commercially avail-ble rreel sections generally contain material
and geometric imperfections. It is well known that differenti-l
coenling during the fabrication process of hot-rolled steel
sections, such as angles, induce residual stresses in the cross
section. As a congequence, vielding may ocru+ prior tu buckling
in some parts of the section, resulting in a reduction of

stifiness and subsequent loss .t strength.

Further, transport of steel columns and aiso storage and
handling operations wmay induce initial! crookedness or

out ~of-straighiness, which results in luvav-deflection or bending
eft-rre due to the axial leads. The resulting additionsal

stretses atten cause premature failure (i t.* columns.

These effects are included in the desipn guldelines given by
ASCE [3] (9ee Equations (1.01) and (1.02) in Section 1.2.1; anl
ECCS {71 (wee Equation (1.03) in Section 1.2.2) for buckiing of

struts In the elastic and inelastic repions.
Examination of results from previous investigacions indicates
the following with sespect to inirial imperiections in steel

colutns:

- While the detrimental influeace of residual stress on
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I-sections is well known, its efferts on steel angle sections,

and partic larly small sizes, is not well documented [31].

-« The yjeld stress of the steel has little effect on the
magnitude of residual stresses in rcliled sections. Rather, the
magnitude and distribution of residual stresses depend on the
slze and type of the cross section (decreasing for smaller

sections}, and on the cooling conditions [73].

- Tht combined effect of residual stress and inltial crookedness
on either straight or deformed columns is nor equal to the sum
of the geparate parts, and this varies with the level of

alenderneas ratlo {75].

~ Bu~kling equations in the inelastit range which are relsted to
the effects of residusl stresses, ses for example the ASCE's
Equation (1.02) in Section 1.2.1, give a close approximation
of the values of the secant formula for low and madium values

nf slenderness ratio [6].

- The effect of eccentric connections, typical of structures
with steel angle members, is dominant over small values of
iritial deformations. Further, an initial bow or curwature can
be considersd in the limiv cnse &F A constant deformation

represented by an equivalent eccentricity [34,70].

It is concluded that the effectr of these factors (which are
predominantly random) on typical angle sectivns in lateral
bravings of steel towers can Le included in desipn equations by
means of empirical equivalent ecoentricities, gisuming that:

a) The st,uts tail when the maximum stress due to the combined
vifects nf axial oad and bending reaches the yield point, and

Iy The material is pertectly elastic up to the vield point [8].



Finally., column behaviour is also influenced by the flexibility
of the connections. Unfortunately, not much is known about this
problem, larpely because of the many variables which influence
the jnints between two or more members. Two problems are
normally related to connections between two or mere members in a

transmission structure:

The first is the resistance of sterl angles subjected Yo tensile
forces. It has been found that the resistance of the cunnected
members is usually less than the nominal tensile strangth of the
section. This difference can be attributed to the goncentracion
of axisl and hearing stresses around the holes. This problem is
agg-avated by the fact that the edge distances and spacing
between bolts are reduced as much as possible during design in
order to reduce the size of the joints, and alse by the use of
gusgset-plates at connectlons with a large number of bolts, due

te zize and manufacturing restrictions,

The reslstance of bolted connections of strel towers has been
investigated by Kennedy [52], Marsh [%3), Bodegom {54] and
Wilhoite [55]. Must Jdesign guides recommend reductions of the

net area of angles which are conne ‘ted through only one leg.

The second probiem ls connection ftlexibllity. Connections are
modelled as either perfectly frictionless and pinned, or
perie~tly rigid and fiaed. In reality, actual bolted connection
tlexibility liesx anywhere between these twp ideal, ext.eme
cases. Furthermore, this eftert has vonsiderable influence in
the hehaviour and resistanre of members in steel trames. At the
sae time, the modelling of conpection behaviour is ususlly
vomplex, sinee the moment-rotational response of the connections

is non-linear, and depends on various factors,



The influence of connertions between dlagonal bracing and maln
legs in sransmission l.ine towers has been investigatad
experimentally by Lori: [56}. It was found that connection
behaviour is influenced by the numher and diameter of the
connecting bolts and also by rha movement of bolts in thelr
holes. Further varlation in coanection behaviour and resistance
of the bhracing is introdured by the use of a gusset-plate, as

well as by the *hickness and steel guallty of the plate.

Remp and Behncke {57) have simulated special boundary conditions
in their analyres of two-dimensional frames with cross-bracing
diagonais. These will be sxamined in more detall in Chapter 4.
Furthe~ reading on the influence of connection behaviour on the
atability of genersl steel structures can be found in a recent

wark published by Chen {58].

1.4 -~ Canclusions

Ag shown in the above review, urrent des.gn procedures for
members in steel transmissioa towers have certain limitations,
It emerges that the apprrximate, semi-emplricsl solutions gilven
in tower deeipn menuals for the asse<umen* of failure loade of
crasg-bracing diagonals do nnt always provide adenuate,
consistent descriptions of the nbserved hehaviour of the

hracing.

It ts alse appatent from the svaluatrion of previous
invegtigationy on individu.l members, as well as bracings in
two-dimensional frames and belred conpections common.y found in

ctee]l towers, rthat some of the nen-]inear erftects which
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influence frame resistance sare very aifficult to simulate in
analytical models. Even the most sophisticated -omputer programs
currently in use for non-linear structural analysis of steel
frames present problems for modelling the particular
characteristics of end restraint, eccentricity and croess-over

behaviour of non-symmetric members such as steel angles.

Consequently, there is a need to develop more sensitive
experimental and computer models for anzlyzing these frames, and
particularly crnss-bracing disgonals in transmission towers, New
propoesal- are required which sllow for the inclusion of the
important variables of end eccentricitiee and elastic restralnts
from the main legs, and also the effects of the relative
inclinatlion of diagonals, the relative size of legs and

bracings, and the slope of mala legs.

1.5 - Thesis: outline of contents

This thesis, theretore, presents the results of experimental and
theoretical investigations into the behaviour and ultimate load
capacity of plane frames with crosas-bracing diagonals made of
squal-lepg ateel angles under the effects of in-plane loads. It
also proposes new scolutions for calculating the buckling
resistance of atruts. Special attention is paid to the influence
of both frame and member gsectiong' geomatric characteristics,
boundary conditioas and wtructural activiz on the elastic

bephaviour of the bracing.
Chapters 2 and 1 deal with an extensive oxperimental regearch

programme in which loading tests to collapse were carried out on

crogs-hracings In reduced.scale plane Frames of various

- 1.3 -



arrangements, in order to obtain reliable results in a
controlled environment. The material of the angle diesgonals was
hot-rolled ateel of Grade 300-W, with a guaranteed yield stress
of . fa [.9], A survey of towers built in South Africa for
variow val aer leyvels was conducted, and the results of the
survey weryr :.ed to establish rational limits in the analyses
and to prop:rtion the experimental models according to real
dimensions. Special mechanical devices were designed for the
simulation of appropriate in-plane and out-of-plane boundary

conditions, as explained in Chapter 2.

ihe experimental results are presented and discussed in Chapter
3, in which the secant formul. and the Southwell-plot of
deflection measurements immediately prior to first yield are
uged to assess the end ecceniricities and effective lengths
leading to the observed failure stresses in the different

experimental models.

A proposal for new design formulae for calculnting the
resistance of struts with the incluslon of the more important
parameters is predented in Chapter 4. Results from the
laboratary experiments heve been used to calibrate new dewvign
equatisne, which ~onsider the effrcts of the relative positlons
of bracing and main legs, as well asa Lhe direction oif the planes
cmtalnirg the end restraiuts. In particular, empirical
equivalent eccentricities are defined for this and subseguent
models which avcount for jnitial imperfections (e.p. residual
stress). Results btrom other experimental investigationms on

vrosred diggenals are also evaluated using this mode].

Chapter 5 s concerned «ith a non-linear flexibility analysis of
the elastic behavioor of two-dimeasional framed structures with

rrose-rracing da:agoenals. The deflections and moments about the



principal axes u and v at the latermediate nodes in *he
theoretical model are considercd simultaneously, together with
the out-nf-plane eccentric actions and restraining moments from

the main legs about the orthoponal axes x and y, Figure 1.02.

These restraints are represented in the model by the components
of tne torsional and fiexural stiffness of the main legs in the
directions of the bracing diagonals. The eccentricities of the
axial force P at the end connections ary assumed to be the
normal framing eccentricity ey about the x axis, and ey

about the ¥ axis, 8s indicated in Figure 1.02.

The end-moments and node displacements of individual elements
are asgumed to be the unknowns., which are solved using rotation
compatibility, joint equilibrium and sway equilibrium equations,.
Special displacemrnt compatipility equations at the cross-over
joint are used for the solution ot crossr-over forces. The
torsional rigidity of the diapgonals was not considered in this
analysis. 1ae model wus programmed in FORTRAN 77 for use in

either a personal or » main frare computer.

Chapter 6 describes an additional computer model of the
crosa-bracing system, which was developed usalng the
finite«element code ABAQUS [60]. The ult.mate load capacity of
some of the experimental frames h-s been determined with tliis
model, and the results ate vompared -rith the above flexibillity

approach and with the test results.

A peneral discussion is presented in Chaptar 7, including
evaluations nf all experimental and analytical results. Chapter
? is alsce devoted to the asthor’s conclusions and
recommendat ions for further research, tollowed by a list of

appendlves and pibliographical references.
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In spite of considerable difficulties in terms of both
experimencal and computer modelling, this thesis succeeds in
improving the understanding of some particular structural
problems which are produced, inter alia, by complex non-linear
behaviour. The proposed computer models for anal sils of
cross-bracing systems, although simple in principle and
conception, are not appropriate for use in practical desipgn
work. However, their applicatlon has opened the way to simple,
mo.-e precise design equations. Results from these analyses are

in good agreement with experimental evidence.

1.6 - Research publications

Preliminary find.ngs and some of the final ronclusions of this
investigation have been included in technical publications by
Beuncke and Hemp {57,72,74}.

~ 1.37 -
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CHAPTER 2

THE EXPERIMENTAL INVESTIGATION: METHODS AND PROCEDURES

2.1 - Introduction

In this Chapter an experimental research programme is presented,
in which stee] angle crossed diagonals used in transmission
towere are examined This investigation iz based on similar
studies reported by Wood [49), summarizing CIGRE experimental
vegules [63], and Behncke [11],

In the CIGRE preject [49,63] numerour tests were conducted on
typical tower panels with crass-bracings. These terts were
performed at conventional tower Lesting statlons, and the
tuli-scale frames, shown in ~igure 2,01-a, were designed within
the range of sizes frequently found in real towers of various
voltages. The slopes of legs and diagonals indicated in Fipure
2.01-a were constant for all the test alternatives, and the
varlables were the slenderness ratio of the lracing, defined by
Lg in Figure 2.0l-4, the size and steel quality of specimens,
the aize of main legs, and the number and diameter of connecting

bolts.

From the instrumentation and locations of straln sensors
indicated in Figure 2.01-b, it cvan be assumed that only the
applied lueads and the axial forces in the diagonals were
recorded. Furthsrmoure, the experimenial results were not
correlated with a theoretical model other than the Euler

buckliing equ-*ion (thus implicitly assuming elastilc behaviour of

L
2]
[



Angle
transducer Lnad cell
7
= o --—Tﬁf’/ Actuator

Actuator
Al —

Figure 2.01-a: Typical expesrimental cross-bracing model, as
reported by Weood [49] and CIGRE [63]). Note that the outside
bracings and the main chords were connected to transversal
beams. The .ompression members in the outside panels of bracing
wera reinforced against buckling at midspan by redundant
bracings.

Strain
yau e

Figure 2.01-b: Strain gauges iu the frames ahove were
located on the v-v plane as shown here, on both central
diagonals, thus only allowing for calculaticn of axial

forcas in the bhracings.
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the diagonals), and no guantitative evaluations were given on
the relative or combined influences of the important factors
such as the lengths of struts, connection arrangements,

intermediate supperts and main leg restraints.

Nevertheless, the buckling curves obtailned from regression
analysis of these experimental results piven in [49] can be used
for design, within the szme range of slendernese ratios as those

used in the experimental procedures.

Behncke [11], on the other hand, conducted tests on similar but
reduced-scale frames, as shown in Figurs 1.08, under laboratory
conditlons. Deflections and strains werz measured on both the

tie and the strut, at midsnan and alsc at the cross-over jnints.
Based on the analysis of these results, the behaviour of typical

cross-bracing systems was described as follows:

- The struts did nct reach their elastic buckling load. In all
tests, including values of slendernesz ratio as hipgh as 160,
yield of the extreme fibres due to bending and a-ial
compressive force occurred prior to collapse, thus

reflecting inelastir instability.

- For slenderness ratios of 140 and 160 the values of maximum
gerain in the tie was alwiys lower than those in the strut
for similar axial loads. The tie, however, also yielded
prior to failure at a slenderness ratio of 90 due to the
increasing effect of axial force, indicating that some
transfer of load between the dlagonals took place after the

strut bad lost its load-rvarrying capacity.

- Lateral displacements of both hracings ovcurred

symmetrically at low load levels in a direction



perpendicular to the plane of the frame. However, the
out-of-plane stiffness of the diagonal in tension increased
with higher loads and larger lateral deflections until a
node was enfurced a: the cross-over joint. As conditions
approached fajilure, there was a change to anti-symmetrical
deflections in the struc, while sipultaneously large
deflections developed in the subspan in which instability
wae dominant, about the minor axiy of inertia of the
gection, This deformation history, shown in Figure 2.02,
generally followed & similar pattern in pll the tasts at

inrreasing loeds.

T [ [ e
-] 14 L3 . ———— l i | T >
I . | o
'_ﬂqj -
Id - ] ¢ d : a c
L}
() (8

te) {d)

d Figure 2.02: Cross-bracing deformation history reported by

- Behncke {11), sae also Figure 1.01-b. a) Unloaded frame: no
Aeflections. b) Low loads: the tie and scrut deflect in the

. same out-of-plane direction. c) Close to fallure: the tia gives

i support at the cress-over joint ¢. Deflections at midspan of

: the strut increase. d) Failure: typical anti-symmetrical

croys-bracing failure mode. These results are confirmed in the

presant investigation.
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~ Finaily, it was confirmed that the effects of eccentricity
of load and end restraint were not consiant, but changed as

a function of the s)lenderness ratio.

It was also established, for the particular test conditions in
the investigation referred te abuve, thar the resistance of the

bracings was primarily influenced by the following factars:

- The length ratio r=Lg/Lp, defined by the slupe of the
main legs, «, and by the relative inclination of the
diagonals, ), as indicated in ‘igure 2.03. Diaponals with
length ratic ©=1.0, corresponiing to frames witn parallel
legs, reguired higher forces to ~»llapse in comparison wi.h
hracings with identical slendern:es ratio but with length

ratio ©<l.0, corresponding to frames with inclined legs,




&1

- The end restraint, which is defined by: (a) the number of
bolrs in each ronnection, (b} the flexural and torsiocnal
stiffnessa vf the wain legs. and () the adjacent panels of
bracing telative to that of the ventre panel of diaponals.
It was observed that any increase of and fixity generally

resulted in en lmprovement of the resistance of the bracing.

Experiments on reduced-scale structures vr on simplified fracvies,
sych as described above, present the problem of an excuss.ve
number of influences, which are utv 'ly very difficult to
idertify, control and evaluate. Investigators have to isolate
the test specimens from all possible leoadlng and boun. rty
effects, as well as eliminate initial imperfections, in order to
assess the material behaviour. Similar proble..a are encountered
when trying to simulate the behaviecar of an experimental model,
either theorerically or by means of any other method of

anaiytival evaluation.

In the original experi{ :ntal research conducted by Bshncke [11],

for example, it was p. .sible to identify the following problems:

~ The sizes of the main legs were disproportionately large

compared to the sizes of the diagonals.

-~ The relative inclination of the bracings with reapect to the
frame's horizontsl axis, A=30", is usually an upper extieme

in typical tower panels.
-~ The frame supports anid connecting beams imposed full
restraint to torsional rotacions uf the main legs, see

Fipure 1.08.

~ Tests of diaponals in locked-in frames., as shown in Figure



2.03, pave upcertain tesults, In particular, be ratioe of
exial foree~ in the tie and strut was nobt vonstant
throughout the experiments, possibly due to movements of the

sUPpPOTtSE.

As 4 restlt of these and ~ther imperfections, the observed
strength of the bracings was higher than it sheuld have been,
lrading to optimistic failure predictions in the theoretical

model.

Based on these findings, a new experimental programme was
established, as described in the followling Sectlcis, in order to
identify and rquantitatively assess the most significant fartors
influencing the burkling characteristics of crass-bracing

diagonals.

2.2 - Description of the experimental research propramne

A theoretical non-linear analysis procedure was used in this
investigation for modelling two-dimensional frames of various
configurations, Several tests on fcames with various bracing
arvangements were therefore rvequired to provide experimental

verification of the annlytical results.

In making these tests and the computer results acceptable, the
dimensions of the frames had to vorrespond with the arrangements
and relative sizes of diaponals most frequently found {n towers
of varjous types. It was theretore necessary to obtain some
average values which were common to most towers of any type and
voltage, and the range of laboratory experiments were then

conducted on a few trames which were representative of the



average panel dimensions. This prohlem is discussed in the

following Sectioua.

2.2.1 - Tower survey

A survey was conducted in which the geometry of varilous
transmission structures hujlt in South Africa was examined,
indicat ing o wide range of extreme values, which made it
somewhat Jifficult to establish basic parameters for reference
purposes. The survey included self-supporting towers of the

following characteristics.

Voliage Tower type

132 kv Sukension
Strain, light angle deviat:on
Terminal

27% aud Suspension

400 kY Strain, light angle deviation

Strain. heavy angle devistion
Terminal

& list of the observed extreme vaiues of various parameters in

panele with cross-bracings ia included in the table below:

Varisble MIN MAX
Slenderness reatdio L/r {(diagonals) 90.0 130.0
3 Slope of legs = (") &, 0 8.0
) Relative indclination g () .0 50,0
Ratio nf leg/bracing areas 2.4 4.2
Ratio of TfL tlegfbracing) 4.4 3.0

The slenderpess gativ of the diaponals was valeulated as
; Lgfry., whete Ly is the [ npest unsupported subspan, as

indicvated in Figure .03, and ty is the radius of gyration



about the minor axis of the angle section.

Firom the design point of view, the incl’s " s = and 8 shown in
Figure 2.03 determine the lepgth of the unsupported subspans of
diagonals and legs, and alsc influence the distribution of
forces in the members. The slope = of the main legs 18 a
relatively standard parameter, and 1s propartional to t - ratia
of height to width nt base of the towers, which generally
changes very little. The inclination 8 of the diagonals depends
vn the position of the bracing in the panel, which is set to
improve the compression resistance of the main legs. This
requirement varies with the loading conditions, the geometry of

the panel and the sizes of the members.

The ratlo of areas and the ratio of relative stiffnes. were used
to evalvate the relative size of the dlagonals and main legs in

the tower penels. The relative stiffness is pglven by I/L, where

I is the moment of inertia about the section's minor axis, and L
ig the lengti of bracing Lg, or length of main leg L1. as

shown in Figure 2.03.

With regard to member conpections, it was observed that most
members Iln the panels are connected to the lepgs with twu ur more
bolts, with the exception of suspension towers for lower
voltages, which are usually designed with single-bolt
connections, However, this s alsc a function of the sizes of
bolts and membecs, the quality of steel of boits and angles and,

finally, of requirements contained in the design specifications.

The experimental trames were thus designed irn accordance with
the above typical dimensions ot 1eal tewers, but, in view of the
available space and alse the maximum load capacity of the

existing equipment and supports in the laboratory, to a reduced
E equly PP

T
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scale.

The direct metiiod of mrdel analysis and the method of
dimensional analysis were used to define the relaticnshipr
between the models and prototype frames. It was found rhat the
most convenient linear scale was appror.mately 1.8, resulting lo
the following dimensjions for the experimental steel angles and

holts:

Main legs L70x70x6 through L90x90x8
Diagonals L&5xa5x3
Bolts Ml2

However, two additional angle sizes were consldered, due to the

following restrictions:

- Main legs of L70x70x6é accept only one-bolt connectlions
without a gusset-plate. The introduction of a plate is not
desirable due to the unknown additional restraint in the
joints. Legs of L80xBx6 were thus included ar minlmum size

of main legs for two-bolt connections.

- The width-to-thickness ratic, b/t, of the La5x45x3 diagonals
is near the allowable limit for steel of 300-W quality,
which may result in local fallure of the strut’s flangea
ptior to flexural buckling. Therefore L40x40x3 angles were

also {ncluded as diagonals.

The size of ragles in the outside panels of bracing was L50x50x5

for all tests.



i

2.2.2 ~ Gharacteristics of the ezperimental frame and bracl.g

arrangementa

Numerous -ests were conducted on eipht principal frame
arrangements, such as shown in Figures 2.04-a and 2.04-¢, as
well a8 on alternative arrangements, such as locked-in systems,
Figure 2..4-b, and diaponals with redundant bracings, as in
Figures 2.04-d and 2.04-~¢e.

The experimental frames and diag.nals were designed,
constructed, assembled and tested in accordapce with typical
tolerances and recommendations presently in use in South Afriea,

a5 contained in Eskom's Code nf Practice [647.

The test programme consisted of at least one degtruction teet
for each set of specimens. However, various non-destructive

tests were performed in each case, in c.der to assess and

{c)

{a)

Figure 2.04: Various experimental frame and bracing
arrangements in the present investigatien. (a) Wermal frame,
pavallel Iegs. {b} Locked-in system, Inclined legs. (c) Hormal
irame, Inclined legs.
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confi~m the obaerved behaviour of diagonals and Erames. and also
tor calibration purposes. The main variables for these
experiments are listed in Table 2.01, and can be summarized as

follows:

- L2ngth of specimens and slenderness reotio (Columns 5-6).

- Relative inclination of diagonals., angle A, and slope of
majin legs, angle « {Columns 2-3).

- End condition, represented by one or two-bolt conrections
and by two different leg sizes (Columwrs 8-9).

- Alternative arrangements of bracing.

The test rigs were ipecially designed to eliminate as many
influences and constraints from the suppeorts as peasiblae, thus
simalating conditione existing in continuous panels cennected to
other parts of the structure, as illustrated in Figucre 2.03.
This required a particular system of testing equipment, which le

examined in the following Sections.

k{/’

Figure 2.04: (d) end (e) Additicnal frame arrangemants with
inclined legs and redundant bracings.



SABLE 2.01

HMnin charactarkstice of the test frames and specimens

f T T T —

| { Frame | Dinganals : End |

) | chacacteristics | L40x40x3 } Conditions |

I Test : 1 L] : T T : T :

Designation I Lg Ly | Lla £y Leg slze | Bolcs
) ;) | by tmm} | Fv | (HPa) () M12

— ¥ T T T T ] T ]

1 2 F 3 | 4 1 3 | & { 7 a i 9 |

} t } + } } } : —

102 ! 8 | 40 ) 0.789 ] @00 ) 100 | 317 | L8O0xBOxA | 2 !}

| 202 ) ¢ | 20 ) 1.000 | 1000 | 130 | 329 | L80x80x6 | 2 |

i 302 ] o | 40 | 1.000 | 1000 | 230 | 333 | LBOxGOxS | 2 |

| 402 | 0 | 50} 1.000 { 10600 | 130 | 339 | LaOxBox& | 2 |

| 502 | & | 30| 0.830 | 1000 | 130 | 333 | LBOxBOx& | 2 |

! saz { 8 | 40 | 0.78¢ | 100G | 130 | 328 | LAOxBOX6 | 2 |
i 702 {1 B | 50| 0.713 | 1000 | 130 | 32f | LEOx8Ox& [ 2
| 801 b8 | %0 { 0,789 | 1230 | 180 | 333 { LeOxduxt | 3
| 802 I B | 40 | 0.789 | 1250 | 160 | 321 | LBGx8Ox6 | 2
i a03 | B | &0 | 0.789 | 1250 | 160 { 339 | L9Ox90x8 | 1

f ab4 { 8 [ 40| 0.765 | 1250 | 150 | 329 | LeoxoOxa ) 2 |

1 1 i i i L ]

Figure 2.05: The experimental Erames were designed to
simulace conditions of the bracings and main chords as parts of
a larger panel.



2,2.3 - Experimentsl equipment

The general test setup is shown ir . ‘ures 2.06-a, Z.06-b end
2.06-c. Three auxiliary structures were needed to keep the
different elements in pusition and also to comply with the above

requirements, as describad below:

1- The main supporting structure, which could be adap-ed to
test bracings of any dimenslons within the range of sizes
considered in this programme. The experimental frames were
suspended horizontally from angle beams in the main rig by
means of steel rods ended in Cardan’s, or uriversal joints.
These bars and joints, which are depicted in Figure 2.07,

had the following functione:

- Restraeln out-cf-plane frame movements while allowing
in-plene displacements with a minimum of £riction. To that
end, the clamps connecting the bars and the beams were

provided with lubricatea rollers.

« Permit free rotatione of all nodes at which the frame was

connected to the rods, in all directlons.

- Provide for out-of-plane adjustment, in order to contrul
the position of the frame relative to B plane contailning

the applied and reactive forces.

Twe additional vertical rods with Cardan'e joints were used
to adjust the out-of-plane deflections or the cross-over
pointg in the panels adjacent to the main diagonals, as

indicated in Figures 2.06-a and 2.06-¢.
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investipgation.

Notation

« Main supporting frame, Figure 2.06-b.

- Reaction-support frame, Figure 2.06-d.
- Load-pack support frame, Figure 2.11.

- Horizontal supporting beam, Figure 2.06-C.
- Vertical rods, Figure 2.07.

- Speclal regulation rods, Figure 2.06-c.
- Hydraulie jack, Figure 2,11,

- Tension leg suppurt, Figure 2.10.

- Turnbuckle, Flgures 2.08-a and 2,.08-b.
- Compression leg support, Figure 2.09.

~ Load cell, Figure Z,08-Db,
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Figure 2.06-b: general view of testing rig assembled on the
ficor of the laboratory.

view of various elements in the main rig,
jation rods for adjusting the vertical

displacements of the outside bracings.

Figure 2.06-c:
including special regu

- 2.16 -
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Fipure 2.06-d: A view of the reaction-support frame,

connected to the foundations.

Figure

R

ATy
Temy g

2.97: special vertical rods with Cardan's joints.
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In typical transmission tower parels, these joints can
either be fixed to transverse be&ns ar support , as
indicaved in Figures 1.08 and 2.0l, vr be free to displace
in the out-cof-plane direcrion, as in the central panel of
cross-bracing. As the test frames simulated conditions of
aimilar structures conpected to other parts of a tower, us
in Figure 2.05, it was felt that these nodes had to displace

out of the plane nf the frame tc some extent.

Although thege deformations were 1 't considered as &
variabhle Iin the present investigat _on, {t is knowtt that the
out-otf-plane displacements of these jolnts have ap effoct on
the behaviour aof the bracing. Bearing the abovae
considerations in mind, and alsoc to establish a standard
provedure, the following empirical criterion was adopted to

control these deflections:

- All three cross-over julnts, i-1, i and 1+l in Filgure
2.06-a, were initially set at the same horizontal level
{ugsually a small deflection was recorded due to the
bracing's own weight).

« At pach load step, and prior to taking any readings, the
out-ct-plane displacements at the cros .over joints in the
outside panels of bracing were adjusted with respect to
the central cross-over as follows:

Yi.} = ¥1.Bi-1/Bj

Yi+l = yi.Ri+1/B;

in which:

- 718 .



Yy indicates the measured cut-of.plape
detlections at the central - o over joint at

vach lead interw .

~ Bji-1, B{ aud Bj+)] indicate width of the

pan=l at the respective vross-over jointa.

Thue in a frame with parallel legs, for example,
vui-of-plane displacements were set equal at all three

cross-over joinrs throughout the test,

A second structure was designed to carry the reactjons from
the bracing and main tenslon and compreasion ley .erbers to
the foundations, as shown in Figurve 2.06-d. These asupports

had :che following characteristics:

- The test frame was restrained in the X direction at the
lower cross.aver point by a turnbuckle and shackles,
connected to the reaction framework, see Figures 2.06-a
and ?.08-a. The position of the test frame in the X
direction was sdjusted hy acting on the turnbuckle. An
identical mechanism was used at the top of the frome to
apply the forces, thus ensuring similar boundary

conditions, see Figure 2,068-b,

- The compressicn lep acted on a hemispherical joint and on
a double axial bhall bearing resting on the supporting
strurture, as shown in Figure 2,0¢, This arrangement
permitted free rotations but restraiosd displacements
about all three axes X, Y and 2. It was, however, possible
to adjust the position of the suppurt in the Y direcejon,

gee Fipure .00,

T L



- The tension leg acted vn a similar device, also comprising
a hemispherical joint and axial ball bearings, see Figure
2.10. However, its desipn was more elaborate, due to the
difficulty of transmitting a tension force from the main
leg, with variable slope, to the restralning frame,
through a non-friction joint Free rotations were
permitted about all three axes, as well aa adlustments in

the Y direction.

Both the tension and compressien joints were effactively
located at the cencre of the hemispheres, and were
subsequently assumed theoretically as simply-supported
hinges. These jolntr weie desipgned to carry a maximum axilal
forve of 150 kN.

3. & third structure supported tte hydraulic cylinder from
which the test forces were applied, and was alsn anchored te
the fouudatione. The jack was mounted on a double-channel
b2am waich allowed for lateral displacements and adjustment,
as indicated in Figure 2.11. A steel rod connected the jack
to & load cell and, finally, to the bracing at the top of
the lrame throuph & second set ot shackles and turnbuckle,
af in Figure 2.08-D.

This rather complex test installation was developed through
several non-destructive tost on varicus frame arvangements. It
eliminated most nf the effects induced by the houndary

; vonditions on the test specimens at all lcad levels, auch as
out-of-plane frame displacements and, in particular, rotational
restrafnts to the legs, ag well as to the nodes vonnecting the

frame and the lateral bracing.

- 2 -



“ia e 2.08-a7 Turnpyrkle and in-plane rupport of the
experinmental frame. Also showiry the out-of-plane ragulatien
rod at the veactica-level cross-over jolnt.

Figure 2.08-%: Turnbuckle, load ce!l and vut-of-plane
regulation rod at the load-level cross-over jolint.
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Figure 2.N%: Assembly and dersll of compression leg suppore,
which was designed to allow for free ror. ‘onal rotations of the
main cherd, as oppozed to the fixed support conditions in
fromes shown in Figures 1.08 and 2.01. The angle «
indlcates slope of the maln chord,
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Figure 2.10: Assembly and detall of tension leg support,
which was desilgned to allow for free torsional rotations of the

main chord, as opposed to the fixed support conditions in

frames shown in Figures 1.08 and 2.0l. The angle «

indicates slope of the main chord,
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The hydraulle system was controlled from a Losenhausen universal
testing machine, which allowed for automatic regulation of
either constant or variable loading speed durinpg the tests. In
addition, loads could be kept constant at any level, For as long

as required.

A single-action hydraulie jack waz used to apply the loads, with
a maximum capacity of 550 kN and a stroke of 152 mm, see Figure
2.11.

¥ipure 2.11: Load-pack and lead supporting frame, which is
connected to the foundations, Tha hydraulic jack has a ca,acity
of 530 kN, with 4 maximum stroke of 152 mm. It is operated from
a Losenhausen universal testing machine
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2.2.4 - Instrumentation and measurements

The frame behaviour at increasing loads was contrelled by the

following instrumentat ions

- Strains were measured at various peints on both diagonal
specimens by means of electric-wire strain pauges. The
strain gauges were located in sets of three, as shown in
Fipure 2.12, Using these atrain readings, it was possible to
calculate the axial forces and principal bending moments at
each location In the specimens by solving the following

matrix equation (see Appendix A}:

Ek {€i) = {M] (Fi} cee.(2.01)

in which:

- E is the modulus of elasticity of material.

- k is a strain gauge factor.

-~ €§ are the recorded stralnsa.

~ M is a matrix calculated from the known geometric
properties of the angle's cross section and the
position of the stralo gauges, as indicated in Figure
2.12 and also in Appendix A.

- Pi are the unknown axial forces and bending moments

about the principal axes of the angle mection.
Ansuming linear strain distribution, it was also possible to
estimate the maximum stress at the extreme [ibres of the

angles,

- Deflacvions were measured at various points using digital

Lo



ut

linear displacement transducers, as indirvated in Figure
2.13. The procedure for calculating the deflections of the
heels of the angles is givern in Appendix B. Locatfions of
particular interest were the central cross-over joint, in
the cut-of-plane direction; and at midspan on the
compression diagenal bracing, in the in- and out-of-plane

directions. Additional readings were taken at the top of the

frame, in order to evaluate its in-plane translation.

y{+va)

Figure 2,12: Typlcal location of strain gaouge sets on the
main diagonals and on the outside brecings. The figure zlso
shows details of the gauge positions (1), (2} and (3) in the

tie and styut diagonals.
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Figure 2.13: Location of displacement transducers in the
testing frames. The most important readings were the in- and
out-0f-plane deformations of the central diagonals, A detmil

alav shows the asgembly of the transdicers,



- Twelve high-precision digital rotation transducers (alsc
known as inclinometers} were used to monitor ratations of
the nodes at which the bracing specimz:ns and the main legs
were connected. Of interest were the main legs’ torsional
and flexural rotations, as well as the flexural rotations of
the end of the central panel of bracing. The locations of
the angle transducers and typical assemblies are shown in

Figure 2.14.

Svanning was performed by a Fluke 2240-B programmable
data-logger, and data were recorded on magnetic media by means
of a personal computer terminal-emulster routine. A& FORTRAN 77
program was then used to read the data and convert the voltage
readings into meaningful exoressions of forre, bendirg.
displacement and rotation. The flowchart depicted in Figure 2.15

summarizes this provess.

2.2.5 - Materisl properties and dimensions of test specimens

The width and thickness of all stes]l diagonal specimens were
measured carefully at varlous points using a micrometer and
vernler, and it wag found that the meiority of dimensions were
within the tolerances recommended by South African Standards for
hot-rolled steel angles (39,64}, The cross-sectional properties
were then calculated fillowing the procedure and equativny given

by Madugula and Kennedy [34].

Afver evaluation of these results, it was determined that the
errors introduced by ignoring small dimensional variations would
nat be larger than the e1 ors introduved by calculating the

areas and other properi. es, neglecting, as usual, the toes and



Figure 2.14: Location of anrle transducers (inclinometers)
at the four important nodes in the testing frames. Readings of
lnterest were the flexural end rotaticns in the diagonals and
the torsionsl main chord’'s rotations. A detall also shows the

asgembly of the inclinometers.
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filler radii of the angles. As a vongeqguences, test results
valvalations were based on the nominal dimensions of the
dizgonal specimens as indicated in the South African Steel

Manua. [59].

Diagimal tear specimens were cut trom angle stesl bars of
vommercial lepgths. Twe test coupons were obtained from each bhar
at two different sections, namely in the middle and near one of
the extremes. Tension tests were performed on these samples, as
recommended in B518 [65], The resulting average tensile vield
stresses for diagonal specimens in tests which were conducted to

destrurtion are lisred in Column 7 of Table 2,01.

2.2.5 - Test procedure

The test frame was assembled on the floor of the laboratory and,
with the help of a crane, lifted into position and suspended
from the mailn supporting struciule by means of vertical rods

with Cardan's joints, see Fipure 2.06-a and 2.06-h,

In a second atep, the vertical rods were adjusted until the
frame was in a horizontal position, in which the centroidal axen
ot the lepgs were coinrident with a plane detined by the
centre-line of the supports, as indicated in Figure 2.06-a. A
spirit-level was used tor this vperation. The frame was chen
vonnected to the horizontal support, Figure 2,08-a, to the
tension and compression supports, Figures .09 and 2.1, and to

the load-pack through rthe load cell, Fipgures 2, 08.bh and 2.11,

Subsequently, the poasition of the trame was adjusted acting on

the turnbuckles, un.il its loogitudinal axis was perpendivalar



te a2 line jomaining the centroids of both main legs' hemispherical
supports. The location of the lead-ps 't was also adjustad until
its ventre axis was perpendicular to  ae frame's longitudinal
axis, as shown in Fipure 2.06-a. These stations at the
suppurting beams were marked in advarce for all test

alternat {ives, with the help of a theodolite.

The frame wrg now in place, ready for testing. The preceding

steps were taken comsistently to make sure thar:

- The Irame, the loads and the supports were all in the same
horizontal plane. The frame -;as able Lo displace laterally,

but without possibilities of out-of.plane distortions.

- The loads were initially distribured evenly between the
diapgonals, thus in principle reducing the possibilities of
v riable ratios of tension-to-compression axlal forces. This
ratio has an effect on the burkling resistance of the

struts.

- The axes of the tenwsion and compression main supports were
in line with the lengitudinal centroidal sxes of the main
lega, thus excluding the introduction of updesirable bending

eftects,

The instruments were then installed, connected to the
data-logger and, after applying some prelvad (usually 1-2 kN) to
tipghten the various shackles and connecting plates, Initialized.
Loads were wpplied from the hvdraulic jack at approximately
cumarantly i ceasing rates, and load increments were determined
by real-tiw monitoring of the strain lews! atr the crivical

section as igdicated helow:



« Below 1000 micro-strains, load increments of 5 kN.

- Between 1000 and 1300 micvro-strains, icad incremeats of 1
kN,
- Over 1300 microestraing and up to failure, increments of 0.5

kN.

Loads were kept stable st each step for a rearonalile time before

sranning all instruments.

2,3 - Bummary

an experimental frame support system and test procedure have
hean wescribed in the preceding Sectiony. These are based on
previous experiences on cross-bracing testing reported in {11]

and also [49,83).

Partl.ular care was tsken during design of the test rig to avold
houndary effects and other distortions. The test epecimens were
thus isolated, and the vari~u:. effects which have Influence on
the buckling strength of the bracing could be examined. The
results of these experiments are examined in detail in

Chapter 3.
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CHAPTER 3

THE EXPERIMENTAL INVESTIGATION: ANALYSIS AND DISCUSSION OF TEST
RESULTS

3.1 - Introduction

A vongiderable amount of infurmation was ohtained from different
tests on experimental frames with vrossed diagonals, as
described in Chapter Z. In order to facilitate the analyses,
test results have hbeen grouped into seven different cases, each
case allowing for ore varialle parameter, while all others are
kept comstant, Test results in each case are typacal of all the
non-destructive and ultimate tests performed for that particular

alternative.

Although experimental results of structural memberr are
traditionally reprerented by means of load-deformeation curves,
and this is usually very convenient, it was found in th &
investigation, neglecting a small effect due to r-spidunl itresn,
that straln-deformation curves vifered a more vonsistent baria
of comparison between various test alternatives. Two comments

are given in order to subetantjiate this approach:

- The values of vield stress recorded fvom tension tests of 25
coupons were very uniform, with an average value of 328.4
MPa, a standaicd deviation ot 5.9 MPa an' hus a  .o.v. of

less than &1,

- Strains were always recorded . . or sory  ear the tailure



sections in all the crompression diagonals. Therefare the
increase of strain at the extreme filire of the critical
sections, and particularly the level of strain at yleld, can
be expected te be fairly uniform for all the diagonals,

irregspective of the levels of axial facce in the mambers.

The strain at the heels ot the annles was used as reference, and
wa3s calculated by linear extrapolation of strain readings from
gauges 1 and 2, as indicated in Figure Z.12Z aof Chapter Z. In
some particular cases, hovaver, losd-deflection ur other curves
were used to enhence the p. sentation of resulte, All parameters

were plotted until yield occurs at the extreme flbre.

The behavicur of the bracings under different conditions is
discussed next, including analyses of the most important
parameters, and an assessment of the end eccentricities da

introduced in a later Section,

3.2 - Bracing behaviour

A number of test alternatives have been categorized into seven
atudy cases, each addressing the effect of a single variable, as

listed below:

- Case I : Variable slenderness ratio Lgicy,

« Case IT : Variable diagonal inclination 8 - Parallel legs,
- Case I1l: Variaole diaponal inclination g - Inclined legs,
- Case IV 1 Varlable main lep slope «,

- Care ¥V Variable end conditiom,

- Case VI : Variable bracing arrangement, and

- Cane VID: Locked-in systems.



3.2.1 ~ Case T: Variable slendermess ratio

Results from Tests 102, 612 and 802 are examined. The frame
alternatives are shown in Figure 3.C1, together with the
positive directions for displacements and nodal rotations. All
conditions, including frame geometry and number of connecting
holts, ere the same in all three tests, and the slenderness
tatic Lg/ry 1s increased from 100 to 130 and 160.
Characteristles of the bracing are indicated in Table 3.01,
Columns 2 through 9, while failure loads are ligsted in Column
i0.

Figure 3.1.01 (plots showing experimental results have been
numbered in accordance with the test cases referred to in this
section} showe the main leg's torsional rotations, 8zL,
recorded at node a, as indicated In Figure 3.0l. It can be seen
that the leg rotations for these tests are almost equal at all

levels of strain, irrespective of the sizes of the frames.

The main leg's rotations €z are also plotted in Figure 3.1.02
against the strees ratio fpffy, where fn is the nominal

axial strese and fy is the recorded yield stress of material.
These curves show that the leg rotations increase with the
slenderness ratio fcr the same level of axlal forces in the

bracing.

The strut's flexurai rotations at the same node a, 8x5 in
Figure 3.1, are rhown in Figure 3.1.03. The effscy ot
increasing the slenderness ratieo is reflected by an increase of

the asv.ut's end rotations at all levels of load.
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Datlections of the bracing are calculated from the test readings
af in- and out-of-plane displa-ements, and also twist of the
diagonals, a&s explained in Appendix B. The curves therefore
refer to the absolute deflections of the heels of the gngles. At
the cross-aver jeint, however, it is considered that only
out.-¢cf-plane deflections occur, and without significant twist of

the section.

Out-of-plane defiectlons at rhe cross-aver joint ¢, Figure 3.01,
are shown in Figure 3.1.04. 1t 's clear thet these vertical
deflections increase with the slenderness ‘atio Lgfry, and

this is consistent with the .ate of strut's end rotations

discussed above.

Figures 31.1.05 through 3.1.07 show vertical and horizontal
digplacements at midspan g on the strut, and vestjcal
displacements at the cvross-over joint c, see Filgure 3.01. The
plets show that in all cases the horlzontal deflections
originally occur in the x nepative direction., see Figure 3.0]1,
Alsp, the patrtern of vertical displacements at midspan g and
cross-over ¢ changes with increasing slenderness ratios as
follows. at L/r=100, the cross-cver joint always deflects more
than at maidspan, and the 2 curves neve: intersect. Fovr
slenderness ratio of 160, and particularly for l-bolt
connections, vertical deflections at midspan g can be larger
than st the cross-over joint before failure ovcurs. This point
of change in strut out-af.plane displacements occurs earlier at
higher slenderness ratios, in ceincidence with a higher
flexibillry in the bracing. Maximum out.of-plane displacements
in the tension member, on the otaer hand, vecur always at the

vrodggs-ovel joint «,
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Curves of stress components about the minor v-axis at the
strut's midspan g from Tests 102 and 802 are shown 1in Figure
3.1.08. It can be seen that, for the same level of strain, the
axial forces account for approximately half of the maximum
strese at ../r=100, whereas at L/r=160 th» influence of the axlal
forces is veduced to about 30X of the total stress. This is

consistent with the level of strut deformations in each case.

The behavicur of cross-bracing in frames of propuortional size at

increasing slendernese ratios can be summarized as follows:

- Main-leg torsional rotetions increase with higher
slenderness ratlos. However, the main leg’'s rotational
response 1s constant at all levels of meximum strain in the
struts. The lower level of axial forces at higher
slenderness appears to be compensated by a larger bending
effect, thus resulting in similar levels of strain in the

section at increasing loads.

- Strut-end flexural rotations and bracing out-of-plane

deformations increase with higher slenderness ratios.

- The effect of the axial forces on the total maximum stresa
at the critical section decreases with incie. . ing
slenderness ratios. Conversely, the effect of bending
through larger deflections increases with the lewvel of

slenderness ratio.
- As expected, resistance of the bracing decreases for

increasing slenderness ratjos, as shown in Column 10 of

Tabvle 3.01.
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TADLE 3.01
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Figure 3.0)1: Comparison of results from tests on frames with
identical conditions and varlable slendernass ratios,
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In view of the abov: conclusions it is appatent, for frames of
praportional size, ldentical member sections and fairly similar
boundary conditions, that no significaur ettects are introduced
by the torsionsl stiffness of the main legs. Rethe., the bracing
appears to be influenced by the legs' flexural stiffness Ix/L,
where Iy is the momer* of inertia about the main lag’'s
orthogonal axis, and L is the length of main leg between nodes b
and a, as indicated in Figure 3.01. Thie latter effect will be

discussed again in the following Sections.

3.2.2 - Cage II: Variable diagonal inclination - Parallel legs

Regults from Teets 202 through 402 are erxamined. Frames with
parallel leges weres tested with varlable bracing lnclination A,
ag shown in Figure 3.02. All other parameters, including
slendernear rotio and end conditions are constant. Figure 3.02
also shows positive direcrions for rotations and deflwctions.
Frame and diagonal data are given in Table 3.02, Columns 2
through 9.

In these frames with parallel legs {ailure ocvcurred at the
subspau a, see Figure 3.02. However, to be consistent with
analyses of other test cases, nodal rotations and strut
deflections corresponding to node & and subspan p wili be
examined first, and then they will be compared with those
rotations and deformatlons recorded at node d and subspan s

respectively.
The main leg's torsional rotations at node a, #2ly in Figure

3.02, are depleted in Fipure 3.11.01. These curves show that lep

rotations are latger tor frames with increased inclination of
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the diagonals, 8. Torsiona. rotations at node d, ﬁzLd in

Figure 3.02, are shown in Fipure 3.11.0Z. It can be geen that,
for each test cawe the leps have rotated. an the poasitive
direction &t each node & and d, 2 similar amount. Th.s clearly
shows the unifarm behaviour of hoth main leg supports, shown ln

“igurss 2,79 and 2.10 of Chapter 2.

Similarlr, the strut's flexural rotations at nodes a and d,
#xsa and gxg5q in Figure 3.02 and depicted in Figures 3.I1.03
and 3.1I.04 respectively, also incresse with the inciination B,

althouph the main leg rotatjons at the same nodes are larger.

Figure 3.1I.05 shows out-of-plane displacements ar the
cross-over jeint, Deflections increase from p=30° to fA=4G", but

are very similar between fA=40" and fg=50°,

Overall strut deformations in both subspans g and s, ses Fipure

1.02, can be described as follows:

- Temst 202, p=30": Horizontal deflections at midspan g take
place lnitially in the nepative x divection, Figures 3.02
and 3,11.06. Vertical deflections st the croge-uver joint

are always larger than at midspan g, see Flgure *,II.0&.

Combined deflectionr at both subspans g and 8 in Flgure
3.11.07 show that horizontal and vertical deformations at
subepan s (wherve fallure ocvurred) are larper than at
dubspan g, and very similar to out-of-plane deflections at

the cruss-over joint.

- Test 302, f#=40; Figere 3.11.08 shows deflrot{ons in subspan
g- It appears that an increase of the inclination {1 of the

diaponals causes larger deflections in bo'h the horlzontal



and vertical directions, see Figures 3.II.06 and 3.11.05.

Deformations at both suhspans g and s are showu . Figure
3.I11.09. Note the reduced horizontal deflection at subspan
9, while ovt-of-plane deflections at subspan 5 and at the
cross-over joint are similar. Again, rross-over joint
out-of-plane deflections are larger than at subspans g and

- Test 402, g=50": Curves in Fipure 31.11.10 confirm that
increments of the inclination 8 of the diapnals induce
larger deflections in the x-direction and y-diiection at

subspan g, ~ee Figure 3.02.

The combined deflections at subspans g and s in Figure
3.11.11 show also, in this case, that deflections in the
s-direction are smaller at subspan s, while there are no
chanpes in the pattern of out-of-plape deflections shout the

cross-over joint.

Cut-ot-plane dir wements are larger in Teats 302 and &402.
Also, the strut vertical deflectlons at the croess-over jount o
ate always larger than a “lspans f and s, and the curves never
interyact. These resulta, ... both the horizontal and vertical
directions, wers ronfirmed through second tests Ln all three

NS

The stress components {n the strut 4t midspan ire shown in
Flegure 3.317.12. It is cvlear that wvariations in the inclination
of the brac-.ng do not have signiticant influence on the bending
vifect, in spite o the obsetved ditferencer. oi in-plane and

out -of-plane csformations for drcerveasing inclination 8.
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strul Rotation
Case II: variable diagonal inclinalion
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Cross—over Joint D lection

Case II varnable dagonal inclhinalion
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Neformation Curves
Case [ variable dingonal inclinalion
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Deformation Curves
Came It varinble dingonal inclinatjon
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Deformation Curves
Vase I variable diagonal inclination

Fxtreme Tibre sirain
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Once moure, the above results suggest that there is no torsional
testraint from the supports, since the main leg rotatlions 8z,
dare similar at any point on both main legs. However, the fact
that fallure ocrurs consistently in subspan s, indicates that
there might he other effects, which depend on the distance from

tihe supparts to the restraining nodes a and d, see Figure 3.02,

In addition, it was observed ipn these frames wi*h parallel legs
tt.at failure luade were sumewhat erratic, and this is in line
with previous findings by Behncke [11] and Elmes [31]. It Lis
apparen! that the bifurcation between symmetrical and
arymmetrical buckling loads in his case with length ratio
Le/lg=1, creates uncertainties over first yjeld and buckling
loads, These effects are aslso very difficult to raproduce Iin

analytical models.

In convlusion, frames with parallel leps, brecing with different
relative inclipation and identical slenderness ratlo and and

conditions, show the following characteristics:

- Torriong]l rotatiohs of the main Leg and the struts*® flexural
rotations are influenced by the inclination of the
diagonals. However, thewe rotations are very uniform at all

four connecting nodes on both legs.

- Overall strut deformations are alen affected by changes in
the inclination of the diagonals, However, these effects are
not. preportional to the changes of 8, as depicted in Figures
31.I1.05 though 3.11.11. In particular, the disparity in
horizontal deflections has considerable influence in the
bending #tiect about the minot axis v. Tt also affects
calculations of relative svcentricities using the

Southwell.plot, This matter will he addressed again in the



following Sections.

- These variations ot bracing behaviour, after all, do not
appear to have an important influence on the distribution of
stress, as indicated in Figure 3.,11.12, nor on the
resisrance of the members, as shown hy the ultimete loads

listed in Table 1.02, Column 10.

3,2.3 ~ Case IIT: Variable diagonal inclination. Inclined legs

Reaults from Tests 502 through 702 are examined, where the main
parameter ls the length ratio r=ly/Lg, defined by the

variable inclination of the bracing and constant slcpe af the
main iege, see Fipure 3.03. The main frame and ather hracing
characteristics are constant for all alternatives, as indicated

in Table 3.03, Columns 2 through 9.

The main leg rotations at node a, indicated by 8z, in Figure
3,03, pre chown in Figure 3.I1I.0l1. These rotatlons increase
with the angle of inclinarion of the dlagone’s, or with a
reduction of the length ratio r, see Table 1.03, Column 4.

The strut's flexural rotatlons at node a, 8x5 in Figure 1.03,
are fal:ly similer for all bracing inclinations A. as chown in
Figure 3.I111.02, but they are smaller than the leg's rotations.
It 1s also seen that these rotations increase with the length

ratie t, o1 with a reduction of the bracing inclination ji.

Out~of-plane detlections at the cross-over joint o, ser Figure
3.0%, arve similar in all three casi ., as shown in Figure

J.IIL.03, but increasing slightly with the braving



inclination B8,

Figures 3.111.04 through 3.171.06 show the bracing deformations
at the cross-over joint ¢ and 2t midspan in the strut g, Figure
3.03. Horizontal midspan displacements initially oceur in the x
negative direction, ilncreasing with increments of the
inciination B. The out-of-plane deflections at the cross-over
joint ¢ are similar in all cases, while deflections at mldspan g

increase more tapidly when the bracing inclination 8 Increases,

The rtress ratios are shown in Figure 3.II1.07. As in Case Il
above, no substantial differences due to varjetions in the
length rativ r are observed in the development of nominal and
¢ritical stresses., This is also consistent with the very uniform

ultimate loads recorded in Table 3.03, Column 10.

Summarizing, the behaviour of these frames with variable length

rativ r can be described as follows:

- L#p rotatione increate conslstently with redurtions of the

length factor z.

- Strut rotations decrease w' % the tactor ¢, buc w'th a lower

digpersion.

- There are variations in the deflrcrion history of the
bracing, at both the cross-over joint and at midspan in the
strut, bhut with no significant influence on the altimate
capacity of the bracing., as shown Ly the stress curves in
Figure 3.111.07, and test results lidted in Table 3,03,

Column 10,

- 323 -



Talle 3.03

Cose II7: Variable disgonal inclinstleon
Inclined legs
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Figure 3.03: Comparison of results f{rom tustr on Fframes with
constant slenderness ratios, iaclired leps and varlable
diagonal incline ions,



Compression Leg Rotation
Casce [ variable length ratio

Extreme fibre sirain
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(ross—over Joinl Deflection
Case I varialble length ralio
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Deformalion Curves
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Deformation Curves
(‘ase 1JI: variable lenglh ratio
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Stress Comparisen
Canse [I1: variabae length ratio
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Figuee 3.UHLOT: Nomunal maxunum stress
ratios at midspan g, see Figure 3.03

3.2.4 - Case IV: Variable main leg inclination - Constant
bracing inclination

In Case IV, results from Tests 202 through 702 in Case II and
Case IIl are re-examined, this time comparing the effects of
parallel or inclined legs for each bracirg inrlination 8. as
depluted In Figure 3.04. Thus for constant slenderness ratio and
ernd connection characteristics, the main variable in rach case
is the slope of legs =, with variations of length ratio r. Frame
data are listed in Tabie 3.04, Columns 2 through 9. Only the

behaviour at node a and subspan g ars examined, see Figure 3.04,

Main leg rot-ticns at node a, €zl in Figure 3.04, are

indicated tn Figures 3.IV.01 through 3.IV.0%, In particular,



paraellei-leg rotations are smaller than inclined-leg rotations
at A=30°, but they increase and are larger at f=50°. Alsc, all

rotations increaze slightly with the bracing inclination A.

The strut's flexural rotations at node o, 8xr in Figure 3.04,
are fairly constant for all 8 in frames with inclined legs. The
rotations fxg are again smaller in the frame with parallel

legs at A=30°, but larger in the frame with p=50°, as shown in
Figures 3.1V.04 through 3.IV.06.

Out-of-plane defiections at the cross-ove:r joint ¢, Figure 3.04,
are the same in both cases for braciong inclination of 8=30°, but
with larger vertical deflections in frames with parallel leys
for B=40" and B=3%0%, as in Figures 3.IV.07 through 3.IV.09. As
the length ratlo L-/Lg decreases (increasing B}, » greater
difference in behaviour would be expected between frames with
parallel &3d inclined legs. The larger nut-of-plane defiections
at the cross-over joint are to be expected in parallel-leg cases
due to the symmetrical buckling mede of twu eqLal subspans
{Lg=lg} enforced at this noae. This also influences the

strut flexural roteticons 9xg5.

Overall bracing deformations at nodes ¢ and g are now discussed,
see Figures 3.02 and 3.03, In all cases the behaviour nf the
parallel-lep bracings at these nodes was very similar to that of
inclined-leg frames, as shown in Figures 3.1I.06 and 3.III1.04
for bracing inclination B=30", Figures 3.11.08 and 3.1I1.05 for
B=40", and Figures 3.I1.10 and 3.I11.06 for 3=50°. Both the
horizontal and out-of-pl-ne displacement characteristics in each

case appear to he a function only of the slenderness ratio Lfr.

It is evident, observing the above curver of rotations and nodal

deflections, that the restraint provided by the main leg about



its ortheogonal axis derreases as the bracing inclination g
increases., The response of the bracing to this effect varies

with the slope of the legs as follows:

- In the case of paraliel legs, this benefit appears to be of
similar order to the uncertuinties due to double-bolt
restraint about the y-gxis, and the bifurcation between the

symmetrical and asymmetrical failure loads.

- In the case of inclined legs, however, the above effect 1s
vffset by the lenpth ratic Ls/Lg. As the bracing
inclination # increases, reducing the nodal restraint, the end
restraint from the adjacent bay of bracling Lg increa:«s

{smaller Lg/Lg), balancing the previous effect.

As & cunsequence, all these observed lifferences in bracing
behaviour have little ot no influence on the development of
stress, a8 shown in curves of Figures 3.I1.12 and 3.1IT1.07, or
in the ultimate loads, 8s listed in Table 3.04, Zolumn 10. It
can therefore be stated that frames with constant slenderness
retio, similar material properties and similar end conditions,

show the following behaviour For variable g slope w;

~ For both cases of parsllel end inclined legs, there are
variations of leg-torsional and strut-flexurzl rotations for

increasing bracing inclination.
- Out-of-plane deflections at the cross-over joint are fairly
constant for inclined-leg frames, but increase with the

inclination of the diagonals for parallel-leg frames.

- Horizontal and vertical deflections at midspan g are similar

in both rases of parallei- and inclined-leg frames. However,

- 3.30 -



Table 3.04

Case IV: Variable main-chord inclination

Constent dlagonal incilination
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] | chacacteciztice | Légx40x3 | Conditione |reEults)
| Test | T Y : T T + T I
Dasignation| = ‘ a Ly LE Lg | fy Leg slze | Bolts fulc
HEEREEE: (mm) | Fv l(Mpa)| (mm) £
T T T T r T T T
| 1 [ D T T B 8 i 9 | 1w |
1 L i i L L i i i i
I b L] 1 T T + T 1 T 1
| [ | i { | | | 1 |
i 202 | 0 | 30| 1.000 | 1000 | 130 | 327 | LOOx80x6 | 2 | 0.412
| 502 ! & | 30 0.85¢ | 2000 | 130 | 333 | LA0oxBOx6 | 2 | 0.837
i 102 | @ | 48 ] 1.000 ] 1000 } 130 | 333 : LBOx8O0xS | 2 | 0,395 |
| 602 { 8 | &40 | v.789 | 1000 | 130 | 2325 | L8Ox80x5 | 2 ] 0.431 ]
| 402 i © | 50! 1.500 | 100G | 130 | 33% | LBOxBOX6 | 2 | 0.421
| 702 1 & | so0o | 0,713 | 1000 120 | 329 | LAOxBO0x6 | 2 | G.430 |
| | | i t | ! | | i I
L 1 H ol ) 1 L. L b L l
=l
Ygr¥e

Figure 3.04: Comparison of results from tests on frames with

constant slenderness ratios and diagunal inclinations and
variable leg slopes.
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Compression Leg Rotation
Case [V: variable leg slope
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Compression Leg Rolalion
Case 1V variable leg slope
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strut Hotation
Case [V: variable leg slope
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Strut Rotation
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Cross—over Joint Defleclion
Case IV varinhle feg slope
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(roxs-over Joint Deflection
Case IV variable leg =lepe

Fxiprete Tibre strain
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Figure A0¥.08 Bracipg's nut-of -plane
defloctions al node ¢, see Figure 3.04
failure occurred in the subspan ¢ in the payallel-leg cases,

with conriderable differences between suhspans g and s.

- In all alternatives, hawever, the development of strese and
the resistance of the bracing is fairly constant, supgesting
that the ultimate capavity of the struts ls a direct
functron of the slenderness ratio L/r and the end

ennditions.,

3.2.5 - Case V: Variable diagonal end condition

Tests 801 through 806 are examined, with constant slenderness
ratjo L{r=160 and variabie end restraints, see Figure 3.05. The
change of end condition iz represented by an increase from 1- to

2-holt end-connections, and from LBOx80x6 to L90x90x8 main lap

« 3.386 -



iize. The frame rharacteristics are listed in Tahle 2.0%,

folumns 2 throagh 9.

The main Leg's vursional rotations, Bz in Flgure 3.03, are
shown ir Figure 3.¥.01. It can be seen that a.l rotationre are
similar, with no significant dispersion. However, very amall
reductions of rntation can be noted from l- co 2-bolt
vonnections for hoth sizes of legs, and from L90x90x8 to
L80xBOx6 legs, for 1. and 2-bolt connections. The same applies
to the strut’s flexural rotations, 8x5 in Figure 3.05, shown
in Filgure 3.V.02.

Out-of-plane displacements at the cross-over joint c, Figure
3.05, are depicted in Figure 3.V.03. These deflections increase

with incvreared end restraint from 2-bolt connections.

The overall deformations displayed in Figures 3.V.04 through
3.V.07 show that the horizontal waflections are initially in the
x negative direction, Figure 3.05, increasing in that direction
when the restraints are increased. The vertical deflections at
the cross-over jolnt ¢ and at midspan in the strut g increase in
the ¥y positive direction, Figure 3.05, when the »nd restraints
are {ncreased. At this level of slenderness ratio, however, the
2 vertical deflaction curves always intercept, with larger

deflections at midspan g, before failure occurs.

The development of stress is shown in Figure 3.¥.07. The
influence of variable end conditivns is represented hy changes
in the effect of the nominal stress, which increases for higher
end rertraints. This is vonsistent with the pattern of

out-of-plane deflectiops recorded at the rross-over joints.

Summarizing, . hese test results can be described as follows:



Table 3.05

Cose Vi Veriablo disgunal end canditlons
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- Both leg-torsional and strut-flexural rotations are not
significantly affected by changes in ‘he end restraints, as

seen in the plots at any level of strain in the bracing.

- In-plane and cut-of-plane deformations of the bracing are
influenced by the Increase of end restraint, and midspan
deflections mre larger than cross-over da2flections at
increaging loads. It is apparent from these results that
higher end restraints increase the load capacity, which, in

turn, induces larger deflections.

- Reristance pf the dlagonals is cousiderably influenced by
the end conditions, as listed in Table 3.05, Column 16. This
is in lIine with previcus findings by Elmee {51], Behncke
[11], Woed [49], CIGRE [63] and, more generally, Chen [58].

3.2.6 - Case VI: Variable bracing arrangement

The structures described iIn the previous test cases represent
the simplest form of two-dimensicnal frames with crossed
diagonnls, as in Figure 3.06-a. In practice, however, differant
bracing arrangements are used ln transmis.icn towers in ordar to
improve the buckling performance of the maln legs and alsn to

reduce the size of the bracing.

Thus, extra members are added, connecting the bracing at the
cross-over jolnt with the legs, or connecting the diaponals at
midspan with the legs. These are known as redundant bracings,
since they act only as supports to the main members, but without

carrying sipniii.ant axlal losd. Such alternative arrangements,
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shown in Figures 3.06-¢ and 3.06-d, were included in this case
and are identified in Table 3.06 and in the plots of this

Section as Tests 805 and 806.

One more wptlon was alsc considered, as shown in Figure 2.06«b.
In this cese no redundant members were added, but all the
diagonals in the frame were connected al.-toces-up an cne side of
the frame, and all-toes-down on the other side. It was
anticipated that this arranpement would improve the performance
of the bracing, since the bending moments about the lengitudinal
torsional axis of the main leg at the connections of diagonals
with main legs have a subtractive effect. This case is

identified in the curves and in Table 3.06 as Test 807.

Tests were conducted on frames 805 through 807, Figures 3.06-b
through 3.06-d, and results are compared with the bassic case,
Test 801 in Figure 3.06-a. Characteristics of the bracings are
given in Table 3.06, Columns 2 through 9. In these altermatives
the diagonals were connected to the legs with one beolt, and the

slenderness ratiov of 16! and all oth-~ parameters were the same

Figure 3.¥1.0l shows the main leg's torsional rotations @zL,
corresponding to node a, as before. It is seen thzt these
rotatjons increase for Tee* 805 with respect to the normil casre,
but ere emaller for Test 806 and also For the case of inverted
diagonals, Test 307. Curves of the strut's flexural rotationsa,
Figure 3.¥7,02, show similar behaviour, but the minimum

correspond: to Test AGH.

Out-of-plane deflections are depicted in Fipure 3.VI.03. Apgain,
there are noticeable differences with respect to the normal rase
of Test 801, with increased deflections for Test BG5S, and

reduced deflections fur Tests BOo and 807,

~ 3.44 -



Overall bracing deformations are shown in Figures 3. /1.04
through 3.VI.07, with variations of similar order in both the
horizontal znd vertical divections. The restraint provided by
the additional redundancies in Test 806 and the lnverted
position of the diagonals in Test 807 is refl~cted in the
increasing levels of the nominal stress ratio fn/fy, as

indicated in Figure 3.V1.08.

In conclusion, the effect of addition : redundant bracings and
elternative position of the dlagonals can be expreseed as

follows:

-~ Both leg-torgslonal and strut-flexural rotations are
influenced by changes in the hracing, but to varying

degrees.

- Overall deflertions also show the effoct of additicnal
bracings, with lmportani reductions Iln the case of Tests 806
and 807,

-« Test results, indicated in Table 3.05, Column 106, show that
:h+ resistance of the bracing increases considerably with
+ spuct to the normal case, Test 801, due io0 th: redundant
bracing in Test BO5 and the modified position of the
diagonals In Test 807, but only by a smaller amount in Test
406. Nevertheless, the jincrease in strenpth in Test 805 for
the bracing arrangement deplcted in Figure 3.06-¢, 1s not asg
large as would be expected from a reduction in slenderness

ratio corresponding to the orthogonal x-axis, given by rx.

Frame 805, with #xtra members connecting the legs with midspan

of the diagunals, Figure 3.06-¢, shows larger rotations and



deflections than the normal trase, Test 801. The ultimate
resistance, however, increased by 36X, refle -inp, perhaps, some
inconsistency. This is p.ssibly tor the fact that the extra
bracing, of size L25x25x3. may not have been in propertion to
the diagonals of size L40x40x3. This slternative is widely used
in transmissior towers, and requires extra members, extra holes

in the bracing aud additional bolts, with an Iincrease in cost,

Frame B06, with a transverse member through the cross-over jolnt
as illusttated in Figure 3,06-d, shows reduced rotations and
overall deformations in the bracing, thus indicating a “.lgher
deggree ~f restraint. The resistance of the braclng. however,
increased only hy 3% with respert to the normal case, -st BO1,
The extra plate at the cross-over joint was 6 mm thick,
identical to the thirkness of the main leg, A recommended in
the design codee, This alternative Il also widely used in
transmission towers, although it requires a plate, extra

members, holes snd bolts, also introducing additional costs.

Frame 807, with inverted diaponals, Figure 3.06-b, shows reduced
rovat jons and deflections with respect bto the normal cape, Test
801, and a motre than 127 increase of ultimate resistance. It is
impartant to noie that the levels of steain in the tension
member are about half of tuose in the strut for similar axial
loads in the disgonals. Thils alro represents a reduction with
respect to the levels of atrain in the tie of Teat 801, This is
an interesting option, in which higher resistance {85 achiasved
without adding extra bracings, and desevves further attention in
the future, The only problem is the addition of holes and holts,
and larger gusset plates for muliipie-bolt connections, which

may lncrease the cost of mapufacruring.
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Tobloe 3.06

Casw YI: ¥Yn.inble breclng arrangement
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Figure 3.06: a} Bracing arrangement for Test 801 - Bosa caaa,
b) Bracing arrangement for Test 807 - Inverted diagonals
in the outelde panels.
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Figure 3.06-c: Bracing arrangment for Test 805,
Redundant brac.ag.

Figure 3.06-d: Brocing arrangement for Test 806.
Redundant bLracing.
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3.2.7 - Case V¥il: Locked-in systems

Results from Test $12 are exemined, correspending to a frame
with locked-in diagenals, as shown in Figure 3.07. All
conditions in this alternative, including frame geometry, number
of connecting bol¢s and member sizes, are as in Test 602 of Case
111, Therefore results from Tests 602 (normal frame) and 612
flocked-in system) with slenderness ratio of 130 are compared.
characteristics «+ § both frames and diaponals are indicated in

Tahle 3.07, Columns 7 through 9.

Before starting the analysis uf results, however, 1t must be
said thar these tests oh locked-in systems presented special
prohlems from the experimental point of view. Firutly, it was
very difficult to restrain the frames in the X direction., see
Fipure 3.87, while at the same time maintaining the
free-rotation pruperties nf the tenslon- and compresslon-leg
suppoerts. These supperts were desisned to permit free rotarions
and also adjustments in all X, Y and 2 directions, gee Figures

2.09 end 2.10 in Chapter 7 and Figure 3.07 beiow.

secondly, as hoth support nodes m and n in Figure 3.07 kept
moving awAay rrom each other in the X directlon for increasing
loads, it was necessaary to join them by means of a aystem of
bars and tutn-Inckle, «ee details in Figures 3.08 and 3,09, This
system was not reliable, and it was thus difficult to adjust the
initial position of the frames, and vertainly it was impossible

to make adjustments sluring the tests,

Fipally, forves in these higpger frames were highey than in the
vare vt normal {rames {Test Cases 1-VI), and there was some

mevement ot the beam and anchor structutes, shown in Figure



4

2.06-d 1n Chapter 2, which introduced additional effects and
variations in the distribution of forces in the bracing. a
typical example, from many trials on several locked-in systems,
is shown in Figure 3,vI1.01, where the recorded tension and
vompression forces and the calvulated forces in the central
panel of bracing are plotted agalnst the applied loads.
Nevertheless, Test 612 results are examined next and compared

with Te'* 602.

Figure 3.VII.02 shows the main leg's torsional rotations at node
a, 6z}, in Figure 3.07. It can be seen that, for identical
conditions, these rotations are larger in the case of Test 602.
Similar results are ohserved in Figure 3.VII.03 for the strut'm
flexural rotations at node a, x5 in Figure 3.0/, and also the
out-cf-plane deflections yc &t the cross over joint, see

Figure 3.V1I.04. The nominal stress ratic in Figure 3.VII.O05

also shows reductions with respect to Test 6§02 in Case III.

These variations aie explained by the differences in
out-vf-plane deflections st the outside cross-over jelnts, i-1
and i+l In Figure 3,07 (see also Figure 2,06-a in Chapter 2).
For tests of normal frames (Case 1 through Case V¥I), defi.-tions
of the two outside cross-over joints were controlled externally,
and were arbitrarily related to deflections in the central
crosg-aver joint, ag explaiped in Chapter 2. The aversge ratios

for frames with inclined legs were as follows, see Figure 3.07:

- Yi-1 = 0.80%yg

"

- vi+l 1.30%y;

where vi, vi.1 and yi+l are the out-of-plane deflections

at lvints i, i-1, and i+l respectively, as in Figure 3.07.

- 31.54 -



b

In the case of lorked-in systems, on the other hand. these nodes
were free to move, and the recorded deformations from Test 612
are deplcted in Figure 3.VII.06. It cen be seen that both
vutside nodes i-1 apd i+l deflected less than the centre
cross-over node i, and the recorded average ratios are indicated

lelow:

- ¥i-1 = Q_QU*Yi
- ¥i+l = 0.70%yj

The actual ratlecs of out-of-plane deflections at the outside
cross-over joints were thus well below the estimated values for
the normal tests (which were based on the geometry of the
frames). It is therefore apparent that the lower rate of nodal
totations and midspan deformations in Test 612 with respect to
Test 602 are dup to the differences notad above for nodes i-1
and i+l, see Figure 3.07. Twce important conclusions can be drawn

from these results:

- The out-cf-plane deflections of the osutsjide bracings
relative to the central cross-over joint deflections have
significant influence on the behaviocour of the bracing and

possibly on the failure loads as well.

-~ The ratio of deformations in the outside and central panels
of bracings is a function of the sizes of the members aad is
thus related to the flexibility and slenderness ratio of the

diagonals.

Untortunately, the results from Test 612, which were typical of
all the nbserved locked-in sysitems in this lnvestigation, were
not tonclusive., The distri! :tion of forces in the Lracing was

erratic, possibly due to wvements of the supports, and the
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TABLE 3.07

Casg ¥IX: Locked.n systems
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Fagure 3.07s Analysis of frames with locked-in
systems of crossed dliagonals.
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Figure 3.08: Assembly of the compression leg support in
frames with locked-in diagonals. A horizontal bLar was added
to provide restraint in the x-direction, see Figure 3.07,

Figure 3.09: Assembly of the tension leg support in frames
with locked-in diagonals. Note the adjustable har joining
both main logs, sees also Figure 2.07,
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tailure load was tar too Jow, considering the reduction in
deflectiong and rotations with respeet to Test 602, see Table
3,07, Column 10, Similar problems with locked-in system have
been reported hy Behncke {11)], whe alse observed that forces in
the hratving were uncertain and thus difficult to predicr. In any
case, the test arrangement used in this investigation was not

the most convenient for testing frames with locked-in diagonals.

Atter vbserving the general hehaviour of crossed diagonsals under
different test conditions, a more detailed analysls of some

parameters ls included in the following Sertions,

3.3 - General anplysis of deflecrions

The deflection patterns discussed above for the x- and y-axis in
the struts are initially induced by the evcentric forces, as
depicted in Figure 3.10-a for the case of Z- or more bolts in
the connections. When approaching failure, however, deflactions
in most caser are predominantly about the weak axis v, «#hiin
explains why the horizontal displarements ate reversed 'n the x

positive ditection, as indicated in Flpure 3.10-h.

Thik effect is illustrated in Figure 3.11-a for u frame with
slenderness tatio Lfr~100, and in Figur» 3.11-b for a frame with
Lir=160, where ty indivates yielding of the extreme fibre.
Ubawrwr that, for increasing loads, ueflections xg chanpe
direction into the pesitive x-axis, If xp and yp are plotted
against eatvh other, a curve similar to Figute 3.10-1 48
vhtajned. In the case ol frames with pay i ole Figure
A.11-v, this ettect is seen i1 the s suh.p . we Fipore 3,02,

through detflect ions xs and v

= .l -



Note in Figure 3,10-b that the horizontal deflections in the
x-axis negative direction reduyces the hending moment abuout the
minor v-axis (and thus the stress vn the critical fibre),
increasing the buckling resistance of the struts, After first
yield ocvcurs, however, out-of-plare deflectionr lpcrease more

rapidly, offsetting that effe.t,

In the case of parallel-lepg frames, Fipure 3.11-c¢, the x-axlis
deflecticns gt subspans g and s, see Figure 3.02, are different.
It is easy to see that “he bending effect increases more rapidly
at subspan § throuph a s.1l1) deflection xg, while this effect

is reduced at subspan g through larger, negative xg

deformatinns,

This explaing why in frames with parallel legs failure accours at
subspan s. However, it alse supgests that there are differvent
effective sccentricities about the y.axis, see Fipgu:r 1.10-a, at
both ends of the strut. It appeats that the distance  om node &
to the rvight leg support, and the targer distance fyom node d to
the left leg support, see Figure 3,02, hare an influence an the

2-bolt end restraint aboot the yv-axis.

Ditferenves in x-axip deflections tor 1- and 2-bolt connections
for the same leg size can be seen in Flgures 3.V,.04 and 3.Y.05
of Section 3.2.5. It is obvious that the incresss of end
vestraint wirh two holts produces larpger negative deflections,

thus teducing the bending effect and retarding tailure,
For 1- and 2-bolt compeetions and two difterent leg sizes,

Figuvtes 5.V, 04 through 31.¥V.07, the plots show ah incrense of end

restraint abour the yeaxis fo1r the heavier lvpgs. However, the

E Y - U



Figure 3,10~a: The bending effect due to the
eccentric forces in both planes xz and yz initially induce
deflections in the bracings as shown above.

v Y
Straind v

---«; %Stra‘inz

X(_

’ Strainl
/7

Figure 3.10-b: Typical in-plane and out-of-plana strut
deformations at midspan (not to scale). When spproaching
failure, deflections occur predominantly alonq the u-axils.
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Deformation Curves
Analysis of deflections
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Figure 3.kJ~¢.: Vertical and horizontal
strut deflections, see Figure 3.02

Test 302

—

Flgure 3.12: Typical strut deformations during tests. Before
faillure, the dlagonals adopt the half-wave, anti-symmetrical
curve ghown in full line above.
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1-bolt connection case is dependent on the torque used for

tightening the bolts.

In conclusion, strut deflections vary widely for different test
alternatives. In-plane deflections change as a function of the
end restraint, and appear to have considerable influence on the
resistance of the struts, The proximity of the main leg supports
alsn has &n effecr on the amount of end restraint about t .e
y-axis, A& typical bracing deformation history ls shown in Figure

3.12.

3.4 - General analysis of nodal rotations

The rotation measurements at the strut's connecting nodee a and

d, Frgure 3,13, are examined in more detail in this Section.

Considering the torsional and flexural rotations for 2-bolt
connections at nodes & or d in Figure 3.13, where positive
directions for nodal rotations are indicated, the following

compet ibility relationship can be written:

Byt = Bygy + Bygy = Oy18ind - Byreosd + Bygy Lo {3,010

in which 6xs5, Bzl, and @xi, are the racorded ratations, as

incdirated in Figure 3.13, 6x51 1s the strut's end connection
flexural rotation (or actual node rotation alout the strut's
*-axis), and Aygy is an additional strut-erd rotation due to

flexibility of the connection.

To vsetablish a basic pattern of behaviour, nodel rotations at

nodes & and d from Tests 202, 302 and 402 with parallel main

- 3.pb -
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leg . are examined. Figures 3.la-a and 3.i4-b show the recorded
ve ations at nodes a end d of Test 202, with bracing inclination
A=30 Ners rhat torsional rotations 8z), are almost equal on
Yotk legs tindjvating the lack uf tersional restraint at the
nodes), while the strut's end rotations are reduced at node d,
and the main lep’s flexural rotations &y, at nodes a and ¢ ere

very small and sliphtly different.

Figures 3.l4wc and 3.14-d show the components of flexural
rotations at both strut ends a and d respectlvely, calrulated
with Equation (3.01). It van be seen that the total recorded
strut-end rotations 8y5 are larger at nade a, while the node
rotations 8xs! are approximately the same at both nodes a and

d (whirh is consistent with the symmetry of the hracing and the
bhehaviour of the main legs). Th.se results suggest that the
differenve in recorded rotatiens Iis due to the additional

rotations #x57 from the flexihility of the ¢onnections.

Results at nodes a and d for Test 302 with bracing incllnatilon
A=40°" are depicted in Figures 3.15-a and 3.15-b. Apgaln, th:
leg's torsional totations at nodes a ard ¢ are very similar,
while the main lep’s flexural rotations are very small, see
Fipur: 3.13. Results about the strut's x-axis show that the node
rotations #yx51 are almost equal at nodes a and d, while the
additional rotations 8352 are larger at node a, thus Inducing

at ithat node larger strut-end rotations Ays, see Figures

3.19-v ard 3.15-d.
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Similar results were recorded for Test 402 .1th uvracing
inrlina ien 6=50", ms depicted in Firvres 3.1F.a *h.oungh 3,16-d.
In contlusion, str t-end rotations .n frames witl paratle’ logs

show the following chavacteristics:

-~ The leg’'s torsional rotationg Pzl 8re a.<ays very similar
on both sides of the {rame, irrespective of the bracing
inclination B, This indicates lack nf torsicnal restraint
from the supports, and probably thevefore implies lack of
torsional restraint by the main leg on the strut. It is to
he noted, however, that this ls a conservative rondition, as

some restraint may occur in actueal tower arrangements.

-~ Tihne nodal rotations Bys1 about the strut's x-axis are
similar at both ends of the diagonals, ircrespective of the

bracing inclination .

|

Figure 3.13: Positiv: directions of recorded nodsal
rotatlons at joints a and d.
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- The additional rotations stz due to flexdbility and the
recorded strut rotations 8xs are lavper at the lower node
#. These appear to be related to the leg's flexursl
rotations &xL and, finally, the latter vould he influenced
by the distance from the connection to the nearest leg
support, see Figure 3.13. However, thess results are
uncertain for Tesce 302 and 602 with Inclipation B=40° and
50" respectively. This deserves further attention In future

research,

For Tests 102, 602 and 802, with inclired legs, increasing
slenderness ratios, but otherwise identicel conditions, Figure
3.17 shows that the additional rotations &xg? at node A due to
joint flexihility {(plotted against strain, i.e. curvature)
increase slightly with L/r. This is consigtent with the measured
torsional and fiexural rotations shown in strain-deflection

Figures 3.1.01 and 3.1.03 of Section 3.2.1.

Similarly, the additicnal rotations due to joint flexibility at
node n for Tests 8§02 and 804 with different main leg sizes arse
shown in Figure 3.18. Note that the deformations of the joint

plotted apgainst strain are larger fur the heavier angle.

The above review shows that the observed end rotatlons about the
strut's x-axis are larger than the actusl node rotations about
the same axis., This is apparently due to flexibjlity cof the
connection, or, perhaps more specifically, these sdditional
strut-end rocaticay are due o clastic deformations of the main
leg’ys connected flange or lep. The equality of main leg's
tursional rotations loth ends of the diagonals aeems to

support this explanation.

The observed ditferences in main leg's Flexural rotations are

-~ A.76 -
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too small and uncertain, and thus it is not possibhle to draw
conclusions from this paramecer. Finally, as only the effect of
in-plane bracing has been considered, it is most likely that a
complete three-dimensional vonnection (as in gctual tower
construction) will introduce further changes to the behaviour of

the joints,

3.5 - Additional comments on test results

While most of the parameters changed vonsistently In response to
increasing loads as described in Section 3.2, there were some

excentions, as indicated below.

- Usual diasplacement curves at the critical sectlon of the
strut in Fipure 3.19 can be compared with the strain curves
of Figure 3.20-a, typical vf tests with L/r of 130 and 180.
It is clear that the vertical and horizental movements of
the strut at midspan are consistent with the development of
tension and conpression straine in the section. Furthermore,
it is aleo apparent, when yield occurs first at section 2 of
the angles, that all other parts of the section are well

below the yleld straln.

At lower levels of slenderness ratio, however, this is not
the case, as depicted in Figure 3.20-b for L/r=100. Maximum
strains and hence first vield are recorded at the horlzontal
toe of the angles, oven when the deformation history is very
similar to that shown in Figure 3.10 . This is not
neressarily inronsistent, and is related to the in-plane and
vut=of~plane deflection patterns at midspan in the strut, as

shown in Figures 3.1l-a and 3.11-b tor Tests 102 and 802

[ N i



respectively. This behaviour has been observed by Behncke

I11} in previous reaearch.

St.ress ratios tor both tension and compression dlcgonals
from Tests 102 and 602 are shown in Figure 3.21, where
fn!fy refers to the ratio of nominal exinsl to yleld
stress, fmax/fy trefers to the rativ of maximum extreme
fibre to yield stress, and T and C indicate tension and
compression members, respectively. Stress was recorded at
the cross-over joint ¢ in the tle, and at midspan g in the

strut, Fipgure 3.01.

The stress curves for Test 602 show that yield occurred
first at midspan in the strut, while maximum streases in the
tie are abcut 257 lower at the same level of axial load. The

same occurs at any level of slenderness ratlo above 130.

v st

Straind //{

F’Str‘ainz
e ;

™~

e n

Straini

o

Figure 3.1%: Typical in-plane and out-of-plane strut
deformations at midspan (not to scale,.
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In Test 102 with L{r=100, however, yvield occurred first in
the rie At the cross-over joint, while mazximum stress in the
strut is abeout 15% lower at the same level of axial force in
the diagonels. This Dracing behaviour at low values of
slenderness rat.o has Dheen antivipated by Elmes [51] and

conflrmed by Behnuke {11) in previous investigations.

- Finally. a typical distribution of forces in the bracing is
plotted against the applisd loads in Figure 3.22. The
vbserved forces are learly equal in both the tension and
compresslon members throughout the loading history., & third
curve shows the diagonal forcves as calculated from static
equilibrium, assuming that they are equsl and with opposite
sign. The valculated forces are higher than the observed
forcer. This effect has been discussed by Wood (49,63] who
defined a correctior factor of approximatelv 0.945 In
relation to these forces. The present results are in

sgreement with thar figure.

1.6 - Assessment of end eccentricities

One of the mailn objectives of the present lnveatigation is the
evaluation of the effectn of eccentricity of axial forces and
end rot cional restraints on the hehavieur of crossed diagonals

ot two-dimensional frames with different bracing ariangements.

Measurements of strain and defonnations immediatelv prior to
first vield obtained trom the test results described in the
previous Sections van be used, togetuer with the Southwell-plat

provedute, to determipe the Euler Dackling load. With the Ecler

- ).Bl -



load an effective length factor can be calculated and, finally,
the equivalent eccentrivities fur each test alternative can be
vhtained with the secant tormula. The hases for this procedure

are outiined in Appendices C and D.

The Southwell-plot expression is piven by Equatiou (C.01) of

Appendix C as indicated helow:

e T .40, 01)

in which P is the recorded axial force in the bracing, and

« u lg the recorded deflection in the strut at midspan, see
Figure C.02-b.

- ap is the initial amplitude, given hy the intercept or
initial ordinate in the Southwell-plet of Figure C.D1.

- PE is the Euler load, glven hy the inverse of the rlope in

the Southwell-piot of Figure C.01.

However, 1t was fuund during this investigation that the
defleztion readings were not accvurate enough to be used with the
Southwell-piot provedure. Although considerable vare was taken
te install the dellection transducers, as explained in Appendix
B (see also Figure 2.13 of Chapter 2), and to calculate the
displacements of the heels ovf the angles, some dilfferences were
datected for various test alternatives. It is pussihle that
frame movements, and also movements and distortions of the

instruments® wupports, were reaponsible for this problem.
it ! !

[t was theretore necesdary to expres. the Southwell-plot in a
different format. Recalling Equation {C.03) from Appendix C, we

can wrate the following:



Mypax M¥max

= ag + cren (C.03)

P Pg

This 15 a modified expreesion of the Southwell-plot, in which:

- an is the initial amplitude, or initial eccentricity,
given by the initial ordin-te in the plot.

- Mvmax is the bending moment about the minor axis of the
section, and is obtained from strain readings.

- P is tle recorded axial force, and i» alsv obtained from
strain readings.

-~ PE is the Euler load, calvulated as the inverse of the

clope in the plot.

Results from . his analysis for the tests in the present

investipation are summarized in Table 3.08, in which:

- fE'Fy 15 *he ratio of Euler to yield stress,
- K is the effective length factor, ohtalned from the Euler

elastiv buckling load as follows:
KLg = e (EIy/PE) e (3,02)

where E is the modulus of elasticity, "y 18 the moment
of inertia about the minnr v-axis, and Lg is the
unsupported length nf the strut,
- ajfry is the telative eguivalent ecventrivity obtained
trom the Southwell-plot's initial ordinare.
« byulty is the relative equist=lint wocenttlo ity obtained
trom the secant tormula at the moment ob tirst yield, See

Appendix D for details on this approach.
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Examining Table 3.08, the following conclusione can he drawn:

- Test 102 with slenderness ratio of 100 gave inconcluslve or
»rron=0UE answers because of premature ylelding of the
diagonal in tension, therefore these resulte are not

included in Table 3.08.

- The values for Tests 202 through 702 with constant
slenderness 18tio seem to be reascnably correlated,
particularly regarding the effective lenpth facter K in

tolumn 2 and the relative screntricity in Celumn 5.

- The values for Tests 607 ana B0? f 1 inwreasing slenderness
ratin are also well corr lated. A rediction in the Euler
luad is consistent with an increase of  h' lenderness

ratio.

- 3.84 -



_

ot

- The same can be said for Test BOL in relation to Tests 862
and 803, The increase of Euler load and eccentricity are
congistent, as is the redustion of the factor K for higher

iestenints,. Test 804, however, is not cvorrelated to Test

g

- The ef.~ - ive length K for Test 805 is not considered, since

the strat's length Lg is undefined, see Figure 3.06-c.

3.7 ~ Summary

An extensive test programme (1 two-dimenslonal frames with
steel-angle croesed diaponals has Deen presented in the previous
Sections. The strain-deflection rcurves for the various test
alternatives clearly show the primarily non-linear behaviour of
thv diagonals at increasing loads. In geneval, the fuollowing

vonclusions van he drawn from the above test results:

- As expected, hodal rotatlons and overall deformations in the
bracings increase for higher slenderness racios. Larger
out ~of-plane deformetions increase the bending effect, thus

reducing the resistance of the members.

- Frames with paraliel legs permitted the study of diagonals
in conditions of symgetry for increasing inclipation of the
braving. It is ronfirmed that there is little or nn
torsjonal restraint from the main legs. The ir-plane and
ouv-ateplane aeflectic s, as well as the nodal votarions,
are jofluenced by the inclination of rthe braving 8. However,
theve eifects seem to b uffset by the possihility of

buckling on either side of the vioss-over jeint, which is

- 3.8% -



reflected hy slightly errativ first-vield and failure loade.

Frames with inclined legs and bracing of constant
slenderness ratio and variable bracing inclipation 8 were
used to apnalyze the effect of the leagth ratio Lg/Lg.
Reductions of this ratie through larger inclinatiuns 5
induce larger nedal rotations and midspan deformations,
indicating 8 reduced rodal restraint. At the same time,
hewever, smaller Ls/Lg lncrease the restraint from the
shorter panel of bracing, thus counterbalancing the shove
effect, As a result, failure loads are very uniform for all

these alternatives.

The bhehaviour of the bracing is Influenced by variations of
the leg slope =, but to a lesser extent. A larger leg slope
induces more out-of-plane deflections. Heowever, nodal
rotations are alse dependent on the length rvatle Lgflg.
Failure loads are not i{nureased significantly by the leg

slope =,

The resistvance of the stru.s increases with higher end
restraints, An increage from one to more bholts In the
vonnect lons produres varlations of in-plape deflectlons, and
this has a retarding effect on the onset of yielding. An
inrveasns pf the rize of the main leg improves the
restraining moments at the (onne-tions through larger

flexutal stiffonees Iin the main leg.

Any addition of redundant braving to the system of crodsed
diagonals improves its puckling resistance. The additional
membets in the frames reduce the nedal rotations and midspan
deformat ions, but to varying depgives  The proposed

alternative of inverted diapouals ofters a rivderate Increase

- 3.Bt -



of resistance, with some additional cost of manufacturing.
It is suggested that further re.earch be conducted on thia

type of bracing.

- Locked-in syster present special probliems for experimental
investigations. Nodal rotations and bracing deformations ara
smaller then in the normal case, but the distribution of
forces in the bracing is erratic, end consequently the test

results are inconclusive.

- Premature yielding of the tension member is common at low
values of slenderness ratio. In addition, failure ot the
strut ay be caused by a more complex combination of
effects, other Chan pure flexural buckling. Significantiy,
ne allowances are included in design procedures to consider

these important effects,

- The Southwell-plot procedure and the recant formula proved
to be waluable fools for analysis of Euler loads and end
eccentricities from experimental results. A modified
Southwell-plot was used, based on strain rather than on

deflection readings, which vielded more reliable results.

As indicated in Chapter 1, it is difficult to separate the
effects of initial imperfectlons and end ecrcentricities on
the behaviour of these small angle sections. Theoretical
models for desipgn of cross-bracing presented in the
tollowing Chapters include equivalent eccentricities hased
on the test results, which therefore account for these

unknown factors (resiadusl stress, initial curvature}.

Summing up, the ultimate resistancve of the bracing appears tu be

g8 direct function of the slenderness rvatio, defined by
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Lglrv. and the =2nd conditions of the bracing, defined by the
number of connecting bholts and the sizes of the main legs. These
results have lheen anticipated by Bebncke [11), Elmes [511 and
Wood [49). Additional variastions in the capacity of the
diagonals ace introduced by the use of alternative bracing, and
from those, the option of inverted diagonals is simpler than the

use of redundsnt bracings.

Finally, & comparison is given in Column &4 of Table 3.09 below
of the observr ! ratio of failure lead, Pyplt, to losd at first

yield, P], where Py is the axial lecad required te fully

yield the cross se-tion. il can be seen that the failure-first
yield load ratic wes only slightly greater than 1,0 and in all
the tests did not exceed 1,175,

An alternative thevretical model is presented in Chapter 4,

which is based on the test results discussed i. the previnus

Sections.

Tahle 3.0%: Ratio of failure to yield load

|r { Test Results

i I T T

{ | First yleld Faflure | Load ratio

| Test = — i
Designation L3 Pult Puiy

3, V. Py

= 1

f 1 ! 2 ! 3 & !

+ + ! {

| 102 | 0,474 j 9.491 | 1.0 [

| 2oz i 3.37%4 | G.412 | 1.103 |
| 102 | ©.358 {  0.395 | 1.108

| 407 i 0.287 {  0.h21 [ 1.p089 i

t 50. i 0.412 | o0.437 | 1,060

| %02 ; 0.397 | ©.431 | 1.086 |

i 7r2 ; 0.396 b 0.830 | 1,086

{ 80 i 0.288 | o.288 | 1.007 {

1 Bo2 ] 0.318 | 0.336 | 1.046 1

] BO3 | 0.317 | 0.324 } 1.024 ]

| :1:2 | 0,344 ] ©0.364 | 1.056

L L — L 1 1
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CHAPTER &

A PROPOSAL FOR NEW CROSS-BRACING DESIGN EQUATIONS

4.1 - Introduction

Results from laboratory tests on two-dimensional fremes with
croseed dlagongle typical of steel transmission towers have been
examined in Chapter 3. It 15 evident that the behavicur of
cross-bracing comprising steel angle struts and ties connected
at their cross-pover jolnts in these latticed structures is

subject to some uncertalniy.

The analysis of experimental results confirms that the buckling
reslstance of the bracings is significantly affected by the end
eccentricities and end rotationas restraints of the bolted
connections, as well ae by the stiffnesses of mein legs and
bracings, It is also chserved that the relative infiuence of
these effects varies with the slenderness ratio of the

diagonals.

The inclinetion of the bracings relative to the main legs, which
defines the length factor v=Lg/Lg. has an Important

influence on the general behaviour of the diaponals at
increasing loads. However, it is concluded, from monitoring of
this parameter during testc on diagonals where slenderness
ratios and support conditieons were held constant, that it has

little 2ffect on the buckling capacity of bracings.

Clearly. therefore, new cross-hracing design epguations which

- 4.1 -



include the various influences on the behaviour of the diagonale
gre required. This Chapter makes a propusal for such equiations,
which are subsequently checked Against the present experimental
results, and also sgainst tests concducted on cross-~bracing
systems reported by Behncke {11] and Wood [49,63]. Rewsults from
some of the usual buckling curves for desipn of steel

transmission towers are also included,

4.2 - Design equatione

Experimental results on typical transmission tower cross-bracing
such as reparted in Chapter 3, and also from previocus
investigations by Wood [49], CILGR® {63] and Behncke [1lj, show
that the tenslion member providss adequate lateral restraint to
the out-of-plane deflertrons of the cruss-over joilnt, and that
it is not subject to premature yielding. This has heen confirmed

in theoretical analyses by Elmes [51] and Picard [38].

Based on the above evidente, and confining the analyses tc cases
within the practical range nf member sizes in transmission
towers (usually with slenderness ratios hicvher than 100), the
simplified model shown in Flgure 4.0l can be used for assessing
the influences of the end restraint on the diagonals and the
relatlve inclination of the main legs and diagonals, given by

the ratic z=ls/lg.

Rotation compatibilliy equations at the cross-over nede ¢ in
Figure 4.01 cvan e wrltten considering appropriate boundary
vonditions snd also flexibility relationships between the end
rotations and end mements in the struts of lengths Lg and

Lg. Adopting the notation and sign vonvention given in



Appendix D, the rotations at nodes d, ¢ and a on both subspana
in Figure 4.01 can be written, following Equations (D.02) in

Appendix D, as indicated below:

Mvgelg Myvedlsg
B4, = - - --- Bp = - - B
de = “igr, 7 Temn, Z
at the left node d, and e (4.01)
~Mvdcls Mvggls
Beg = - By + - B
ed = “ggr, 27 T3gr, O

at

we

+

the right node c, of the member dc of length Lg. Similarly,

can write:

Mvealg R Mvgeolp
8 2o - - B
ca ey 3 6EL, [
at the left node ¢, and ceen(0.02)
_M‘rcﬂ]‘g Mvach
a [ J— t —emee— B
ac 6EL, 4 1, 3
S
S
p\ J;\ _I5 E[v _,P
4 4 ) - <
d
a
E s K |

Figure 4.01: Model of strut in criss-bracing. 5 is the spring
stiffness at ands, and 1+ expressed ar the ratio of moment to

unit rotation of the bolced connection and adjacent main leg
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at the right node a of the nember ca of length Lg in Figure
4.01. The factors 31 through B4, as explained in Appendix D,
are the Berry stability functions for adjusting the flexibility
matrix to allow for axizl load in the spans of leigths Lg and
Lg, and EIy is the flexural rigidity with respect to the

minor axis of the sectiou. The following assumptions Are now

made abeout the terms in these equations
-~ At node d: 8dc = -Mdc/5

~ At node ¢: Med = -Meg
Bcd = Hca cea 8.7

- At node a: Bgg = -{Mag + M')/S
in which

- § is an unknown rotatjional reerraint ccefficient, and
« M* is an arbitrary moment -2 .o eccentricity of axial load

at node a.

These equations can now be solved for the condition of rotation
compatibility ~d= 8ga) at node ¢ in Flgure 4.01.

Substituting kquations (4.01} and {4.02}) into Equatioas (4.03),
solving for Mgr, Mcd=-Mca 8nd Mac¢, and substituting

these moments intv the expressions of _otations at node ¢ (these
are all routine deductions and thus are aot included}, lt is
porsible to establish the fullowing criterion for infinite
retations 8¢d=8¢a, representing the elastic buckling load

whicrh is independent of M':

[12B3g + S(asgg - Bﬁg\l[a + 3Byg] +

- -
[L2B1g + S(4BYg - B34)i{3 + 5By | = 0.0

C b b -



in which the above terns are given as fuollows:

B1s = Bilg/Elv,
BZS = BZLnfElv
ng = B3LgIEJV

Byg = BaLglEly

The elastic buckling load PE which satisfies the abave

equarion can be used tov valculate en effeetive length factor K,
corresponding to the longer unsupported subspan Lg of the
campression braciag. Recalliug the Fuler buckling equation, we

van write the following:

Klg = v (Elv{PE) vaen (R,06)

where Iy 1s the inertia of the strut about its minor v-axis.
The results of this analysis are given in Figure &.02, in which
the factor K is plotted as a function of the length ratio
LgiLg, and a non-dimens‘onal spring stiffpess 5x5 given by

the following expressi

5x5 = 5/[Elv/(Litlg))

where 8 is the sp-ing stiffness of the end restre’nts at nodes d

and & included in the prereding analysis, see Figure 4,01,

tnfortunateiy, a rigorous determination of 5x5 i~ not possible
due to the unknewn flexibility in the holted connections between
the bracing and main legs. From the analvysis above, howevetr, and
neglecting torsional restraint from .be main legs, a parametric
study indivates, 1n apgreement with the observed behsviour of the
bracings described in Chapter 1, tnat Syxs should be

propertional to the following expression:

- 4.5 .
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A ]

0h

Effective lenpth Tactor

a4 (L3 0.8
Ratio of subspan lengths Le/Lg

Figure 1.02: Caleulated effeclive lenglh

fufor for different end condinons

Ixp{{Ivgsini

in which

- Ivg is the strut’'s moment <F tnertia ahout 1is minor

v-axirc,

-~ Ixl, {5 the main ltegs' moment of inertia about its

orthogonal %- or y-axis, and

- B is the inclination aof the braving relative to the fvame

werizental axis, thus indicating the dicection of the plane

containing the restraint.

Considering these pxperimental

results together with the

enalysis of test results using the Scatbwell-plot at loads cvlose

to first yield, as indivated in Table 3,08, the following

! empirical relation for the relative spring Sg4 can be written:
t H P



; = sinfil v {A.05)
st xb IxLHIvS sing} {4.09)
where xph i8 a factor dependent on the restraint provided by
the connedting bolts, and is expressed tor different end

conditions ag follows:

~ I«bolt end connect ion: xh = 0.06

- 2-bolt end connection: xp = Q.20

The increesed restraint with more than one bolt in the
vonnections is consistent with a gieater utilization of flexural

stitfness of the main lep about both orthegonal x- and y-saxis.

The effective length factor K given in Figure 4.92 may be
represented with reasonable accuracy using an expression
incorporating the end restraint coefficient Syxs, g.ven hy

Equatiom (4.05), as indicated below:
K = (0,.6+0.4r)(140.238x5}/(140.3355%) veo{B.06)
in «hich t is t!  length racdo Lu/)'"g.

In this way, an eifective lenpth fuctor has been determined,
which included the etfects of the relative positions and sizes
of diaponals ard main leps, the end condi{tions of the diagonals
and, finally, the ’irection of the plane vontaining the main

restraints,

Consider now a hypothetical pin-ended e¢lement a-c of length Lg
in Figure 4.01, subjevted to an evventric compressive load P
with an egual effartive scventricity sy at bhoth ends. The
maximum bendipng moment at the centre of this strut is given for

al' P by the secan’ foarmuia, as imdicared helow:



Mymax = PF‘uSE‘('(w) LE8,07)

where w = 0,9 av{P/PE). and PE is the Euler wiastic load. If

the axial ecrentric force P is progressively increased until the
maximum stress in the extreme fibre of the element r-c¢ in Figure
4.01 Is squal to the pield stress fy, we can write the

following:

fFy1r ephsec{w)
gy #1212 0 e (4.08)
ty

in which

~ fy is the vield mtress of material,

- tylt is the averape axial stress jp the strut at yileld of
the e.trems tibre,

- ey is tle esffective end eceentricity,

- h is the distanve ~f the extreme fibre from the minor
v-axis,

- w o= 0,5m ty}tE)»{{ult!fy}.

- fg is the Euler stress, given by mlE/{KlLg/ry}2,
and

- ry 1 the radius ot gyration ahour the minor axzis.

This approach, therefore, <an be used to evaluate the axial
forces P which will induve yield of the extreme fibre in the
element a-¢ of length Lp in Figure 4.01. It now remains to

evaluate the efiective end veventricity ey,

Evventrivities at ond conpections alse have g signiticant

influence on the resistance of the bradin,,, particularly at



lowrr slendernmas rativs. The effective end eccentricities €
valculated tor the tests in the present investigation using the
Sauthwell-plot vt deflection measurements prior ti first yileld,
are listed in Tahle 3.08. On the lasis of these results, A mean
relative sccentyivity eufrye=0.25 ran be used as an

appropriate approximation.

It isx cvonvluded, therefore, ifor values of slenderness ratios in
the range 90 to 160 in towers represented by the test conditions
described in Chapter 2 and also in prevlious research by Behncke
[i1]. where it has been consistently observed that yielding of
the extreme fibre orcurs ‘ust prior to huckling. that the
secant-yield expression of Equation (4.08) may ie used to

predict the strenpth of cross-hracing.

For design purpnses the spring coefficient Sx5 and the
effectlve length factor K may be obtained from Equations (4.05}
gnd (4.06) respectively, and the uliimate buckling resistance
may be obtained by solving Equation (4.08) in terms of the
stress ratio fultffy, for a relative eccentricity

Pufl'v=0-25.

Indicative values of K, Equatton (4.0b), are piven {n Table 4.01
for piven values of the Dhracing inclination A, leg slope = and
the ratio of Inertis IxL/lvs, Equation (4.05), and aleo
considering the coefficients xh given in Equation (4.05) for

1- and 2-bolt connections. Note that Table 4.01 {8 bhased un xh
in Equation (4.05) of 0,20 representing 2-bolt connectinn. For
single-holt details the effective value of Ixl should be

reduced to 301 of its actaal value, represented by

Xh=D. 30%0, 20=0. 06,



ludicative values of the ultimate stress ratios fule/fy,

Equation (4.08;, are listed in Table 4.02 for given values of

‘he effective slenderness ratio KLg/ry and yield siress

fy. This l: .ter table fncorpcrates conservative values of

hlrty

2.20 for angle sections and ey/ry=0.25% in Equation

{4.08). Fipure 4.03 jllustrates the stress curves of Table 4,02,

Effective length facrar K for 2-bolt end connections.

Table 4.01.

ts value for l-beit connections;
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4.3 - Comparison of theoretical and experimental results.

General dircussion

The design equaticns developed in the previous S:ctions
incorporate most of the important variables which influence
cross-brucing behaviour and ultimete resistance of the
diagonals, as identified in Chapter 3. In particular, the
effective length factor K is developed as a function of the
strut's end conditions, botk in terms of number of connecting
bolts and the sizes of the bracing and main legs. Further, the
inclinetion A of the bracing and the lengths of the strut at
either side of the cross-over node {(glven hy the ratic

t=Lg/Lg)} are alsc included in the coefficient K.

The solution for failure streses includes the strut's material
properties, the cross-sevtivn geometric characteristles, and the
Euirr elastic load, therefore incorporating the influer.e of the

gslenderness r&atio Ljr.

In the analysis that follows, various test alternatives from
three experimental investigations are examined using the design
curvee for steel angles given i Section 4.2 above. In additioa,
comparisons with results from the following methods of

transmisslon tower design are included:

- The buckling curves tfar steel angles piven In the ASCE
Manual No 52 [5}.

- The buckling curves for steel angles piven in the ECCH
Manual No 39 [7].

- The desirn curves for steel angles given in Wood's report on

CIGRE cruss«bracing tests {69,683},



4.3,1 - Present lpvestipgation

A description of the fremes, main legs and test specimens for
this serles of tests is given in Tables 4.03-a and 4.03-b. Note
that some additional tests rn L45x45x%3 specimens with M16 bolts,
which were not used in the aralyses in Chapter 3, are now

incorporated for evaluation of analytical models.

A comparison 1s given in Table 4.03-c of the stresses

fult/fy obtained from the tests (Column 9) and also

calculated from design curves in ASCE (Column 3), ECCS (Column
5) and CIGRE (Column 7), where fylt 1s the failure stress,

fy Is the recorded stress of material (Column 7 ¢. Table
4.03-h}, and fg is the Euler streses. The effective slenderness
ratio Ik Is obtained by modlfying the relative sienderness
ratio I'g in Table 4,03-h (Column §) by an effective length
coefficlent K. This coefficient is cbtained empirically as

indicated in the references above.

Results in Table 4.03-c show that the design curves in ASCE and
ECCS give optimistic predictions of failuie loads at low values
af slenderness ratio (Tests 102 and 312), resulting in the

diagonals failing st lower loads than expected. Curves given by
Wood from CIGRE tests are not applicable for slenderness ratios

below 120.

At medium range of slenderness (Tests 202-7u2)}, on the other
hand, rhe ASCE and ECCS design vurves appear tu provide
reaitonable assessments of the failure lovads, wherees the CIGRE
results are optimistic in all cvases. It is ¢lear in Table 4.03-c

that variations of main lep and bracing inclination, given hy

= 4,13 -
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Present investigaticn

Table 4.03 a Test frame characteristics

T 1
i i Frome { Main chords 1
| Test I ¥ T f T T T .
Degignation| o i lgfly Size IeL I | b
ey | ey (o} {108mmY)
I T 1 ¥ 1 1 1 1
} 1 2z s 0 o« | 3 | 6 | 7| 8
I t } t + + — 4
| 102 | 8 | 46 | 0.7p" | L89xBOsE [ 0.3582 | 2 | M12 |
i 202 | 0 } 30 |} 1.0u0 | LBOXBOx6 | 0.5582 | 2 | MAZ |
I 102 [0 { 40 | 1.000 | LBOx8O0xS | £.5582 | 2 | Mi2 |
; 32 b 0 | 40 | 1.000 | L&OXEOrA | 0.5582 | 2 | M16
| 402 | 0 | 50 | 1.000 { LBOxAOx6 | 6.5582 | 2 | M12 |
! 502 | 5 | 20 | 0.850 | LBOxBOx6 | 0.558Z | 2 | HM12 |
i 502 j & | 40 | 0.789 | L8O0xBOx6 | 0.5582 | 2 | M12 |
| 702 | 8 |56 | 0.713 | LBOx80xE | ©.5582 | 2 | M12 |
| ao1 i 8 | 40 | 0.789 | LBOx80xé | 0.5582 | L | M1Z |
! 811 | & | 40 | 0.789 | LBOxA0xS | 0.5582 | 1 | M1 |
| a0z | 8 | 40 | 0.789 | LBOx80x6 | 0.5582 | 2 | M2 |
| 812 { & | 40 | 0.789 | LOOx80x6 | 0.5582 | 2 | Mib |
i 803 | & | &0 | 0.789 | Lsox90x8 | 1.0440 | 1 | M12 |
| a04 i1 8 | 40 | 0.789 | L9Ox0x3 | 1.0440 | 2 | M12 |
L 1 1 1 A, L L, i |
Table 4.03-b: Test specimen characteristics
F 1
| i Diagonale
I TESt‘ : 1 T 1 v T
Den.gnation|  Size I,s Ty Lg | Lgfry | £y ‘ ro
sy | €208y | (mm) | (o) | P |
] T 1 1 T ¥ 1]
I 1 | 2 | 3 i« J 5 | 8 1 7 | 8 |
} i { t t i + t {
| 102 { LuDx40xd | ©,0144 | 7.820 | B0 | 202.3 | 317.0 | 1,274 |
| 202 | L4DxtOx3 | 0.0%44 | 7.820 | 1000 | 127.9 | 328.0 | 1.623 |
| 102 | LaDx40x3 | ©.0144 | 7.820 | 1000 { 12v.9 | 333,0 { 1.633 ¢
| 312 | La5x45x3 | 0.0207 | 8,810 | 1000 | 114.0 | 335.0 | 2,400 |
| 402 | Ladx40x3 { 0.0144 | 7.820 | 1000 | 127.9 | 339.0 | 1.845 |
) 502 | L4oxeDx3 | 0,014 | 7.820 ) 1000 | 177.9 ) 333.0 | 1.633
i 602 | Lhox40xd | 0.014¢ | 7,820 | 1000 | 127.9 | 325.0 | 1.811 |
| 702 | Lioxatxd | 0.0144 | 7.820 | 2000 | 127.9 | 329.0 | ..623 |
i acl | L40x40x3 | 0.0144 | 7,820 | 1250 | 139.8 | 333.0 | 2,040 |
! 811 | L4Sxs3x3 | 0.0207 | 8.81C | 1250 | 142.0 | 335.0 | 1.618 |
i 202 | Ldoxé0x3 | 0.0144 | 7.820 | 1250 | 139,8 | 323.0 | 2.003
| 812 | L45x43x3 | ©0.0207 | 8,810 | 1250 | 142.¢ | 360.0 ! 1,885 |
i ap} | L40x4Cxd | 0.0144 ; 7.B20 } 1250 | 159.8 | 339.0 ! 2.058 |
i BO4 | L4Ox40x3 | 0.0144 | 7.820 | 1250 | 1539.8 | 329.0 ; 2.028 |
L— ' 1 L 1 L L H
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the length ratic Lq!Lg. are pot taken into ar -+ in thuse

procedures.

At higher values of slenderness (Tests B0l-6804) the ASCE and
ECCS predicticns are conservative, with the dizgonals failing st
higher loads than expected. The CIGRE results in these tests
provide close predictions in all vases, While the calculated
fajilure luvads reflect the effect of change from 1- to 2-bolt end
connections, they deo not cvonsider the effect of increasing the
s1ze of the main legs. Results of Test 801 and 803, and Test 802
and 804, with two differ . nt sizes of main legs, clearly
illustrate this effect.

A comparlson between the predicted vu_ues of fulp/fy

obtained from Equation (4.08) in Section 4.2 and the observed
test results is given in Table 4.03-d, Columns 5-6. The
calculated values tor the end restraint coefficient 8xg, the
effective lenpgth factor K and the effective sienderness ratio

KLg/ry are also included in Table 4.03-d, Columns 2-4.

As seen In Table 4.03-d, the formulae proposed for calculating
the ultimate resistance of the struts allow for all the
important parameters. The theoretical failure loads obtained in
this way are slizhtly censervative, but compare favourably with
the test results at all levels of slenderness, and aisc show
improvements with respect to predictions hased on the ASCE, ECCS
and CIGRE design curves.

It is impertant to note that this model was developed feor the
test conditions described in Chapter 2, in which specilal
suvports were designed to elimipate out-of-plane displacements

and restrictions to torsional rotations ot the main legs.

- 415 -



Comparlson of results

Table 403-.¢: Current desipn equations

L} b
i i Denign Codes
| I T T Tast
i ! ASCE (5] |  Eces [7) ! CIGRE [63} | results
{ Test ! T t T 4 T
Designation| Iy fuye ] ry i fuiy fg fule fule
T, ' g e | E, | TR
! R T | T T T
i 1 I 2 1 3 1 &« | s | 6 { 7 | 8
F - : : : : ; : 4
; 12 | 3.332 | 0.556 | 1.301 | 0.387 | <o | --= [ 0 481 §
| 202 ] 1.604 | ©0.389 | 1,552 | 0.373 { 124.3 | 0,483 0.612
| 302 b 1.613 | 0.384 | 1.558 | 0.371 | 124.3 | 0.47% 2,399
31z ] 1.482 | 0.435 ) 1.446 | ©.024 | o-u | --- 0.399
402 | 1.627 | 0,378 | 1.567 | 0.367 | 124.3 | 0.472 | 0.421
502 | 1.613 | 0.384 | 1.558 | 0.371 | 124.3 | 0.479 0,437
602 [ 1.594 | 0.394 | 1.545 | 0.376 | 124.2 | 0.488 0.431
raz ] L.604 | 0.389 | 1.552 | 9.373 ] 124.3 | 0.483 0.430
B0} | 2.046 | 0.239 | 2.04G | 0,223 | 9.7 | 0,292 0.288
| 811 } 1.823 | 0.301 ) 1.823 | 0.277 | 100.8 | 0.355 | 0.371
| 602 i 1.8%0 | ©.280 | 1.79% | D.2BS | 79.¢ | 0,354 0.336
812 | 1.82% | 0.302 } 1,722 | 0.308 | 100.8 | 0.387 0.396
803 | 2,064 | 0,235 | 2,064 | 0.219 | 79.7 | 0,287 0,324
BO4 | 1.9%3 | 0.273 | 1.414 | 0.280 | 79.7 | 0.348 0.364
i 1 L | Il 1L 1 1
Teble 403-d; Proposed solutien
e e e ) 1
| | Proposed solutic |  Test |
{ H | results )
| Test S —_— } i
1Deslgnation s K]'J fuie fuie
x5 ty  fy fy
l Il
] T T I T 1
| H ] A ]
t 1 — ¥ + t 4
! 102 ! 12.081 ) 0.738 ) 75.% { 0.500 | 0.89) |
| 202 (i 15.%66 | 0.797 | 102.0 | 9.371 | o©.4l2 |
| 302 | 12,061 | G.806 | 103.1 | 0.3u53 | 0.395 |
| 312 | B.3%0 | 6.822 | 33,7 | 0.388 | 0.399
i o2 f 10.121 | C.813 | 104,08 | 0,358 | 0.42L |
| 292 | 15.506 | ©.749 | 5.8 { 0,393 | 0.437
| 602 i 12,081 | 0.736 | 94.4 | 0.405 | 0.431 |
| 702 { 10,131 | 0.720 | 92.1 | 6.410 | 0.430
i B0 | 3.618 | 0.795 | 127.0 | 9.267 | 0.288 |
| 811 | 2.5%7 | 0.815 | 105.7 ) 0.316 | 0.371 |
| L) | %2.061 | 0.738 | 118,0 | ©.318 | 0.336
i a1z | 8.3%0 | 0.752 | 106.9 | 0.334 | 0.396 |
} 803 | &.767 | 0.762 | 121.8 | 0.254 | 0.324 |
t BO¢ | 22.598 | 0.720 | 115.0 | 0.324 | 0.364 |
— X 1 L 1 — ]
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4,3,2 - Tests on cross-bracing reported by Behnoi - [11]

A description of the frames, main legs and #perimens for this
series of tests with slenderness ratlos of 90, 140 and 160 is
given in Tables &.04-a and 4.04-b. The exper.ments were
performea on a more vudimentary test rig, shown in Figure 1.08
of Chapter 1, in which the frame supports were fixed and the
main legs were bolted to transverse beams, therefore introducing
considerable restraint to the nodal tations. The central panel
of diagonals was inclined in all tests at 50¢, and the main

leg's slope in the inclined lepgs rase was 6.5,

1t 1s now evident that the le-s and transverse beams (L100x100x8
nteel angles) and the outgide panels of bracing (L65x65x5 = el
suples) were too heavy relative to the main diaponals (L4Ox4Px3
steel angles). However, these tests confirmed the complex,
non-linear behaviour of the bracing which had been anticipated
by Elmes in bis theoretical analysis [51], and alsoc demonstrated

the strut's mechanism of failare.

The " lure loads calculated with the ASCE |31, BOCS [7] and
CGFE [63] deslgn curves are compared in Tahle 4.f4-¢ with the
te 't results [11) given in Column 8., At hiph sleaderness ratios
and 1l-belt connections (Tests 0121.-0421) the ASCE and ECCS
results are agaln conservative, while the CIGRE curves provide
reasonable predictions ot failure loads. Frames in Tests 1351
and 1451, also for l-holt (onnections, had main legs of L70x70x6
angles. Further, while in Test 1351 the cutside bracings were

LéSxehxh angles, in Test 1451 they were L40x40x3 anples,

The tesr results in Column 8 of Table &#.04-¢ - how the effects of

- &,17 -



Caese e e

Experimental results reported by Behncke [11)

Table 404-n:

Test frame chavuctervistics

| S L - T 1
| { Frame I Haia chords |
i Test - T T { T T - ——
Deglgnation « Fil ‘ Lg“'g Sizw I Ix.Bﬁ Th P l
e e | (em) |ty |
T e ! ' 1 T 1 1 1
1 1 (2 T T IR T 3 { LI A I
a T fors i e
i 0121 | 6.5} 50 | 0.760 | L1COx1QOx8 | 1.4480 | 1 | Hi2
| ozl | 6.5 } 50 | 0.760 | L1COx1Cx8 | 1.4480 | 1 | H12 |
| eI | 6.5 | 50 | 0.760 | L100x100x8 | 1.4480 | 1 | M12
| p4al | 6.5 | S0 | 0,760 | L100x100xH | 1.4480 | 1 | H1Z |
| 0s2z | 4.5 | 50 } 0.760 | LiO0x100x8 | 1.4480 | 2 | M12
| 0611 | 6.0 | 5¢ | £.000 | L1n0x100x8 | 1.4480 | 1 | M12
| b2 { 0.0 ] 50 | 1,000 | L100x100x8 | 1.4480 | | M12 |
| Q842 | 8.0 ) S0 | 1.000 | L1oOxi00xB | L.4480 | 2 | M1Z |
| 0831 | 6.5 | SO | 0.760 | L100x100x8 | 1.4480 | 1 | M1Z
| 1022 | 6.3 | 50 | £.760 | L100x100x8 | 1.4480 2 | M1i
i 1112 ] 0.6 { 50 | 1.000 } L100xI00x8 | 1.4480 = 2 | M1Z |
| 1381 | 6.5 | S0 | 0.760 [ L70x70x6 | 0.3688 | 1 | M12
| 1451 | 6.5 | 306 | 0.760 | { 0.3888 | 1 | M12 |
L I L £ N

L70x7026
[SSSUPRGRIEY R [ N——

Table 404-h: Test sperimen characteristics

r T X
1 1 Liagonala |
| Test I T T ' ' — - }
|pesignation Size I B i ty Ly | Lyity £y rg |

tmn) (mmt) { (mm) tmn) | {HPa) i
I T T T e ' ' T 1
! 1 ! 2 b3 i« 3 I & 1 7 1 o |
. + . e Er ' 4
| ooz | LaOx40x3 | 0.0.44 | 7,820 | 1280 | 156.8 | 350.0 | 2,082 |
| o221 | L&0x40x3 | 0.0l¢k | 7,820 | 1250 | (39.8 | 350.0 | 2.002 |
| o3zl | L40x40x3 | 0.Gle4 | 7,820 | 1250 | 134.8 | 387.0 | 2.122 |
| 42l | L40x40x3 | G.0l4& ) ?.820 | 125%0 | 159.8 | 337.0 | 2.112 |
| o522 | L4Ox40x3 | 0.0144 | 7.820 | 1250 | 15¢.8 | 353.0 | 2.101 |
b 08il | L4Cx40%3 | 0.0%4& | 7.620 | 1190 | 340.7 | 353.0 | 1.849 |
| 0732 | LhOx40x3 | 0.0164 | 7.820 | 1100 ) 14¢.7 | 353.0 | 1.849 |
| 0B42 I LaOx40x3 | 0.6144 | 7.8206 | 700 | B9.5 | a80.0 | l.289 )
j 0931 | L&OX&0x3 | 0.0144 | 7.B20 | 1100 | 340.7 | 757.0 | 1.860 |
| w03z | Laox4Dx3 | 0. 0144 | 7.820 ) 1100 | 140.7 | 332.0 | 1,849 )
1 111z | L4Dx40x3 | ©.0%a4 | 7,820 § 1100 | 140.7 | 333.8 | 1,049
b 1351 | LaOx40x3 | 0.0044 | 7,820 | 1250 | 152.8 | 350.0 | 2.092 |
| 1451 | L4ox60x3 | 0.0144 | 7,820 | 1250 | 130.8 | 379.¢ | 2.165 |
[ ' L i i 1 A 'l ]
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these changes of lep anid auxiliary bracing sizes, Note that the
ASCE and ECLS failure loads are riorer to the experimental
results in Tests 1351 and 1451, while the CIGRE i rves are
slightly vonservative. Result of Test 0522 with 2-bolt

conhections is not consistent with any of the model predictione.

At slenderness ratios of 140 with one- and Z-bolt connections
{Tests 0611, 0712, 0431, 1112), the ASCE and EGCS results are
stili conservative, while the CIGRE results are corre~t In all
cases. The result wf Test 1032 with 2-bolt cvonnections is not

vonsistent with any of the mudel predictions.

Test 0842 was 8 special case, with parallel legs and a
slenderness ratio of %0. During the experiment, yleld occurred
in the tie and then in the strut prior to failure. However, the
vgperimental result was too higch in comparison with similar
tvames with inclined legs. This case illustrates once again the
apparent additional strength of frames with parallel legs due to

the bhifurvation of buckling modes.

Test results dare compared in Table 4.04-d with the proposed
model, see Columns 5-6, Predictions for tests with L/r=160 and
1-balt connections ave correct, althouph the model does not
recoguaize the difference in size of the bracings in the outside
ranels, Tests 13%1 and 1451, Predictions for tests with L/r=1a0
are conservative, bhut seem to bhe vorrect for Test 0842 with

Lir=9n.

The wbserved differences of failure load s in these tests are due
ta *he different ronditions of the frames, As stated above, the
muode] has been calibrated for tests in trames with no support
restricvtions., Ry vontrast, the experiments reported by Behncke

[11] woere varried ovut in frames with full tixity in Dboth

A I
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sompatison uf results

Table 404-c:

Carrent nesipn equations

— S P . ,
J 1 anign Gedag i |
| b - e -— T { Test |
! | ASCE [5] P ECCS [1] | GCIGRE {63) | resultn |
i Teot b } T } T i {
fientynatlon [ Ik Euie £ fulr fale |
E | iPe) | fy
Ll T T T T 1
I 1 ' I & % | & | 7 } &
f Rk t # + t + + {
P et | 7,097 | 1.227 | 2.097 | 0.21% | ?9.% | G.279 { 0,200
| op2zl | 2.087 | 0,227 | 2,097 | ©.213 | 79,7 | 0.279 | 0.296 |
| N3zt | 2.118 |} 0.223 | 2.118 | ©.209 | T9.7 | ©.2?5 | 0.304 |
| a2l | 2,118 ) 0.223 | 2,338 | 0.209 | 79.7 | 8.275 ] 0,306
N P | 1.982 | 0.2%5 | L.861 | 0.267 | 7¢.7 | 0.331 | 0.43
unll | L.034 | 0,291 | 1.854 | 0.269 | L02,.7 | 0.34% | 0,343 |
07 | 1.790 | 0,322 | 1.698 | ©.317 | 102.7 | .38 | o0 *20 |
faal { 1,292 | 0.582 | 1.230 | ©,555 | =we | === | 0 587 |
n93 [ 3.864 | 0.268 | 1.864 [ 0,266 | 102.3 { 0.34% | 0.37¢ |
e J L.790 | 0.312 ] 1.698 | 0,317 | 102.%1 { 0.3%8 | ©0.520 |
e '1.790 | 0,312 ) 1.698 | 0,317 | 102.3 | 0.398 | 0.429 |
1351 2,097 | 0,277 | 2,097 | 0.203 | 79.7 1 0,279 | 0,257 |
lanl V2170 | o212 ] 2,170 | ©.1%9 | 9.7 | 0.264 | 0,218 |
et e J - L L i 1 1 J
Table 404-d: Proposed solution
ettt et - oo o o _— . .
] } Pwpnr.nd uululiun i Tout |
i I | resulte |
| Tost foroom e - Y t % —_— :
Dosignatior 6 . ® i !EL_g E,“I_‘E _[_1.95
‘ “x§ I ty Fy £y
T ' T 1 T a 1
| 1 | L D e 6 |
} 1 { t t + {
i | 7.876 1 0.746 § 119.2 | 0.29A | 0.2P0
| G223 joov.ar6 | 0,748 | 11%.3 | 0.298 | ©.28& |
| [LEFRE § 7.8%6 | O.Tab | 119.2 | 0.20& | 0,304 |
1 0421 1 7.BY6 | D.246 | 119.2 ) 0.294 | Q.306 |
| w3z | 26.253 | 0.703 | 113.1 j 0.336 | ©.s30 |
i 611 { 7.87& ) 0,823 ) 126.1 | 0.308 | 0.343 |
LY | 26.253 } 0,783 j 110,1 | 0,327 | 0.420 |
i a4z | 26.253 | 4.70% [ 0.0 | 0.5 | 0€.587 |
| 831 b?.876 | D,746 | 104.9 | 0.3&4 | 0.374 |
{ 1032 | 26.253 | ©.700 | 99.5 ] 0.365 | 0.520 |
| 1112 | 26,232 | ©0.793 | 10,1 | 0,377 | 0.429 |
| 1381 | 2.066 | 0,817 | 130.% | 0.264 | 0.257 |
I 1431 | 2.066 § 0.017 | 130.% | 0,254 | o©.218 |
L L . 1 — 1. 1 — -l
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supports. The support restraint appears to be particularly
signiflcant in enhancing the strength of the specimen with two
bolts. Ihe torsiona. restraint is less significant because the
tersional stiffuness of the main leg is so low. These results
therefore highlight the effects of boundary conditions on the

resistance of cross-bracing.

#.3.3 - CIGRE teats on cross-bracing reported by Wood [63,49]

These experiments were performed on full-scale frames, as
indicated in Figure 2.0l1-a of Chapter 2, thus representing
conditions similar to those found in real tranasmlission towers.
Data on the lepgs and bracings are given in Tables 4.05-a and
4,05-b. Note that the legs had s siope of 6", while the
dispgonals were inclined at 40", thus giving in all cases 8
constant length ratio LgfLg. Various sizes uf main legs and
diagonals were used, with 1- and 2-bolt connections. Slenderness

ratlos varied for the examined cases hetween 140 and 160G,

Iy should be noted that the main legs in Figure 2.01-a were
fully reetri-ted at the supports again t tar.jonal and flexural
rotat ions, and were joined by a transverse beam, Furthermore,
the compresaion members Iin both outside panels of bra lng were
rupparted at midapan by redundant elements, thus reducing their
in<plane buckling length. The effect of these additional
hracings on the nodal rotations and therefure on the behaviour

and resistance of the main disgonals {s unknown.
Failure loads are compared in Table &4.05%-c. The CIGRE

predivtions are not imcjuded in the discussion, since the CIGRE

destpn curves are based empirically on these tust results, and
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Experimental results reported by Wood [49] ¢nd CIGRE [63]

Table 405-a:

Taest frame characteristics

T

1 T 1

H i Frame | lhain chords |

[ Tase — T 4 T T T {

|pesignetion| = b | LalLg Size I,.E6 jzp | o

| 1 | 0 tmm) (mmty

L f t T - ¥ T 1

| 1 2 1 3 b & | 3 | 6 |11 & |

| —— ¢ } 4 f t {

| 005 | & 40 | 0.838 | LY¥0x70x? 1 D,4320 § 1 ) ML& |

b 00¢ | & | 4D | 0.838 | L70x70x7 P 0.4320 {1 | M16 |

i 031 1 6 | &0 | D.e3s | Lroxyox? { 0.4320 [ 1 | M16 |

| 03z | 6 | a0 | 0.838 | L70x70x7 | 0.6320 | 1 | H16 |

| oL P 5 | 40 | 0.838 | L70x70r7 I 0.4320 | 2 | K16 |

| 615 [ 6 | &0 | 0.038 | L7Ox70x7 { 0.4320 { z | HI6 |

i 038 { 6 | 40 | 0,838 | L70x70x? 10,8320 | 2 | HMG |

! 039 | 6 | 40 | 56.838 | LYOx70x? | 0,4320 | 2 | M6 |

i 040 I 6 [ 40 | 0.838 | L7ax70x? | 0.4320 ! 2 { té |

| 041 | 6 | 40 | 0,838 | L70x70x7 | 0.4320 | 2 [ Mi6 |

| 0g2 | 6 | 40 | 0.835 | LA15x115x10 | 2.7890 | 2 | M20 |

i 093 I & | 40 | 0.838 | L115x113x10 | 2.7898 | 2 | M20 |

1 106 | 6 | 40 | 0.838 | L110x110x12 | 2.B400 | 2 | M20 |

| 109 P8 | 40 | 0.838 | L1102110x12 | 2.8400 | 2 | M20 |

! 148 | 6 | &0 ) 0,038 | L130x130x12 | 4.6700 | 2 | M2k |

| 148 FoB | a0 | £,838 | L130x130x12 | 4.6700 | 2 | HI4 |

[} P 1 i i 1 1 1 1

Table 405-b: Test specimen characteristics
[ T H
| t Dlagonels |
| Tast t T - T T
Designation §izn Iy.E6 Ky Lg Lgizy fy 'y
(mm) tmé) | mm | (o) {MPa)

I T T 1 T T
} b} | 2 I3 b4 1 s | & t 7 | 8 |
b f t f 1 } ] i {
i 005 | Lu5xasx5 | 0.0326 | B.707 | 1380 | 158.5 } 343.3 | 2.055 |
| 808 | L4dx45x5 | 0.0326 | 8.707 | 1380 | 138.5 | 392.3 | 2.196 |
i 031 { L50x50x5 | 0.0454 | ¢.738 | 1559 [ 160.1 | 323.6 | 2.013% )
i 012 | L50x30%3 | 0.0454 | 9.736 | 1559 | 160.1 | 326.6 | 2.024 |
| 0i4 | L45x45x5 | 0.0326 | 8.707 | 1380 | 158.5 | 364.8 | 2.11B |
[ 015 | LASx43x3 { 0,0326 | 8.707 | 3300 | 158.5 | 348.1 | 2.069 |
i pig | L50x50%5 | 0.9434 { 9.73& | 1559 | 160.1 | 375.6 | 2.175 |
} 039 | L30x50x5 | 0.0454 | ©9.736 | 155% { 160.1 | 400.1 | 2.240 |
[ 040 | L5Ox50x5 | 0.0454 | 9,738 ) 1380 ' 141.7 | 356.9 | 1.873 |
[ D4l { L59x50x5 | 0.04%& | 9.736 | 3380 | 141.7 | 372.6 | 1.914 |
1 o092 | LGax6éx5 | G.0920 | X2.30 | 1730 | 140.0 ] 274.2 | 1.622 |
| 093 { L&4x64x5 | 0.0920 | 12.50 | 1750 | 140.0 ) 308,53 | 1.7%0 )
I 108 | L?Ox70x5 | 0,1300 | 13.78 | 2120 | 153.8 | 307.5 | 1.B87 |
i 109 | LY0x70x5 | 0.2300 | 13.¥8 | 2120 |, 133.8 | 294.2 | 1.0846 |}
i 143 { L9Ox90x6 | 0.3330 ] 17.83 | 273% § 183.2 | 290.,2 | 1.85L |
| 149 | L9Ox90x6 | 0.3330 | 17.83 { 4733 | 153.2 | 296.2 | 1.B51 §
[ 1 L i i ] A 1 |




by definition should therefore correlate accurately. Tests with
1-bolt connectlons are examined first (Tests 005, 006, 031,
032}, The ECCS and ASCE rcurves give conservative predictions of
failure loads, but the ECCS5 results are more vonservative. Both
provedures jdentify the ditferences of alenderness ratle and

size of diagonals in these tests.

The above experiments are repeated for 2-bolt connections (Tests
014, 015, 038, 039). The ASCE and ECCS curves are conservative,
but this time the ASCE predictions are more conservative. Note
that In both 1- and 2-bolt cases with the same size of main
legs, the caiculated failure loads are closer to the test values

in the case of heavier diaponals,

Tests 040, 041, 092 and 093 have reduced slenderness ratlos for
two different ratiovs of diagonal/main leg sizes. Both ECCS and
ASCE curves are optimistic in the cvase of light members, and the
diagunals resist less than expected In Tests 092 and 093 the
members in the frames are heavier, and the ASCE and ECCS pgive

very conservative results.

Teste 108, 109, 148 and 14% have the same slenderr 3 ratio,
with two ratieg of diagonal/main leg sizes Doth the ASCE and
ECCS curves give similar results, but are conservative in all

CASPY.,

Resulte from the model proposed in this Chapter are premsented in
Table 4.05-d. The restraint voefticients Syg, which in this

case are not influenced by changes in the bracing inclination g,
are smaller than in the previous cases, thus sugpesting a
greater relative flexibvility ot the bracings. The effective
length tactors .., whirh in this case are not inlluenced hy

changes in the lenpgth ratio Lellg, are as a rule higher than



Comparison of

results.

Table 405-¢: Current design equations
I T i T 1
| | Design Codes | i
! [ T - T - Test |
i [ #5CE (5] I ECCS [7) | CIGRE {63} reaults |
1 Test b T | T 4 T |
ealgnatiun} Iy Uyl fule H Eyre fule
L k3 l T ‘ T e | G | E
- 1 L] 1 1 T
| 1 l A [ & L 7 | |
} t f { ¥ { f +
! cps | 2.@80 | 0,236 | 2.060 | 0.220 | B0.9 | 0.288 0.288
{ [+]s].] | 2.202 | 0.206 | 2.202 | O.194 | 80.% | 0.257 c.213
| 231 | 2.020 | 0.245 | :.020 | 0.229 | 79,3 ; 0.268 0.286
| 032 { 2.02% | 0.243 | 2.029 | 0.227 | 79,3 ] 0.295 | 0.270
| 14 ] 2.001 § ©0.250 | 1,872 | 0.264 | 80.9 | G.327 | 0.325
i a13 | 1.95% } 0.282 | 1.84Y | ©.272 | 80.9 | 0.338 | 0.345 |
| 038 | 2.05% | 0.238 | 1,909 | 0.25% | 79,3 | ©.315 | 0.260
| 039 ] 2,123 { 0.224 | 1,952 | 0.244 | 79.3 | 0.302 | 0.270
i 040 | 1.816 | 0.305 | 3.714 f 0.311 | 101.3 { 0.381 | 0.295
i 04l | 1.84% | 0.293 | L.740 | 0.303 | 101.3 | 0.370 | 0.283 |
i 092 | 1.5701 | 0.405 | 1.5%1 | 0.374 | 103.7 | 0.&404 | ©.300
| 093 { 1.667 ] 0.360 | 1,635 | 0.347 | 103.7 | 0.443 | ©0.503 |
{ 108 [ 1.793 | 0.311 | 1.722 | 0.308 | 85.90 | 0.38% | 0.318 |
i 165% } L.754 | 9.325 | 1.698 | 0.317 | @83.9 | 0.359 | 0.39% |
| 140 [ 1.760 | 0.323 | 1.699 | 0.316 | 6.8 | 0.397 | 0.438 |
| 149 | L.760 | 0.323 | 1.689 | 0,318 | ®6,6 | 0.397 | 0,412 |
L A 1 1 1 L 1 1 ]
Table 405-d: Proposed solution
R T T T
| | Praposed solution { Tast |
{ i | results |
] Test F T T T } {
Designnl10n| ' Rbg | Euyp fy1e
i I l Ty i Ty
r LI ] L) ¥ T 1]
| 1 i 2 1 3y 1 & | 5 | 6 !
| { t } } i |
| 005 | 1.237 | p.B6Y% | 13F.8 | 0.245 | 0.208
| 096 { 1,237 | 0.869 | 137.8 { 0.221 | 0,273
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in the previous cases, thus giving lower burkling leads.

The predicted failure loads are conservative in most of the
vases and, in further analysis, they are very similar to the
ASCE falluie loads given in Table 4,05.¢, Column 3. It is
therefore apparent that the test spscimens in the CIGRE
experimental programme are affected by the additional
restraining conditions in the frames, resulting in higher
failure loads, particularly in the 2-bolt tests. The propesed
design procedure does not consider these particular conditions,

giving as & result lower failure loads.

4.4 - Sumnary

A simplified, semi-empirical model for the calculation of
cross-bracing buckling lcoads has been presented in the preceding
Sectionz. This model is based on the experimental results
repc~ted in Chapter 3, and therviore includes most of the

parameters that Influence hracluag behaviou:.

Comparisons of test results with the calculated fallure loads
show that the proposed method reflects the variations recorded
in the tests for various conditions and are, to a small degree,
conservative. The calculated loads show improvements with
regpect to predictirns based on usual buckling cvurves. As an
example, Figure 4.04 shows curves ralculated with buckling
equations from ASCE [5] and the proposed model in this Chapter,
for a typical combination of strut and main leg sizex in latveral

panels cf sterl transmission towers.

It can be seen, for the usual range of slenderness ratios in
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these structures, that results from the proposed design
equations sre lees conservative at higher slenderness ratios,
while the strength of the bracing is reduced et lower values of
slenderness. These predicticns are in line with experimental

results.

When the conditi.is of tests are very different from those In
the present investigation, however, the calculated results are
vonsiderably more conservative, and of the same order as those

obtained with the ASCE and ECCS design curves.

A more comnlex non-linear computer analysis is intrnduved in the
following Chapter, in which the vonditions of the bracings ead
the holted connections are medelled based on flexibility

equat iong.
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CHAPTER 3

A COMPUTER MODEL ¥OR NON-LINEAR ANALYSIS OF TWO-DIMENSIONAL
FRAMES

5.1 - Introduction

The exact analysis of two-dimensional frames composed of
apen-section main legs and bracings is extremely complicated and
difficult to comprehend, because of a multiplicity of
interreiated factors. The bracing diaponals ar~ subjected
primarily to in-plane forces and moments induced by the actions
of external lozds on the strurture. They also sustailn
out-of-plane end moments caused by eccentririties of thelr

connections tc adjoining members.

These and other effects have been modelled with some difficulty
for single beam-columns after selection of the appropriate
bourdary conditions, and also assuming that the clements’
geometric and material characteristics are perfectly known. As
seen in the review of related investigations presented in
Chapter 1, differential equations of the deflected axis of the
columns, in equillibrium with the external forces, can be written
even for the most complicated case of biaxial bending, and this
analysls van also bep extended to vonsider inelastic hehavinur of

the angle struts,

Most of these particular conditions, however, cannat be
formulated appropriately tor members with asymmetric

cross-sections whith ¢ om part of larger planar frames, as in



the case of tower panels with (ross-bracings. The major problem
is the difficulties in defining proper values of equivalent end
eccentricities and end restraints, as well as the direction of
the planes containing tnese restraints, while at

the same time considering the beam-column's behaviour at midspan
about the section's principal axes. Similar problems are
encountered when trying to analyze the interactions between the

tie and strut disgonals at the cross-over joint.

A tynical example of such a problem is given in & publication by
Kemp et al [68], in which dlagonal struts of plane frames were
mav. lled using the finite-element program ADINA [69]. Although a
fairly sophisticated program, ADINA allowed only for symmetric
beam elements in non-linear structurel analysis. Therefore the
bracing was repreaseited hy one strut formed by various
non-linea:r beam elements in which only the weakest axis of the
angle bracing was modelled. The torsional and other restraints
relative to the boundary conditions were represented in
simplistic terms by considering an effective eccentricity

applied to the angle strut reiative tr~ the design axis.

It was found that the ADINA finite-element package could be aged
for -odelling the non-linear behaviour and predict the fallure
5 of struts 1t cruss«bracing systems, but noting, however,
het thr fiagonals were analyzed as single memherm, with
simulation of the boundary conditions at the cross-aver joint
and at the ends of the strut, f[or which some preliminary

manipulation was required,

A more complete design facility was not avallable in any design
packege A, the time of commencing the present investigation.
Consequently, a non-linear flexibility model was developed,

incorporating most of tne important effects typical of angle



strutes in treansmissinog tower panels. This model is des<ribed in
the Following Sections, and comparisons of results are also
presentad of ras. resulte and predictions of fa.lure loads fron

the propo-od compater model.

5.2 - A program for non-linear flexibility analysis of plane

fFrames

Twi-dimensional panels with steel angle cross-bracings such as
rutlined in Figure 1.01 for transmission turers show sharply
non-linear behaviour under loads, and this may be attributed to
three causes, namely material, geometiic and boundary

wun-linearity.

For the purposes of the study of diagonal c¢rass-bracings
undertaken in this investigetion, however, only the second
effect is examined. Angle memhers are therefore analyzed within
the elastic range, and any influences from the boundary

conditions are assumed to he linear.
Svlution techniques of st ctural problems are normally based on
twoe methods:; the displacement or the force methods of matrix
analysls. In the former method the unknown displacemente for
gach degree of freedom are obtained from solution of the
fullowing set of simultanvous linear equations:

{F} = [K] {u}

where

- F oare the nodal torces,



- K are the cosfficients: of the strucrture stiffness matrix,
and

- u are the nodal displacements.

smmonly, in a non-linear analysis the externrl loads are
nereased in various steps, at each of whivh the structure

gt iffneax is updated in order to account for axial forve in the
elr.ents and the deflected prometry of the frame. After ecch
Joad iteration it is necessary to solve the equilibrium
equations until converpgence of the axial forces in the members
is reached. This may e a iengthy priecess, involving large

amounts of computer time and memory capacity,

The rraditional Force ot Flexibility matrix analysis of
statically indeterminate structures, on the other hand, presents
the problem of identifying the redundancies, which are
vonsidersd as vmkoowns., Thils process s relatively simple when
applied to the solution nf frames with a small degree of stutic
indeterminacy. For larger and more complex frames, however, the
selection of redundancies becomes rather difficult, uncertain
and time consuming, although Robinson's Rank Technique {61}
allows for automatic fdentification of the depree of

indeterminacy apd subsequent selection of redundancies.

Cunsequently, a new method and a computer program described by
Kemp [(66] for non-linear {lexibiliiy analysie of two-dimensional
framer are avapted bor the structural arrangements in this

investigation, as discugsed helow.

Kemp® s method is based on g mixed flexibility approach, in which
the member eml moments amd telative nodal displavements about
the section's principal axes are adopted as unknowns, without

making any reference to static indeterminacy or redundancies. 4



similar technique has bwep proposed previously by bBleich [67],

in which the end moments are a priori selected as unknowns.

Fipure 5.01l-a shows the two-dimensional tframe with steel angle
legs and diagonals simalated in the vomputer analysis. The
atructurs is assumed to be soppoited at the four nodes a, b, d
and e, where no out-ot-plane deflections are permitted, but

whire these nodes are tree to rotate in any direction,

The axial loads in the members are calculated from linear
equations of equilibrium of the struvrure under external loaeds,

with the inclusion ot additional facvtors as follows:
P = Pq Kq
in which:

= P is the axial force in each diagonal.
- Py is the nominal load «n the bracing, calculated from
static equilibrium.

« Kq is 8 factor defined as indiceted below:
Kg = K1 K2 K3
whetre

- K] didentifies tension or comptession member.

- Kz gives the tatio ot tension to compression forces In
the bracing, and it is assumed initially that the
tension and comptession torves in the diagonals are
rqual.

- K3 ir a loasd-inerement ftactor.



Tne stabillity conditions and the non-linear behaviour of the
mambers are formulated through the inclusion nf the Berry
funrtions By and By in the flexibility matrices, The details

of this approach are given in Appendix D.

The memhers in the bracing system are each divided inte two ar
more equal subepans, and four unknowns are considered at the

intermediate nodes, Flgure 5.01-b, as indicated below:

- About the u-axis: Jy snd My

- About the v-axis: dy and My

where d indicates nodal displeacement and M indicates end bending

morent .

Equations are written of moment equilibrium for each element and
rotation compatibility at each intermediaste node of the frame
(f.e. nodesg ¢, ¢ or g in Figure 5.01-a) about the membecs'
principal axes to solve these unknowns. Additlonal equations are
required te describe the conditions at some particulsr nodes,
such 8% the cross-over joints (i.e. nodes p, ¢ or q in Figure
5,01-a), and also at the polnts of connectlon between the
bracings and the main lca: of the freme (l.e, nodes 8, b, 1 or e
in Flgure 5.01-a). These latter connections require further
analysls, in which the effects of ecventric loading and end
connections tn the main legs are considered about appropriate

axes.
The following assumptions are also made:
- The diaponals ant the main leps are equal-leg, hot-rolled

steel angles with constant cross-section, and they are

connected tugether in the frame as indicated in Figure 5.01-a,
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- No gusset-plates are used at the connectiorns hetween bracing

and legs,

- The tie and sirut diagonals have equal grometric and material

properties, without initial imperfecticns,

- Unly out-vi-plane deflections at intermsdiate nodes are

considered. Frame lateral translations are not included in the

anaiysis, and

1
z

{b)

Fipure 5.01: a) Two-dimensi-nal frame « % ragssed disgonals,
as simulated in the analy.:e LU -7 ', Hote that the positlons
of the main cherds and brao »ps are as in the experimental
fremes. b) The unknowns at rach of the nodes about the
principal axes ar. also indicated.



- Btrain distribuction is assumed to be linear scrose the depth

of the sectiof.

All nodal relationships form a system ot simultanecus egquations
in which the unknowns are the end woments and nodal deflections
about each principal exis, and the ceefficients are given as
funrtions nof the members' dimensions and the calcvulated axial
forces. additional unknowns are included to define the forces at
the c¢roass-over joints and the rotations of the main legs at the

connecting joints.

In & last step the extreme fibre stresses are calrulated at the
sections of maximum bending moments, and are compared with the
yield stress of the material. No iterations are required, except
in the last step, If, after considering the maximum specified
load, the maximum stress at any section unJder consideration is
not egual to the specified yield srress of material,

iteration procedure follows, in which the load-increm. factor
K3 is adjusted until the stresses converpge on the elastic

limit. Normally nnly twe to four extra runs are required.

The most important characteristics of this analytical model are
examined in the tollowing Sections and the detaliled derivation

is given In Appendizx D,

5.2.1 - Simulation of end restraint at bolted connections

The analviis ot test results in Chapter 4 Jdemonstrates the
impotrtant influence of emd restraints on the ultimate resistance

wi hracings in planar drames. 1t is considered that variaticas



of end restraint are caused hy the number of connecting bolte,
the relative size of the main legs, and the bracing inclination

B (see Flpure 5.01-a}.

The exact, non-linear modelling of the vomplete connection
behavicur in a multiple-node frame is a near-impossihle task,
which is aggravated 1f the tonnecting members are
non-symmetrical sections, er in the cese of steel angles.
However, examination of frame behaviour and common ¢ngineering
judgement indicate that some convenient generalizatiens can be

made, a5 explained below.

A cypical connection between an angle diagonal and & main leg is

e, .
v
eu}(‘é:/\ >’ P
'I — .l b | o -—————
s iscAn B . X 5

=
e
-

e

Figure 5.02: Simulation of end restraints at a typical bolted
connection between two stesl angles. Note the
eccentricities about the orthoponal x- and y-axis.

- 5.6 -
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illustrated in Figure 5.C2. Fo cves are transmitted between the
main member and uvnly one leg of the strut or tie by the
connecting bolts. The applied force P is considerably eccentric
te the orthogonal centroidel axis x, but to a varying degree to
the y-axis. This is because the eyx eceentricity about the
y-axis depends on the relative distance between the backmarks,
or design axis where the belts are located, and the y-sxis of

the member, Figure 5.02.

Observing the strut-main leg connection in Fipure 5.02, the
following criterion can le eatabl«shed for defining the

restraining action sber . (he x- and y-8 st

About the y-axis. In the case of single-bolt connections, free
rotations are permitted at the end of the bracing about the

y-axis, and this can be expressed as follows:

Myt, = 0

shere MyL represence the main leg's restraining moment about
the strut's y-axis. Consequently, thers ir no restraint at the
joint, rud the bracing ls assumed to behav as pin-:nded about

the y-axis.

In th case of multiple-bolt connections, on the other hand,
only small rotations are posuible about the y-axis, whicli can be

approximated by wguating the rotetions to zerve as follows:

9\!520

in which 8yg are the strut's end rotations about its y-axis.

This case can be represented as a tull-restraint, or fixed-end

-~ 5.10 -
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condition,

About the x-axis. For analysis of single- and multiple-bolt
vonnections about the x-axis, no relative rotations are
permitted initially hetween the main leg and the bracing, also
indicating a fully-rigid connection 2t these jaints, During
calibration of the computer model, however, it became evident
that this suiution was not completely correct for the x-axis. A
modification was therefore introduced, as explai +d in Section

5.2.3.

5.2.2 - Conditiong at intermediate nodes

Consider any two generic elements ij and jk in a bracing under
compressive load P, meeting at the rigid jeint j of the

diagonal, as shown in Figure 5.03, where there is one unknown
end moment and one unknown nodal displacement in the plane uz.

The following equations are used to solve the unl.nowns:

1) One eguation of rotatlon compatibility at the node j,
reflecting the equality of rotations at the enas of members

ji and jk. This is written as follows:

8vii = Ovik = 8]

These tatations can be expressed in terms of the end moments
and relative node displai ements, as indicared in Appendix D
and, after vonsidering equilibrium ot forces at the node j

and rearranging terms, we can write;
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©od e camde
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where B1-Bg4 are the Berry sceability functions
corresponding to the elements ij and jk about the v-axis,

and Mvji=-Mvjk=Mvj.

2) One equation derived from swav equilibrium conditiovns of the
elements 1j and jk. The sway equilibrium equations are
written in terme of the end moments and include the effect
of the axial force P, as shown in Flgure 5.03, Taking

moments to the left of the nade j, we ran write:

My
kJ
- f N P
Bk % A3
L

Yy

i

(a)

Figure 5.03: Conditions at Intesmediate nodes in Lhe braclng.
a) Undeflected position. b) Consldering the general case of
comprepsion forces and sway.

e



» Mv. + Mv, + ¥, -~ Piu, - u,}) =0
i i 1 1 i

in v lch ¥ is the shear torce and u are unknown nodal
deflactions in the plane uz. Operatinpg on the sbove

expression:

Mv 4 Mvi P
- - . + P A _(uj - ui) = 0 ....(5-02)
Ly Ly Ly

Similarly, taking moments to the right of nede j:

My, M\Fj P
T UPURE | (uk - ui} = veen 65003
L3 Lj Lz
By elimination of the shear forve V between Equatilons (5.02)
and (9.93), we finally obtain. in terms of the unknown

moments My and deflections u:

Mvj P 1 1 1 1
= e g Mg +mno) = Puje- 4 a—)
Ly Ly Ly L, Ly Ly
M\Fk P
- e gy = O e 13.08)
La Lz

Thus Equatioms (5.01) and (5.74) are wriltten as functions of the
unknown end moments and joint displacements corresponding to the

elements which are directly connected to node i,

A similar pair of equations equivalent to {5.01) and (5.04) can
be written for the plane vz at this joint, and also for all
other intermediate nodes on both tension and compression

members.

- 5.13 -



5.2.3 - Conditjons at joints where dimgonals zn main leps are

inte reponiected

Consider now a genetic segment 1] of length L ' & diagona.,
conhected to 8 main leg at the joint j, as indi: 2ted {in Figure
5.04-a. By definition, displacements at node i are equal to
zero, since it is one of the structure's supports. Thus we can
write two equations of displarrment compatibility at node j in

the direction ot the strur's principal axes as follows:

uj = 0

vi =0

End rotations about the principal u- and v-axis in the diagonals
can be expressed as functions of the unknown end moments,
including the effect of the eccentric ax.al forces at the
connections. However, as Indica.ed before, a distinction must he
made hetween single and multiple-bolt connections about the x

and y orthogonal axes.

Rotations about the x-axis for single and multiple bolt

connectjions

Figure 5.04-4 shows a connertion between a diaponal bracing and
a main leg at a generic node . If the conrection is iairially
assumed to be rigid, the condition of equality of rotations,
projected on the plane yz in the strut, van be expressed as

follows:

5.14 -
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Filgure 5.04: a) Conditlons at joints counecting diagonals and
main cherds. Directions ¢f end moements and end rotations In the
bracings are also indicate?. b) Note the rotational spring
which represents the flexibi. ty of the jolut about the x-pxis,



Bxg + Oxprosd + Hzpsind = 0

in whirh

- 8x], and @zl are rotations a. the connecting node about
the na‘n lep's arthogonal! axis xi, and lungitudingl axis
z], raspeotively, and are considered as addit ional

unknowns .

- #xg Is the diaponal’'s end rotation about its orthogonal

x-oxis.

- The anpie % in Figpure 5.04-ga indicates the relative

inclination between the strut and the main leg,

However, this assumption in the model about the x-axis dves not
provide good correlation with tne experimental resuits. As eeen
iy Chapter 3, there are ipdications of additional end rotatiohs
age to the flexibility of the joint hetween the bracing and the
majn leg aboat the strut's x-axis. A semirigid joint model 1a

tharefore adopted, in which the total end rutations car. now he

expressed as follows:

Mys
grg + - - 4 gxeo9d + Ozpsing = 0 s a (3.05)
x&

in which Mys/5x5 are additional rotations due to the action
v a rotational spring S¢s. The moment.rotation ratin is
assumed to be linear, as indicated in Figure b».0a-b, and the

values £ Sxs are foend empivically, as in Chapter 4.

Ghuerving new Figute 5,05, the moments and rotations about the

- 5.1e -



gtrut's x-axis at joint j can be written as follows:

1
MXS = ) (MU.S + MVS]
v2 er s (5.08)
1
Hxg = - (Bug + fAvg}
v

and from Appendix D, rotatlens Pug and 8ve in element §§ at
joint j can be expresawd as functions of the end moments and

nodal displacements in this element as indicated Jelow:

MUjLBl
Bus B - i o -

Mu; LBy vy - vy
iE1,, BEI, 1.

Y
)
)

Figure 5.05: Positive directions of end moments
end rotations in the bracing,
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+
381, GETy L

Bvg =
s (3,07

where B] - B4 are the Jerry function: correspondiag to the
element 1] about the u and v principal axes respectively. The
final expression For rotation compatibility at this node in the
vz plane are thus obtained by substituting Equations (5.06) and

{5.07) in Equarion (..05),

Rotations about the y-mails for single-bolt connections

Far 1-bolt end conpections in the plane xz, Figure 3,06, [t ix
assumed that there {s no restraint in the node, and this

condition Is expressed as follows:

My; - P ey + My, = 0

in which

- Mys ls the strut’'s end moment at node j about the y-axls.

- P is the axlal force.

- ey is the eccentricity in the plane xz, as in Filgure 5.06.
p - MyL 1s the main leg's restraininp moment about the strut’s

, y-axis.
By definition, however, the leg restraint Myj, is equal te

zere, and thersfore the above pxpression can be written, after

Figure 5.05, as indicated below:

- .18 -
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i
Mye = --— - {(Muy - Mvs) = P e
¥s v2 3 ] x

from which,
HUj - HVj = 2 P Py

It is important to note that this last equation relates the

Figure 5.06: Condld.lons at the connection in Figure 5.04-un.
NHote the eccentric forces about the orthogonal x- and y-axis.
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strut's end mon s oahout the  principal u- amd v-axis, and the
external mome:  fue to prcentricity of the axial Joad about the

orthogoenal y-axis.

Rotations about the y-axis for multiple-bolt connections

Foar two or more bhelt end-connections in the plane xz, Figure
5.06, 1t is assumed that & rigid restraint condition exists in

the nede, and this can be described ag follows:

fyg - By, = 0

where #y and Byl are the angles rotsted by the diagonsl and
the main lepg about the y-pxis, Observing Figure 5,03, we can

write these rotatlons and end moments as follows:

The end rotations duj and @vj about the principal axes can

now be written ag a function of the stability factors, ag in
Equations (5.07). A similar enalysis is performed for all the
diagonals about bo:h principal axes st their connections with

the main legs.



5.2.4 - Main leg unknowns

It is at the bracing-to-main leg connections where some of the
moast important assumntions are made in this procedure, as

explained bhelow:

- The axial loads are aprplied evcentrically on the dlagonals
by the main legs, thus inducing hending effects ahout the

loval x- and y-axis, see Figures 5.02 and 5.06.

- The eccentricity about the x-axis 15 defined by the normal
framing ecoventricity, ey, while the eccentricity ey
ahout the y-axin 1s detined by the distanie between the
backmark design axis, on wilch the bolts are located, and
the centroldal lengitudinal axis, as shown in Figures 5.02
and 5.06.

- The main leg provides flexural restraint through the bolted

connection about its xg, and v}, orthogonal axes.
- The main leg's torsional restraint about the zj, axis is

defined by the $t. Venant's torsional vonstant of the angle

sections, vileh is calculated as written helow:
1
1ZL - 2(h13}
3

where b oand t indicate the angle's width »nd thick, as
respectively. For egual-lep anples, however, Izl can he

appruximated as indicatea by Kennedy in [34]:

- 5,01 -



1
Iz) = 5 t30n - )y

~ As a simplifivation, the main leg is assumed to be a beam
with the sectional and material properties of the actusl
steel angle section, but no evcentrivities are consldered

about any of its principal, orthogonal or longitudinsl axes.

Three additional equations of moment equilibrium are written at
the supporting nodes tor solving the three peossible unknown
rotations about the main leg’s orthogonal axes, as functions of
the eccentric bracing forces, the end moments in the bracing,

and the main leg's torsional and orthoponal restraining moments.

Consider the connection between & main leg and two diegon..als at
a generic node j, as shown in Figure 5.07-a. The moments applied
to the node by the invoming elements in the three orthogonal
directions are written as indicated below, assuming that the
moments in the main leg ate zero about the three exes outside of

the central panel of bracing:
In the x|, direction - Projecring the end moments on the main
leg's xI axis at node j, see Figure 5.07-8, we can write:

Migr + (Mg, ~ P eypleoa@y - (Miyg - P eyglcosd; = 0

in which

- subscriptes L, t and s refer to the main leg, tie and strut
respect iy ly.
-~ prepntricities py are as shown in Figures 5.02 and 5.06.

- 91 and @2 are anples hetween the bracings and the main
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leg, as in Flpure 5.07-a.

As seen efore, the end moments tor the tie and the strut about
their orthogonsl x-axis van be expressed as functions of the

principal moments My and My a4 follows:

Mige = (Migg + Miygl/v2

Mixe = (Mjye + Miyed/v2

where moments Mjy and Mjy are the unknown end moments at the
end of rhe rtrut and tie atout the principal axes u and v,
respectively, as in Figure 5.05. The main leg's restraining
moment about its xl-axis can be wrltten from slope-deflecticn

equations ms indicated below:

Ik
Mjy1, = L - [aBjy, + 28iy]
1

where

- E is the modulus of elasticity.

- Ir1, 1a the main leg's moment of inertla about its
orthugoral x{-axis.

« Ly the length of main lepg between nodes j and 1 in ¢*
frame, as shown in Fipure 5.07-h,

- 8jxi, and flyy, are the unknown rotations in the main leg

about its xp-axis at nodes j and §{ respectively.

In the yI, direction -~ Projecting all end moments on the main

leg’'s y. axis at node j, see Fipure 5.07-., we can write:
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Miyr, = (Miyp -~ P exe) + (Miyg - P eygg) =0

in which ex are eccentricities as indicated in Figures 5.02
end 5.06. As before, the orthogonal end moments in the diagonals
can be expressed as functions of the principal end moments as

foilows:

Mijgr = (Mjyy - Miges /v

Miys = (Miyg - Miva)}/v2

and the restraint mement from the main leg about its yl-axis

Figure 5.07-b: Main leg rotations. Detail uf
main leg lengths L1 and L2.

- 5,25 -



is given by the following slope-deilection expression:

Elyy,
v

where

~ Iy1, iz the leg's moment of inertia about its orthogonrl
yL-axis,

- E and L) are as iudicated sbov- for the xp-axls.

- 8jyL and @iy), are  he unknown rotatiens in the main leg

about jits yL-axis at nodes j and 1 respectively.
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Figure 5.07-c: Main leg rotacions. Conditions ac the
connecting nodes about the ¥y -axis
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In the 2 direction - Projecting all end moments on the main
leg’'s longitudinal zy,-axis at node j, see Figure 5.07-a, the

followin, equations can be written:

Miz), - (Mi ¢ - P egplsingy - (Mjyg- P eyglsing) = 0

where ey, Mjxt and Mixs are expressed as in tie XL
direction, and the main leg restraint in the zj, direction is
initially pgiven by the expressicn of torsion of an element of

length L1 as follows:

in which ¢ is8 the section's torsional modulus, Izl 1s the
S5t. Venant's torsional cvonstant as given before, and €jz1, and
81yl are the unknown torsional rotations of the majt leg at

nodes | and i respectively, ser Figure 5.07-h.

Thic approach, therefore, implies that there is no torsional
restraint at the supports of the frame, m and n in Figure 5.01.
It must be remembered at this point that considerable care was
taken in designing and detailing frictionless tension and
comprersion supports for the testing frames, as shown In Flgures

2.00 and 2.10 of Chaptet 2.

However, an uption was included do the program ior the
simulation ot houndary effects about the zi, lopgitudinal axis,
as explained helow. Observing Fipure 5H.07-b, the unknown
tarsional restraining avtien of a support at node I can be

ronsidered as an additional torsional moment as follows:



GIZL

szL = 'Lé [Blz; - Bkgy)

in which L2 is5 now the length of main leg between node i and

the support at node k, and Akgl, ls the unknown rotatlon of the

support k. This rotation can he expressed as a function of the

additional torsional moment as indicated helow:

" szL
a £
zL

SzL

where Szl is a linear restraint coefficient represerting the

stiffness of the supporting joint k, 2nd is determined

empirically. Replacing this rotation in the above moment

equation:

i Glz Glzy, M,
M: = g - gk = . - i -
21, " {8, zL]} Ly [8jg1, s !

and substituting, we can finally express the additional

torsional moment at end j of element {k as 2 function of the

rotation 8jzl, as indivated below:

, SpLle GlgL

w e . Hi .
jZL SZLL2 + GIZL Lz 2L

from which the total main leg rotational resteaint

el {3.08)

results:



GIzp

Mig = By [#izy, - &jzL] ¢ M]zL
1

When the restraint coelfficient 5z, is pqgual to zero, see
Equation (5.08Y, the support acts as pin-ended, as in the
initial assumption. When the res' aint coefficvient tends to
infinity, the vupport acts as fix- nded, and there 1s an
addjitional tursicnal restraint in the main teg given by the

following exprersion:

e 1P .
LI a1

As cvan oe seen in the above cases describing the main leg's
behaviour, the unknown end moments about the princival axes of
each diapgonal are considered simultanepusly with the bending
effect induced by the eccentric forces and the main leg’s
restraining moments. all being projected on the main leg's
orthoponal axes, It haes been found throughout this jnvestipztion
that these arcrngements, although simplified with respect to the
more complex acvtual rondictuoens, cannot be modelled completely in

standerd linear or non-linear programs tor structural analysis.
5.2.% - Conditions at crosms-over joints

One ot the main characteristics of a crass bracing system is
that its diagopalr sre interconnected at the cross-over joint,
Yhis is a peint of interaction between the members, in which the

tie provides Jateral gepport ' the strur, allowing, under



particular conditions, for a nun-symmetrical mode of buckling.
The lateral stiffness in the tie ls primarily dependent on its
flexural rigidity, as well as the amount of axial force in the
memher, as explained in [38,43). Twn cases are considered in the

present study, as indicated below.

Cross-over joint in the central panel of bracing

Consider a generic central cvross-over joint j in the panel of
Figure 5.08-8, Three unknowns are introduced in the program for
analysis of this joint, namely one ve tical forve Cy, eqgual

and opposite in both diagonals., (nd one horlzontal force for
each diagonal, Cyxs and Cxt. These are the crosas-over forcos

as indlcated in Figure 5,08-¢.

For the snalysis of these foruves, cvonsider the members 1j and jk
of total length L in the plene vz as shown in Figure 5.08-b,
supported by the mein legs at nodes i1 and k, where displavemzants
are equal to zero. At the intermediate joint j there ls a
connection ty a secend bracing, which ix contained in 8 separate
vertical plane. The io*eractioms between the disgonals at joint
§ induce fo. s Ty and <. o1 both bracings in che vertical

and horizoniul directions, as indicsted in Flgure 5.0B-c¢. Taking
moments in the plane uz about the node i, we coan write the

following:

Mvp - Mvj + ¥ L+ Gy Ly = O

in which Cu indicates the cross-over toree in the moule §

projected on the uz plane. The shear force Vi van now he



Figure 5.08: C-rnditions at the cruss-over joint in the
ceutrai panel of bracings.
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expressed as a function of the unknown forres and moments as

follows:

Cylin Mvy - Mvg {Cy + Cy)Ll Mvi - Mvy

Note that the force Gy has been written above as a funvtion of
the orthogonal cross-over forces Cy and Zx, see Figure
5.0B-c. Simiiarly, taking moments ahour node k, we find the

following equation:

Cylo Mvy - My {Cy + CY)LZ Mvi - Mvy

P —- e mmm— e e I e — S

- L L Lv2 L

The shear forces in the diagonals are thus expregsed as
functions of the end moments in cthe adjacent members and
cross-over forves, all of which are unknowns. Equations of sway
equilibrium can now be written for both planes uz and vz, for
any element in hoth diasgonals, such as ij to the left of the

rrogs.over jolnt, Figure 5.08-bL, as follows:

lej - M“ji = V; Lo+ P(uj - Ul =0

in which '"{ is the shear force and is expressed as a functiom
of the crogs-sver forces Cy and Cy, 88 in the equations
above. Similar equations are developed for all p:lncipal planes

in both diagonals intercepting at this peint.

Two additional compat’biiity conditions are included at the

vross-nver joint, as indicated bvelow:

- 5.3 -



indicating equei rut-of-plane detlections in both diagonals, and

]
o=

X5 = Xt

indicating a condition of zero relative in-plane displacements
uf the joint. The subscripte s and t above -efer to the strut

and the tle respectively.

Cross-over joints in the outside panels of bracing

Ag explained In Chapters 2 and 3, the out-cf-place displ--ements
of the croes-over joints in the outside panels of brecing, p and
4 in Figure 5.01, were adjusted during the tests as a function
of the out~of-plane deformations in the central cross-over c.
These deflec:ions, as well as the particular conditions of these
joints. have been simulated in the computer model through the
inclugion of moment and sway equilibrium equations at nodes p

and q in Figure 5.01 as explained below.

~« A3 in the case of d'sgonal-main leg connections 1in the
previous Section, consider moment equilibrium about three
orthogonal axes at a peneric cross-over node j, as Ilndicated
in Figure 5.0%-a. The moments applied to the node in the three

orthogonal directions can be written as follows:
About tne X-axin - Projecting the end moments in the
diagonals on the X-axig, see Figutre 5.09-a, we have the

following:

(Migt - P eyg)sind + (Mijxs - F eygluing = 0



Flgure 5.0%-a: Conditions at the cross~over joints in the
outside panels of bracings, about the X~ and Z.axis.

M, -
"-\.-‘J\
o /
-‘/
¥ STRUT -

Figure 5.09-b: Corditions at the cross-over joints In the
svtside panels of bracings, about the Y-axis.
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in which

- ey are eccentricities in the diagpaals, as in Figure
5.02,

- Mj are end moments in each diaponal .t node j sbout its
lecal x-axis, and

- P is the eccentric axial forc~ in the bracings.

The orthogonal end moments can be expressed in terms of

moments about the principal axes, after Figure 5.05, as

follows:

1
Migp = " Mige + Mjge!

1
Mixs = " (Mjyg + Miyg)

in which moments Mjy and '1jy are unkpowng. Operating on

the above equilibrium equations, we can finally write:
Mjus + ijg + Mjut + Mj\;rt =2 V2 P 8y

where the eccentricity ey is considered to be equal in

both diagonals.

Aboui the Y-axis - Projecting end moments in the diagonals
on the Y-axis. see Figure 5.09-b, we have the following
expression:

(Miys =~ P exg) + {Miyt « P exr) = 0

where, after cperating as in the case above, we finally

obtain:
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My - Mi o+ M- Mj o=2v2Pe

About the Z~axis - Preojecting end moments in the diagenals
on the Z-axis, see Figure 5.09-a, we have the following

expression:
=(Mixt - P eyt)casB ! (Mixs - P eyg)casf =0

Considering equal eccentricities in both diagonals, the

following equation is obtained for the Z-axis:
Mjus - Mivs - Miut + Mjyr = 0
- Consider now sway equilibrium equations in the strur's plane

uz, as in Figure 5.09-c. For tue element in the strut between

nodes j and k, the following relativon applies:

s
]
Mkvs
\fus ( f k/ P
Bk  ~ R
P ; e
b
’ _J/ / é qu\l' Uk
N M3,

ug Ky !

N

|

Figq:e 5.09-c: Conditions at the cross-ovar joints in the
outgide panel.: of oracings, definitlon of sway coaditionsg.
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Mj - ans - VusL + P(uk - ucKY) =0

Vs

in which:

- uk are the relative displacements of node k, and ug
are the displacements at the central cross-over joint c,
as in Figure 5.01, in the plane uz,

- Ky is a factor relating displacements gt node § to
displacements at cross-over node c¢ in the central panel of
bracing, see Figure 5.01, in the uz plane. Values of Ky
are a5 in the laboratory tests for each frame arrangement,
as explained in Chaptere 2 and 3. Ncte that uj is ne

longer an unknown at this node.

Similar sway equilibrium equetions are written about both
principal axes in both diagonals, in which the new unknowns

are the shear forces Vy and Vy.

- Finally, an additional compatibility egquation is included as
indicated below:

Yis = ¥ju

which indicates equality of out-of-plane deflections at node j

for beth diapgonals.

The analysis shown above solves the prohlem for the cutzide
cross-over joints. The unknowns at these nudes are now the shear
forces Yy aund Vg, from which the cruss-over {orves can be

caloulated.
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5.2.6 - Solution of the system of egquations

From the analysis of conditions at intermediate nodes,
crogs-over jolnts and diagonal-main leg connecting nodes
presented Iin the previous Seitions, a system of 'n' simultaneous
equrtions with 'n® unknowns lhas been formed, where 'n’ is

obta'ned as follows:

- Fovr unknowns at each nodr of each member, corresponding to
one end moment and one end displacement ahout each t. the

section's principal axes.

- Three additional unknownes at the central cross-over joint,
corresponding to forces in the out-of.rlene and in-plane
directions for each diagonal. At the outside cross-owver
joints, the displacements are expressed as functions of the
central cross-over displa-eme' ts, and the four new unknowns
are the shear forces in thi two principal planes of both the

strut and the tie.

- Three additional unknowns at each node connecting diagonals
and mair - ge, correrprnding to nodal rotations ahout three

main leg longituainal and orthugenal axes.

Solution of this system of equationr yields the magnitude of the
end moments and node displacements for all members in the frame,
crom which the nodal rotations can be calculated from
expressions sucrh as Equations (D.02) or (D.03) in Appendix D.
The stresses at critical sections are cvalculated as indicated in
the following Section. This anzly=is has the following

characteristics:
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- It is a geometric non-linear, elastic analysis in which no
iterations are required hecause the axial force is knowmn at
each 17ad step, and the tlexihiliry conditicns of the
members ore upiated at each load level through the Berry

stability funutions,

- The equations in the computer model have “ween developed to
simulate the general cvonditions and, 1n [ .rtirular, the
boundary conditions of the experimental frames with

cross-hracings described in Chapter 2.

- Conditions are vonsidered about the pri-.cipal u and v axes
of the diagonals and, simultanecusly, the boundary
conditions allow for the inclusion of the orthogonal
eccentric axial forces and the main leg's flexural and

torsional restraining actions.

-~ Cross-over forves and main leg rotations are calculated
through 'he introduction of additional equations of

equili’ ium and compatibility at the relevant nodes.

The following step is to calrulate the stresses in rach member,
based un the end moments on each of the planes defined by the

principal axes. This {s discussed in the following Section.

5.2.7 - Determination of vltimate diagonal strenpth

The maximum compressive stress tpax at the extreme {:ore dus
to the ¢ wmbinat on of axial loads and bending about the
principal axes in Figure 5.10 can be expressed as indicated

e low;

- 5.39 .



at the heel of the angle and

My dya Mu dy

+
1, ity

at the toues of the angle sectiop in Fipure 5,10, where:

- P is the axial force in the member.

A is the area of the section.

- dy and dy are distances indicatred in Figure 5.10.

My and My are the calculated end moments sbout the

principal u- and v.axis at eath node in the structure,

Figure 5.10: Assessment of stress at the ciiiical sections.

Geometry of the angle's cvrons-section.

« .40 -



It has been uvbserved in this and previous investigations [11,23)
that failure of steel] angle struts ocrurs almest immediately
after First yvield has taken place in the extreme tibre of the
rritival section, see Table 3,08 in Chapter 3, Based on this the
tollowing criterion has been adopted in the present theoretical
analysis:t the ultimate load resisted by the bracing 1s the load
at which yielding of the most highly stressed filbre starts at
any intermediate section of any ot the strut diagonals in the
frame. The general procedure presented in the previous Sections

is illustrated in the flowcrhart depicted in Figure 3.11.

5.3 - Analysis of plane frames: correlation with experimental

results

The non-linear computer propram described before, which has heen
called PANEL, is now used to predict the failure loads of the
diagonals In the test frames of this and other invertigaticrps,
as examined in Chapter 4. The Iinput of data 1s simple and

compr: s the following:

~ The yield stress of material end the maximum load applied to
the frame,

= The number of load steps, the magnitude of load increments,
and the ratio ot axial forces In the bracing,

- The peometric characteric.ics of all the bracinga and the
main lep. and the leogth Lp in the main diaponal,

- The slupe of the leps and inrlinetion of the dlagonale in
all subpanels of bracing,

= The coefticients Ky giving the rotio ot out-ot-plane
displacewernts betwesn Lhe vutside and the ceptrar cross-over

jodne s, and
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+#

. 8 and § testraint coefficlents at the
*5 ¥5 z5

connecting nodes and at the leg supports.

- The &

For the anolysis of rests with PANEL, the following rules were

observed;

- For the tests condutted in this research the coefficlents
Ky were based on the test measurements. In the cases of

other frames with transverse beams, see Figure 1.08, Ky=D.

-~ The «¢oefficient of torsional restraint to the main lege by
the supports was kept equal to zero, thus simulating the
conditions defined in the design of the same nodes in the
expevimental frames. The .ases of frames with fixed leg
supporte, as in Figure 1.0B, were represented by 1 very

large restrairt coefficaent.

- The resttaint condition at the nodes about the y-axis is
included in the pregram for l-bolt connections (pinned), For
Z2-bolt connections s fixed condition was simuiated about the

same axis by & very large restraint coefficient, Sys.

- The restraint coefficient at the nodes about the x-axis,
5x5., way as calculated for the simplified model in Chapter
4 uging Equation (4.05). It i¢ noted that the empirical
restraint roefticlent Sxs was developed in each case as a
function of the acrual observed conditions in the
connect ions, including the pifects of relative inclinations,

relative sizes of the members and the boundary cvonditions.
Plots of detlections and nodal rorations are included for some

indicative cases, and the comparisons between the theoretical

and t.e experimental results are based on the following
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parametrLs:

- Fallure strrss ratio fyuig/fy.

- Mechanlsm of failure of the struts, as described in
Chapter 3,

- In-plane and out-of-plane midspan deflections in the strut
and at the cross-over joint,

- Strut end rotations, and

- Main leg torslonal rotations.

These are examined in the ftollowing Sections for the tests
studied in this investigation, and also tests reported b~

Behncke (11] and Wood {49},

5.3.1 - PFresent investigstion

Data on the frames and diagonal specimens for these tests are
given in Tables 4.03-a and 4.03-b of Chapter 4. Results from the
analyses with PANEL are given in Table 5.01 below, ln which the
assumed restraint coefflicients for the bracings about the x-axis
(From Equetion (4.8%) In Chapter 2) are glver in Column 2, about
the y-axis in Column 3, and the torsional restrajint coefficlents
at the main leg supports are glven in Column ., where F and P
refer to Fixed (full restraint) and Pinned (no rvestraint) end
conditjons respectively. The calculated fajlure loads are listed
in Column 5, which are compared with the test results in Column

&,
The caleulated failure load for Test 102 with L1 100 is

vonservative, with yvield taking place first in the tie at the

cross-uvet feint v and then in the stiut, see bipure 5,12, The
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calculated deflections at nodes g and © In Figure 5.12 are shown
in Figure 5.13-a, where it can be meen that the predicted
out-of-plane deflections are crrrect at the cross-cver {yc)

and larger than in the test at midspan (yg'. The predicted
in-plane deflections at midspan (xg) are smaller than recorded
in the tests and in the positive x-direction, while the
experimental deflections were generally In the negative

x-direction, see Figure 5.12.

The strut's end rotatlons Bygs computed with PANEL at node a,
see Fipure 5.12, are smaller than recorded, ms indilcated in
Figure 5.13-bh, The computed main leg torsional rotations 8z
at the same node are significantly larger than the experimental

records, and thils is shown in Figure 5.13-c.

The predivted failure 1lnads at slenderness Lfr=130, Tests 202
through 702 in Taple 5.01, are, in general, conservative, except

for Test 312. These are all good approximatic-.s to the actual

Pregent inrestigation
Tahle 5.01: PANEL - Comparison of results

[ T ¥ =
| | PANEL | Test }
| i { results |
! Tast I-— = T £ J! ; _=
ult "ult
beaipnation S5 Sys So1 | it S 1
| ¥ ¥
k L] T L T ¥
i 1 | 2 o3 1 e 5| € |
I t —+ f } } i
| 102 { 12.061 | F | B 1 0.422 | 0.491 |
| 202 | 23,506 | F | P | 0.330 | 0.412 |
| 302 ] 12.061 ) F i P | 0.360 | 0,395 |
| 3Le T 8,390 | F | P I 0,h06 t 0.3%% |
| 02 | 10.121 | F ! 13 | 0.470 | 0.42% |
| 502 1 15.506 | F ) B | 0,393 | 0.437 |
| 502 | 12,081 | ¥ | B | 0.39& | O0.431 |
) 702 | 10.121 | F | P { 0.393 | 0.430 |
1 801 | 3.618 | P | P | 0.280 { 0.288 |
| 811 | 2.527 | P | P {0,327 o0.31 |
i Bo2 jiz.061 | F | P ) 0,337 | 0.336 |
| 812 | 8,390 | F | 4 | 0.34% | 0,396 |
| ao3 | 6.787 | P | B | ¢.298 | 0.224 |
| B04 {22,858} F i P | 0,343 | J.364 |
L 1 1 L 1 1 1
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failure loads. Comparisons of results for Test 302 are examined
as an example of typical behavieour for these tests, Deflections
at nodes g and ¢, see Figure 5.12, are shown in Figure 5.l14-a.
Hote that both out.of-plane deflections - and yg are larger

in the computer model. ILn-plane deflect ons xg were recorded

ln the x-negative directlon, while PANEL predicts small positive

deflections mlong the same axis.

At node s in the strut, see Figure 5.12, out.of-plane
experimental deflections are larger than in the computer model,
and in-plane deflections are both in the x-positive direction,
but the experimental detormations are largar, see Figure 5.14.bh,

It is to be noted that experimental fsilure occurred st esuhepan

Figure 5.12: Comparison of test results with the model
PANEL. The positive directions of deflections and nodal
rotations are indicated.
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s, Fipure 5.12, while PANEL predicts equal strain development
and almost simuleaneous fallure at both spans g end s. Also,
yg and yx (and xp and xg) deflertions in the computer

model are symmetrical ebout the cross--wver joint c.

Nodes a and d strut rotations (8x5) are deplcted in Figure
5.14-¢c, where it can bhe seen that the predicted rotations are
very close to the test results and also equal at both nedes.
Main leg torsional rotations at the same nodes (8zL) are shown
in Figure 5.l4.d, and it is again noted that the computer
predictions are larger than the test records, and equal at both
naodesn, The positive directlons for nodel rotations and

displacements are indicated in Figure 5.12.

Predictions of fallure loads for tests with slenderness ratios
of L/r=160, Tests 801 through 804 in Table 5.01, are very

reasonable and generally conservative. Fajlure is in all cases
predicted st node g in the strut, see Figure 5,12, which is in

agreement with tae experimental results.

Comparison of deflections for Test 301 with 1-bolt connecticns
is given in Figure 5.15-a. It can be seen that the computed
out-of-plane deflecticns at nodes ¢ and g are larger than the
test records, while in-plane deformatlions st node g are
predicted correctly. For the case of 2-bolt connections, for
example Test 804, Figure 5.15-b siows improved predictions of

deflections ye and yg.

Computed strut end rotations Gxs at node a, Figure 5.12, are
given in Fipures 5.1%-c and 5.15.d for Tests B0l and 804
respectively. It can be seen that they are similar ta the
exprrimental results but with the following characteristics: for

Test 801 with 1-bolt cunnections, rotations Hyg are lerger
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Nelleciion Curves — Test 102
Analvsix witlh PANE!

Extreme fibre strain
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Compression Leg Rotatien = Test 102
Analysis with P

Extreme fibre strain
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Figure H 13-c¢: Main leg's rotational
response at node a, see Figure 5,12

than those recorded in the tests. For Test 804 with 2-bolt
connections, th® same rotations are smaller than the

experimental records.

As in the previous cases, predicted main leg torsional rotatlons
8z!, at node & are lsrger than those rerorded Iin the tests. For
Test BQl in Figure 5.15-¢, however, these differences are too
large and are not at all related to the experimental evidence.
This situation improves for Test 804, as shown in Filgure 5.15-f,
where computsd rotations are still larger, but the difference

appears to 12 reasonable.
The results from the computer mnalyses us'ng PANEL are typical

for each level of slenderness ratio and therefore allow for the

following conclurions:
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Deflection Comparison — Tesl 302
Analysis with PANEL
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~f{rut Rofation — Test 302
Annlvsis with PANEL
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Deflection Comparison — Text 801

Annfyvsis with PANEL
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Sirul Rotation = Test
Analvsis with PANEL
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~ The computed failure loads are generallv cvonservative, but
give reasonable predictions of the strength of the tracing
at various levels of slenderness ratio and for varicus

bracing arrangements.

- The mechanism of fgilure in the computer model is in all
cases correct, with yielding .aking place at the heel of the
angle struts, and at the longest unsupported subspen g, see
Figure 5.12. In the case of low rlenderness ratio, Test 102,
yield occurs first in the tie at the cross-over jolnt, ag in

the tests.

- Predictions of out-of-plane deflection in the strut at
midspan and at the croes-over joint are generally correct
for all elternatives, with a lower accuracy for the case of
Test 801 with l-bolt conpections. In-plane deflectinns are
correct at higher values of L/r, but with larger differences

at lower values of Lfr.

- Predictions of strut end rctatieons are fairly accurate in
al]l cases. By cortrast, computed main lepg torsional
rotations are in all cases larger than the experimental
value.. In the case of ‘lest B0l chese ditferences are
unacceptahle. It is apparent that the computer model falls
to gimulate the torsilonal behaviour vf the main legs,
particularly for the case of 1-bolt connections.

In addition, it was observed that the model VANEL is highly

sensivtive to variatlons of the following parameters:

« The strut-end spring coeftficlent Sy5, w ch simulates the
flexibility of the holted ;onnections about the locas

X-axis.

p - 5.55 .
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- The main lepg suppoart spring coelficient SzL' which
gimulates the restrirtions to torsional rotation of the main

legs.

- The cross-over loint coefiicient Ky, which relates the
cut-of-plane deflections of the outside and central

cross-aver joints,

The computed results presented above were obtsined after
innumerable modifications and improvement: were Introduced to
the model PANEL. At earh step, extensive calibrations of the
model against the experimental results were performed. It is
apparent, however, that further modifications are required to
simulate the case of 1-Lwult connections, and also the torsicnal
rotations of the main legs of the frames. This and other
limitacions «f PANEL will be addressed again at the end of this
Chapter.

3.3.2 - Tests reported by Behncke [11)

Data on the frames and diaponsl specimens for these tests Are
giveu in Tables 4.04-a and &.04-b of Chapter 4. Results from the
analyses with PANEL are given in Table 5.02 below, in which the
assumed restraint coefficiente for the hracings about the x-axis
{from Equation (4.05) in Chapter 2) are given in Column 2. ahout
the y-~axis in Column 3, and the torsional restraint coefficients
at the main leg supports are given in Column 5, with ¥ and P
drfined as before. The calculated failure losds are listed in

Column 5, which are compared with the test results in Column 6.
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These tests were performed on frames such as those shown in
Figure 1.08, where two beams were ugped to connect the two main
legs at the top and bottowm sections. As & consegquence, the
cutside cross-over joints were fixed apainst out-of-plane
displacements and the two main legs were fixed against torsional

rotations. All these ronditions were simulated with PANEL,

The calculated failure load for Test 0842 with L{r=90 is
correct, with ylelding teking place first in the tie at the
cross-over jeint. This is in agreement with the experimental

evidence.

For frames wita slenderness of L/r=140, Tests 061il, 0712, 0931
and 1032, the predicted results are consersative for the cases
of l-bolt connections {0611 and 6931), and cptimlstic for the
caeer of 2-bolt connections (0712 and 1032}. The predicted

mechanism of failure for these tests is caorrect.

In the case of frames with slenderness ratio of L/r=160, Tests

Experimental results reported by Behncke [11]
Table 5.02: PANEL - Comparison of resu.ts

T 1

T 1
| | PAMEL | Test |}
{ { resules |
] Tast T = T {
Deoignation Eyre fule
eoig S l Syg ‘ Szl I E I ll
1 T T ] L3
| 1 i - R 8 !
f + ' 1 t 4 -
] o122 2.076 1 P | B | 0.288 | 0.297 |
} 0522 26,2353 | B | F ] 0,467 | 0.43%
| o811 7.876 | P | F | 0.304 | 06.343 |
| o7z 26283 ) F | F | 0,481 | 0.420 |
| 2842 | 26,253 | F | F | 0.581 | 0.38Y
| 0831 | 7.876 | P | F ] 0.335 % 0,37 |
| 1072 | 26.283) F | F | 0.328 { 0.520 |
1 1331 | 2.06& | P | r | 0,267 | 0.257 |
| 1as1 | 2.066 | P | F | 0.264 | 0,218 |
L 1 L L i 1 J
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0121, 0522, 1351 and 1451, the calculated results mre correct
for test 0121, but are optimistic in all other cases. This
prehlem fs more evident in Test 1451, with main legs of L70x70x6
and all htacinps of LuaOx40x3 angles, and therefore 8 lower ratio

of main leg-to-diagonal eizes.

It can be seen that PANEL (which was calibrated for the case of
lege with no torsional restraints and given ratios of

out -of-plane cross-over deflections} presents some problems in
predicting correct failure loads for these tests. It is to be
noted, however, that the test frames depicted in Fipure 1.08
were rather rudimentary, and offered poor control over the moat

important variables.

5.3.3 - CIGRE tests reported by Wood [49,63)

bats on the frames and diagonal specimens [or these tepts are
given in Tables 4.05-a and 4.05-b of Chapter 4. Rasults from the
analyses with PANEL are glven in Teble 5.03 below, in which the
assumed restraint coefficlents for the bracings about the x-axis
(from Equation (4.05) in Chapter 2) are given in Column 2, about
th¢ y-axis in Column 3, end the torsional restraint coefficlenta
at the main leg supports are given in Column 5, with T and P
defined as beforve. The calculated failure loade are listed in

Column 5, which are compared with the test reaults in Column 6.
A5 in the test cases described In the previous Section, the

CIGRE test frames had transverse beams at the top and bottom

sectjons, as can be seen in Figure 2.0!, which imposed
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restrictions to main leg rotstions and out-of-plane cross-over
geflecticns. As all the diagonals were of the same size and had
the same cross-gectional properties, the top and bottom struts
were reinforved by & redundant member, as shown in Figure 2.01,

in order to secure failure of the main compression dlagonal.

Finally, it has to be consldered that complete data on these
tests was not available, except for the baslc dimensions of the
frames &nd frame members, the observed vield stress of material
and the fajlure strezs for each test case. The reinforcement of
the struts in the adjacent panels of bracing was simulated in
PANEL by doubling the member's inertia about the minor axis.

Under these conditlons, PANEL ls not applicable for the case of
l1-kolt connections (005-032), see Table 5.03, since the

calculated failure loads and the mechsnism of fallure are not

Experimental results reported by Wood [49] and CIGRE [63)]
Table 5.03: PANEL - Comparison of results

1

) F 3

! f PANEL I Test

i } | rezults

| Test |- -r T {
Ceaignation fulr Byle

Sxs Sys 51, E, 5

r 1 T T

I 1 ! C 2 “ 0 5 | 8

f } } t f }

| 005 | 1.23? P | F | MNiA | o©.288

i acs | 1.237 P | F | N | 0.273

| o1 | 0.888 P | F | Na } 0.288

| 032 | 0,888 P | F | Hfa | 0.270

i 0L4& | 4.123 F } F ] 0,311 | D0.325

| aLs | 43285 F | F | ©0.31% | D.M45

i 038 | 2.081 | F | F | 0,301 | 0.280

| LT { 2,961 F | F | 0.289 | ©.270

| Q40 | 2.961 | F { F | 0,335 | 0.29% |

| 941 { 2,961 | F | F | 0.34B | 0,285 |

{ 092 | %432 | F ) P } 0,428} 0.300 |

i 083 | 9.432 | F | ¥ | 0.416 | 0,503 |

i 106 f 6,797 | F | P} £.380 | 0.31B |

{ 108 ! 6.797 | F | ¥} 0.399 ) 0.393 )

| 1480 { 4384 | F | F {0.399 1 0.438 |

{ 149 i &.384 | F | F | 0.398 | 0.412

1 i 1 1 L 1 ]
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related to the known test results and behaviour of the bracings,.

For cases with 2-bolt comrpections, the predicted results are
accurate, but not in all cases. For tests 03B-04%, the
caleulated results are optimistic, which is again coincident

with low values of main leg-to-diagonal size ratios.

Fr the remaining tests, the calculated failure loads are

con. -vative, but to & varying degree, and apparently depending
upon the strength of each set of dimgonals, see Tables %.05-a
through 4.05-d.

5.4 - Summary

A computer model for non-linear flexibility analysis of plane
frames with croseed diagonals, FANEL, has been developed. Unlike
other models which allow only for single-member analysis or
behaviour about a single axis, this model includes,
simultaneously and for all members, the end effects of eccentric
forces end nodal restraint about the orthogonal axes while the
resulting system of equations is solved for the bending effect

and deflection about the principal axes at ell the nodes.

Through the extensive computer analyses and comparisons with
experimental dats described in the previous Sections, it is
cvlear that PANEL can be used for solution of frames with bracing
arrangements and support conditions similar to thoge presente
in this investigation {(described in Chapter 2). Of those -_saer,

the 1-beclt connection arrangement needs some improvement.

Some of the differences between the observed experimental
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results and the fuilure loads and bracing behaviour as computed
witih PANEL which have become apparent tihrough this research can

be explained by the following details:

- This and other investigations have been focused on the
behaviour of che main diagenals (with measurements ~f L~ and
out-of-plane deflections, end rotations, midspan distocrtions
and strain development), and the influence of thelr eccentric

counections with the main legs.

- The diagonals in the adjacent panels of bracing were not
investigated. Their deflection, end rotation and strain
historles are unknown, as is thelr influence on the nodal
restrictions, and thus on the main strut behaviour and loading
capacity. This is shown by Test 307, see Case VI in Chapter 3,
where it is seen that inversion of the diagonals in the
outside panels of bracing produces an increment in the
resistance of the main strut, with significant reductions of

midspan displacements and nodal rotations.

The gize of the cutside bracings was increased In the present
investigation, .o secure fajilure of the main strut. The same
effect was obtained in the CIGRE tests {63] by Including a
redundant member in the outside panels of bracing. Any
additionel effects on the main disgonals from one or the other

solution are not known from analvals of the existineg data.

- The diagonal or main leg in-plaene rotations at the connecting
nodes were not recorded, because the jnclinometers (or
rotation transducers) are able to read rotations only within a
verticel plane (plus ar minue a small tolerance). Therefnre
the models do not :yclude in their solutiong the influence of

8 parameter (i.e. restraint coefficient) describing this
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effect. This is clearly shown by the moagel PANEL's poor
predictions for l-bolt connections. It is clear that a pinned
end conditlon abput the y-axis, represented by zero
restriction from the main leg as simulated in the model, does
not necesserily occur in the tests and may deperd on bolt

tensloning.

The maln legs were not investipated experimentally and have
been assumed in all models as symmetric beams with the
orthogonal-flexural and longitudinal-torsional characteristic:
of the actual angle sectiong. Further. the main legs were
assumed to be connected to the diagonals at thelr ventroldal
axeg. No eccentricities were considered about any axis of the
main legs, and no assumptions were mace concerning the main
legs' behaviour about their principal axes. This is a2
significant deperture from the artual conditions es
illustrated by )igure 5.16, where it can be seen that in fact
the connections were effectively eccentric, as ir the case of

the diagonais.

Finally, the ahove concepts are also valild for the
longitudinal axis of the maln legs, since the tension and
compression supports were located at the centre of gravity of
the sections, thus along their centroidal longitudinsl axis.
Bu: n fact the connections to the bracings are all displaced
from that axis, see Flgure 5.16. These differences may well
explain the model’s peosr predictions of maln leg rotation

observed in the previous Section.

In view of the above, it was voncluded that further development
of PANEL will, without addirional experimental data, prove
inconvenient and ineffective. However, inclusion of some, or

all, of these additional conditions mav well render the problem
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intractable from the theoretical peint of view.

In closing this analysis it car be said that the calculated
resnlts presented in Tables 5.01 through 5.03, and the predicted
behaviour of the braring shown in the plots above, are the best
approximations that can be obtained with PANEL in lts present
format. As the test vrogramme and test setup were designed to
evaluate, without any external influence, the most important
parumeters which affect cress.bracing behaviour, the nodel
succeeds, under the same conditions, to produce accurate

predictions of frame behaviour.

Figure 5.16: Hute the position of the main leg support,
along the centreidal axis. The connections are effected
eccentrically about both orthogenal x- and y-axis.
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It remaine to conduct similar analyses with an alternative

computer model, in order to correlate results and to validate

the proposed solution. Therefore, a [lnite-element model of

crofs-bracing is introduced in the next Chapter, and comparisons

with PANEL are incliuded in the discussions.
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CHAPTER &

AR ALTERMATIVE COMPUTER MODEL USING ABAQUS

6.1 - Introduction

As discussed in the previous Chaptrr, no sultable computer
package was found, at the time of conducting this research, tc
formulate proper non-linear models for analyses of complex
frames composed of non-symmetrical members. This restriction
resulted In the development of & non-linear flexibllity model
for the evaluation of cross-bracing systems in the present
investigation. The characteristics and limitaricas of that

model, PANEL, were vxamined in Chapter 5.

it is only very recently that ABAQUS [60], a general-purpose
finite-element code, has incorporated non-symmetrical beem
elements for non-linear snalysis of structures, thus
facilitating the modelling of more complicated frame
arrangements, while at the same time reducing the aumber of

gimplifying assumptions.

An alternative cross-bracing model ia developed in the following

Sections using ABAQUS. Comper:risons of results are alsc
presented, including test results and predictionas nf fallure

loads from the computer model PANEL.
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6.2 - Desvription of the ABAQUS cross-bracing model

The proposed model, shown in Fipure 6.0l1-a, has the following

characteristics:

- The structure is a three-dimensional frame, where the
elements are rigidly connected to one another. The global
system of coordlnates ie alsc shown in Flgure 6.01-a, where

node 1 is adopted as arigin of coordinates.

- All maln legs, diaponals and bolts in the structure are
outlined as two-node beams in space {thus with six degrees
nf freedom at each nrde), and are described as general beam
sections, with linear elastic sectlon response. No numericail
integration scross the section ls considered. Material
properties sre given by the Young's modulus E and torsional

shear modulus corresponding to steel,

- The main leg members are given ar elements with symmetric
cross~-section, with geometric properties corresponding to
the actual steel angle’s orthogonal and tongitudinal axes.
The supports on the main legs, and the nodes connecting with
the diagonals, are located at the centres of gravity of these
assumed sections, thus without introducing any additional
hending or torsional effects. As in the case of the model
PANEL, behaviour about the main leg's principal axes is not

conegidered,

- The diagnnals' sectlonal properties sre piven about their
principal axes, the.efcre including in the analyses their
non-symmetric condition. The directions of the principal

axes ir the space are given by the direction cosines for

¢ - 8.2 -
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t -acings. Ouly the .. -st important nodes are indicated.
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the first local axis, which In this case was selected to be
coincident with the minor v-axis (axis 1}, as indicated in
Figure 6.02, These properties complete the description of
the asymmetric steel angles as part of the structure for
non-linear analyris with ABAQUS. This is an lmportant

improvement with respect to other computer codes.

In addition, each diagonal i{s divided into four segments or
beam elements between each connecting node, see Filgure

6.01-a.

The diagonal members sre defined along their centroidal
longitudinal axes, which are eccentric with respect to the
point of connection with the main legs. 'The bolts are thus
beam elements connecting the mein legs and the diagonals,
and the eccentricities are the rormal framing
eccentricities, as iliustrated in Figure 6. . A very larpe
flexural stiffness is given to the bolt ele e, wnich

repregents a8 rigid connection abnut the strut's x.axis.

Figure §.02: Direction cosines for the flrat axls
of a non-aymmetric section {direcrtions are indicatlive).
The remaining exes nre defiped by the right-hand rule.
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The end condition about the y-axis is solved through the
torslonal stiffness of the bolt elements as follows: a small
J represents single-bolt connescrions, and a large J
represents multiple-bolt connectiens {the central cross-over
joint is always represented as & l-bolt connectien), where J
is the secrion’s polar moment of area. These Yalues of the
toretonal constant J were calibrated using the experimental

data.

In this way, this ass' mel arrangement represents the
eccentricity of the «eawections ghaut bkoth lecsl orthogor 1
x- and y-exis, and .lsc the end condition about both axe ,

see Figure 6.03.

The structure is supported at nodes 1 and 2 in the X-, ¥-
and Z- directions (fixed displacemente} and, initially,
there are no rotational restrictions to the main legs at
these nodes. Horizonta. restreint to the bracing is glven at
nodes 3 and 4 in the X-directi.n. Finally, ocut of plane
restraint s given at nodes 13, 14, 33 and 34, thus
gimulating the actusl testing ccpnditions of the frames, see
Figure 6.01-a.

The out-of-plane dispiacements of the cross-over joints in
the central and ocutside panels of bracing are related

through 8 linear multi-point constreint of the form:
Alu} + Apuz2 + ... Apupy = 0.0
in which Ay, uy are parameters indicating which nodes
are constrained about a piven degree of fresdom (% in thie

cage), and the magnitude of the coastraint. These values are

also, in this case, rel.ted to the experimental frames.

- b.p -



- The model described above is analyzed Bs a static load step,
subject to geumetric non linearity, and 20 iterations are
allowed for convergence at each lvad increment. Output of

stre9s and deflection is averaged at nodes.

- Finally, the loads are applieu at nodes 43 and 44, in the
X-direction, see Figure 6.01-a. Direct control is used for
increment of loading, and 20 increments are selected to

model the step.

The strut's fallure is defined by the stress readings at any
of the intermediate nodes (i.e. when the calculated stress
et the extreme fibre is equal to the yield stress of
material for that particular case).

Az seen In the description of the ABAQUS cross-bracing model of
Figure 6.01-z, considerable care has been taken In order ke
simulate most of the design conditions of the experimental
frames, including the relative positions of the bracings and
supports, bolted connections and alec strut-end detalls. Some of
the test cases desgribed in Chapters 3 and 4 were analvzed with
the above ABAQUS model, mnd the results are presented for
discussion in the following Sections.
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6.3 - Analysis uvf cross-hracing with ABAQUS: correlation with

experimental results

6.3.7 - Present investigstion

Data on the frames and diagonal specimens for these tests are
given in Tables 4.03-a and 4.03-b of Chapter 4. Results from the
analyses with ABAQUS are given in Table 6.01 below. The
parameters Ixp and Izp in Columns 2-3 of Tahle 6.0l are the
eecond moment of ares and the polar moment of area respectively,
corresponding to the beam elements simulating the holte In the
structure. These parameters have been established by calibration
of the ABAQUS model against the experimental results. Column 4
gives the main ieg torslonal restraint coefficient 5z, at the
supports, which is considered in all cases as Pinned. The
calculated failure loads are listed in Column 5, which are

compared with the test results in Column 6.

It can be gseen in Table &.01 thet the predicted fallure load for
Teat 102 with slenderness of L/r=100 is slightly optimistic.
However, it was observed that the mechanism of failure 1s
correct, with yielding oceurring first in the tie at the
croas-over joint {(node 23 in Figure 6.01-a), and then in the

strut at midspan.

The positive lirections for deflections and rotations are
indicated in Figure 6.01-b. The deflections in the strut at
midepan node 20 and at the cross-over node 24, gee Figure
6.01-b, are shown in Figure 6.04-a. It can be seen that the

calculated in-plane and out-of-plane deflections are very
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Pregsent investigation

Table 6.01: ABAQUS - Comparison of results

T T T 1
? b ABAQUS | Test ]
{ | Fresenl lonvestigation | results |
| Test | T ¥ y 1 —
[Designntiun I.p I,g s fuie ‘ f_u_l_t_ i
| ooy | oty | | ) h |
F ] 1 il 1 LI T
| 1 | A i 1 s & ]
% -t | = : : s
| in2 } 2085 2,0E3 ) P ] 0.517 ] 0.481 |
| 102 {1.0ES5 | 1,0E3 | P | 0.43 | 0,395

! §a2 § 1.6E S | 1.0E3 | B | 9.646 | u.43l

h adl l 1.0E £ | 1.9€.2 | P | 6.27% ) 0,288 |
| 602 | L.OE 5 | L.0E 3 | 3 | 0.348 | 0,336 |
| a4 I L.OE 5 | L.UE 3 | ? | 0.383 | 0.384 |
—_ 1 L L L 1 |

gimilar te the experimental results.

The strut's end rotations 815 at node 16 in Flgure 6.01-b are
smaller in the ABAQUS model, see Fipure &.04-b. Also, the main
leg's torsional rotations 8is at node 14 are smaller in the

computer madel, as indicated in Fipgure 6.04-c.

Similar resulte are recorded for Test 602 with slendernmess of
L/r=130 and inclined legs, see Table 6.71 and Figures 6.05-a
through 6.05-c.

Prediction of failure load for Test 302, with slenderness tatio
of 130 and parallel leps, is also optimistic, with a difference
of 10X with respect to the experimental repult. Failure in the
aBAQUS model, however, occurs at node 28 in the strut, see
Figure 6.01~t, and this is in agreement with the observed

failure of vross-braclng in frames with parallel legs.
In- and cut-of-plane deflections at node 20 and at the

cross-over node 24 on the strut, see Fipure 6.01-b, are shown in

Figure 6.06-a, and in Figure 6.06-b for nodes 24 and 28 in the

- 6.9 -



strut. “ote that in all cases the calculated « rlectionug are

very simitar t the experimental records.

Experimental &nd cajculated strut-end rotations at nodes 1€ and
32 in the model of Figute 6.01-b are shown in Figure 6.0l-c. The
predictions are all correct. Sunilar results ave obtained for

the main legs’ torsional rotations at nodes l4 and 34, which are

shown in Fipure 6.06-d.

In the region of slenderness ratio of 160, T:sts 801, 802 and
804 in Table 6.01, the predicted failure loads are generaily
correct, aud the strut’'s failure ls correctly predicted by
ABAQUS at the longest unsupported subspan, node 20 in Figure
6.01-h.

The valculated In- end out-of-plane deflections for Test B{1
with 1l-bolt connections are shown in Figure 6.07-a, where it can
be seen that they are very clr.e to the experimental recerds.
The recorded end rotations at node 16 in the strut eare larger
than the predicted rotations, and the same happens with the main
leg's torsional rotations at node 14, see [ipgures 6.01-b, 6.07-b
and 6.07 . Ap in the case of the PANEL model for 1l-belt
connections, the ABAQUS model predictions of leg rotations are
not carrect, but in this case the predicted rotations are

gignificantly smaller that the experimental values,

The calculated deflections and ruviations at the same nodes for
Tests 802 and 804 with 2-bolt connecticons are shown in Figures
6.08-a through 6.08-c, and Fipures 6.09-a through 6.09-c
respectively. Note that the pcedictions of leg rotations improve

for the case of 2-bolt connections.

Examination of the above comparisons of results hetweer the
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experimental frames and the ABAQUS model, allows for the

following concl'.sions to be drawn:

The calculated failure loads are slightly optimistic at low

valuts of slenderness ratio, and slightly conservative at

higher levels of slenderness.

tsm of failure is vorrect in all cases, including

with parallel legs.

The in- and out-of.plane detlections of the bracing are

predicted correctly at ell levels oI slenderness, and for 1-

and 2-bolt connections,

The strut-end flexaral rotations are alway:. smaller thac the

recorded rotations. Similarly, the lep torsional rotations
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are smaller than the experimental records, but the
difference Increases cunsiderably for frames with l-bolt

connections.

The ABAQUS model was also used to examine some full-scale

croas-bracing tests, as described In the next Section.

6.3.2 - CIGRE tests reported by Wood [49,83]

Data on the framee and diagonal specimens for these tests are
given in Tables 4.05-a and 4.05-b of Chapter 4, and a typical
frame is shown in Figure 2.01 of Chapter 2., Resulte from the
analyses with ABAQUS are given in Table 6.02 helow, The
parameters Ixp and Izg in Columns 2-3 of Table 6.02 are the
secand moment of area and the polar mement of area respectively,
-orrespending, to the beam elements in the suructure simulating
the bolts. Column & gives the main leg torsional restraint
coefficient 5g1, at the supports, which is considered for these
tests as Fixed, as indicated in Figure 2.0l. The calculated
failure leads are listed in Column 5, which are compared with

the test results in Column 6.

It van be seen in Table 6.07 rhat the predicted failure lonrds
are in almost all cases hipher than the recorded values {52
higher as an average, with a c.o.v. of 10%). These
approximations are, however, reascnably good. It must be noted
in Table 6.02, Column 2-3, that the values of fiexural and
torsional stiffness for the bolt elements in the ABAQUS model
ate the same values which were defined for the teste in the
present investigation (by calibration against the experimental

data), where conditions of the frames 'réere substantially
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Experimental results reported by Wood [49) and CIGRE {63]
Table 6.62: ABAQUS - Comparison of results

r r T -
| | ABAQUS boTest |
| I Tasts reported by Woad {49) | results }
| Test b T 1 T —— ]
Deslgnition] I, 1 1.5 | 5.1 ‘ Fule, ’ Lyt ]
mnéy § o (mm : f By
AR W L Tl U020 B
! 1 { | O I - 6 |
F - it f t 1 -
i ags *1.uE 5 | L.CE-Z | F | 0.300 | 0.288
} 006 VL.OE % | 1.0E.2 | F } 0.2B1 | 0.273
i 031 | t."E 5 | L.0E-2 | F | 0.305] 0.288 |
! (k¥ | 1.0E 5 | 1L.0E-2 § F | 0.304 | ©.270 |
| oL4 | L.CES | L.OE3 | F | 0.304 | ©.325 |
| 015 ] .8 5 | 1.cE3 )] F | 0.311 ] 0.345
| 0i6 | 1.OE S5 | 1.0E 1 | ¥ i 0.293 | o.280 |
i 039 | «. 2S5 [ L.0E3{ F | 0.283 | 0.270
| 0aQ P - T O] P B F ] €.331 | 0.295 |
i 04l , EnT 5 | 1LORE 3 | v I n.320 | 0.265% |
L L . —t | | 1 i

different.

adlsa, the frames in the CIGRE tests hrd Lateral bracings for
out-of-plane restraint, ar seen In Figure 2.01, which were not
reproduced in the computer mndel. Finally, while the beam at the
top of the frame in Figvre 2.01 was not rilgldly conn ed to the
main legs (as stated in the test reports {49,63]), & fuliy-fixed
connection was assumed ia the ABAGUS m~del in order to simplify

the analysis.

These and other unknown condltions and craracteristilss uf the
actuml *ests explain the differences hetween the experimental

and calculated results.

6.4 - Comparigon ot PAREL and ABAQUS models

Cross-bracing sy-tems have be.r examined with PANEL, &n

experimental, flexibility analysis computer model, and ABAQUS. =&
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