production, finite-element analysils computer model. Predictions
of failure loads and bracing behaviour are reasonably good with
both procedures, in spite of the fundamental differences in

tuelr approach to the problem, some of which sre listed below.

- The PANEL model is a two-dimensional frame, where the
conditions at the connections are simulated by in- and
put-of-plane moments, which are egquivalent to thc actions of
the eccentric forcrs. By contrast, the ABAQUS model is &
three-dimensional frame, where the connections between main
legs and bracing are given by beam-elements, which huve

lengths equivalent to the actuel eccentricitles,

~ The PANEL model i supported at the four nodes connecting
the main legs and the dlsgonals, while the ABAQUS model is
supported at the bottom of the main legs, as in the test

cases.

- PANEL aspumes that the connectlens sustai:n elastic
deformations about the strut's x-axis, which are represented
by a spring coefficient Sxs. By contrast, ABAQUS apsumes
that the bolt elements have infinite flexural stiffness,

thus simulating & fixed cvondition about the strut's x-axis,

- i-bolt connections are given in lLoth medels by a pin-ended
condition. For 2-bolt connections, PANEL amstumes full
restraint about the strut's y-axle, while the ABAGQUS model
gsimulates this condition through ‘he torsional stiffness ol

the bolt elements.
Notwithstanding the above, a comparison of both models could be

consjidered ar 8 validation of PANEL by ABAQUS. More Impertantly,

examination of predicted results from both models under similar
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Table 6.03: ABAQUS and PAKEL - Comparison of results

. C—m o O e g
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| b= — B T ] Test |
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pesign.tia’ DT 1 fane alt Fare | fule
¢ LP l e Sxs3 ! “f;“ i I:p f 1.8 £ y j
_______ —_— e R T . e A
| 1 | § 1 {4 | 3 | & 1 r 1 8 | 9 fo1e |
- . B L TSR EL e } 4 } } 4
b io2 | Le.asl | o.eX2 | F Vo2l 1.ek 3 F 0,517 | F | 0.577 | 0.491 |
| 602 [ 12.66L | 0.394 | F | 0.590 | 1.CE 3 | 0.446 | F ] Q.438 | 0.431 |
| 811 i 3.618 | 0.280 § F | 0.V | 1.0E-2 1 0.274 | P | 0.2%4 | D.z88
| en2 1 12,061 | 0,337 | F | 0.436 | L.OE 3 | 0348 1 F | 0,431 ] 0.336 |
| andg D 22.550 ) 0,358 | F | 0,830 | 1.UE 3 | 0.343 | ¥ | 0,431 | 0.364 |
L 1 il 1 1 | L i 1 1 i

conditions may improve confidence on the use of either PANEL or

ABAQUS as an alternative theoretical design procedure.

Results of such a comparison are given in Table 6.03 for a few
cases representing various test alternatives, where conditions

in the two models are equivalent after the following changes:

&) For 1- and 2-bolt connections, the spring coefficlent Sxs§
in PANEL was given & large value, thus simulacing full
restraint about the strut's x-axis, which 15 the default
condition of the ABAQUS model. Fallure loads and the spring
coefficlents fnr the initial and modified conditions are

given in in Colunns 2-5.

by For 2-bnlt connection., the bolt-elements in the ABAQUS
model were given a large tourslonal stiffnees, thus
simulating full restraint about the etrut’s y-axis, which is
the default rondition of the PANEL model. Failure loads and
the torsional constants for the initizl and modified

vonditions are given in in Columns 6-9.

The rest of the assumptions being similar, the followlng

ronclusions can b drawn trom Table 6.03, Columns 3, 5, 7, 9:

- 6.24 -
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Except for Test 801 with ABAQUS, all calculated failure loads
ave higher in both models for the new equivalent conditionms.
The rate of increase of failure load is similar for both
maodels at higher levels of slenderness (Tests 802, H04), while
it becomes more uncertain at lower levels of slenderness

(Tests 102, 602).

The mechanism of failure {{.e. yielding of the extreme fibre
at the heel of the angle in the longest suospan of the strut}
is unchanged for Tests 801-B04 with ABAQUS, and for Tests
BD2-B04 with PANEL., For Test 801 (1-bolt connection) with
PANEL, first yileld occurs at the longest subspan in the strut,
but at the horizontal tos of the angle instead.

The mechanism of failure is also different for the case of
lower slenderness, but with further implications: for Test LO2
wicth L/r=100, Dboath models predict ylelding of the extreme
fibre at the shortest subspan of the strut. According to the
ABAQUS model, this is followed by yielding of the tie at the
cross-over jolnt, and finally vielding of the strut at the

longest subspan.

This behaviour Ig not necessarily incorrect, in view of the
increased stiffness . the bracing lmposed by the new
conditiona, At low levels of slenderness and with Increased
rotational restrictions, the axiel force and the torsional
effect In the diaponals bec:me domlnant over the bending
effect, which may well induce failure of the struts at the

shortest subspsn by a more complex mode of buckling.

In all cases, the above farlure ~haracterlst_ics mre
accompanied by a general raduction of in- end out-of-plane

deflections, and alsoe of nodal rotations.
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It can be concluded, therefcre, that the flexibility model PANEL
can be used, within the range of parameters defined in the
present investipation, for design of cross-bracing with 2-balt
connections. The model for l-bolt connections requireas further

investigation.

6.5 - Use of ABAQUS for alternative analyses

Lc remaine to perform analyses on a tvpical frame with

cross-bracing in arder to agtablieh the behaviour and maxz.uun
tesistance of the diagonals under several conditiowns. Many of
these conditions were not lncluded in the set of tests and in
the computer analyses of this investigation, but are commoily

found in most frames of actusl steel transmission towers.

ABAQUS was selected to model these alternatives, for the

fallowing reasons:

- It is esegler to introduce changes to the ABAQUL models. For
example, the positions of the brecings can be chenped eimply
by modifying the direction cosines of the section's minor
exis, or by inverting the end eccentricity. PANEL, on the
other hand, was pr erammes only for the position of the maln
legs and bracings shown in Figure 5.01 of Chapter 5. Any
important changes to the model will require reprogramming of

£t least some of ite ~dules andfor subroutines.
- It is of ‘nterest to examine th> response of the models for

varfous alternatives, and evaluate the applicability of ABAQUS

ag & tool for future agesign of steel tranzmission towers.

- b,26 -



Severazl cases are examined in the feollowing Sections, therefore,

making use of ABAQUS finite-element models.

6.5.1 - GCases A and B: Conditions at the ends of the main lege

for 1- and 2-bo]t connections

As seen in the previous Chapters, the main leg supports of the
frames in the present investigation were simulated, by
definition, as pin ended in both the expe..mental and computer
models. This, of course, is not the case on ectual tower frames,
where these members are connected either to foundations or to
other parts of the structure. Tests by Behncke [11] and CIGRE .
[63] have simulsted this, by connecting the main legs to

transverse beams, or to rigid plares, see Flgures 1.08 and 2.01,

Theee condit ons have been simulated with ABAQUS, and the
results are included in Table 6.04, where Case Al Iin Column 2
indicates the base case (Test 801). The yleld stress and maximum
calculated torsional reotation of the main leg are piven in
Columns ? and 4 vespectively. The calculated fallure loads are

given in Column 5. ;

Cane A? indicates a frame with transverse beams at the top and

bottom sections of the structure, af in Figure 1.08. The beams

are rigidly connected to the main legs, and alsc prevent s
out-of-plane displacements of the outside cross.over joints. The

main legs are not, however, cvonstrained against torsional

rotations by the wupports, It is seen that the failure load

increases by 122 with respect to the base case.

« 6,207 -



At

Table 6.04;

ABAQUS . Case A: End cvondition, 1~bolt

T 1
; i ABAQUS | Tast |
| | | results |
i Test t T — T ! : g
. 1t uLt
Desipgnaticn y g u tuje
Case sl
| (MPa} | (*) | fy fy
¥ 1 T ¥ T 1 1
i 1 [ g |3y 1 s« 1 5 | G |
t } t + $ { {
| 801 [ AL} 333 | 2,420 | 0.274 | 0.285
| A2} 333 | 1.03n | 0.30/ | !
| 1 A3 ] 133 | 2.282 | 0.281 )
L L L 1 1 I J

Table 6.05:

ABLQUS - Case B: End condition, 2-bolt

{ i ABAQUS | Test |
I | | results |
|

| Tast + T T T : f . f

£ ulc ule
{Dunignatiun Case | ¥ 8.1 | 1 L

f f

(MPa} ) ¥ Y
[ t T T T T —‘1
i 1 | 2 | 3 E L} | 5 ]I [} J|
} } : T ; 13 ¥
{__ 802 i Bl | 32F | 2.951 | 0. 4B | 0.3136
| } B2 | 321 } 1.284 | 0.408 |
| | B3 | 321 t 2,826 | 0,354 | |
[ 1 L 1 1 L )

Case A3 corresponds to a frame without transverae beams, but the

main legs are restrained agsinst torsiomal rotatione at the

supports. The outside cross-over joints are free and can thus

displace out of the plame, at the rate westablished in Chaprer

for thece tests. Column 5 of Teble 6.04 shows an increment of

failure load of less than 31 for Case A3,

For Z-bolt vonnections, the result

in Table 6.05, where Case Bl is the bage rase {Test .02}, Case

BZ jndicates a frame with transverse beams, and Case B3

indicates majn legs with full rotational r2etreint. It is seen

that the fallure load increases by 171 for Case B2, and by a

lower 2@ for Case B3.

- 5.28 -
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Obeerving the main leg rotations in Column 4 of Tables 6.04 and
6.05, it can be seen that the transverse beams (and thus fixed

cross-pver jcints in the outside panels of brecing in Cases A2

and B2) impese considerable tcorsional restraint on the maln

legs, rescloing in an increase of failure load.

Cases A3 and B3 for 1- and 2-bolts, on the cother hand, in which
the main legs are fixed at tne supports (but the outside
bracings are able to move ocut of the plane}, result in almost no

increase of fallure load.

The abuve deductions highlight the importance nf the
out-of-plane deflections of the cross-over joints In the outside
panels of bracing, dilnce the transverse beams cannot ‘mpose a
torsional restraint to the main legs higher than the
fized-support r~ondition, it is rconcluded that the raduced
rotations &. the main leg-diagon:l connection (and thue the
improved strength of the bracing) are induced by the effect of
cut-of-plane deflections of the outside cross-over joints. This

effect ghould be evaluated in future research.

6.5.2 - Case C: Inverted diaponals

Test B07, with inverted diagonals in the outside panels of
bracing, is simulsted with ARAQUS and compared with Test 801 in
Table 6.06, where zh in Column & indicates l1-holt cvonnection.
These frames are ghown In Figures 3.06-a and 3.06-b of Chapter
3.

The calculated failure loids in Column . show that the model can

- 6.29 -
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Table 6.06: ABAQUS - Case C: Inverted diagonals

r""-"‘_""_'_'f‘""'—' - [} 1
| ! ABAGUS | Teat |
! ! | results |
f Test . T T T —t- —
Designatlon| fy fuir fulg

L G ey | P Iy K f
T T T 1 T L] 1
; 1 i 2 1 3 e | 5 5 |
= : § + — —+—]
| am [N > S - - | 1 | 0.224 | 0.2B¢

} 807 | @2} 329 | 1 {0,301 | 0.324
[ | | ! ] | !
1 L. L L L L |

predict, with a good approximation, the increase of bracing
strength produced by the change of prsiticen of the outside
disgonals, An increase of 10X of failure locd is anticipated,

agalnet an increaae of 131 recorded In the test,

The experimental and calculatyd deflections at midspan and at
the cross-over joint in the strut are shown in Figure 6.10-a.
Note tha* the predicted in- and out-of-plane deflections are

correct.

The strut-end rotations 2t noce 16 in Figure 6.01-b are deplcted
in Figure 6.10-b, which shows that the calculsted rotations are
conslderably smaller than the experimental records. Similarly,
the main leg's torsional rotatiocu at node 14, Figure 6.01~b,

are smaller than in the tests, see Figure 6,10-c.
It is concluded that the ABAQUS model can be used to simulate

this particular bracing arcangement, opening the way to further

investigations on this interesting bracing arrangement.
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6.5.3 - Case Iy Variable ratlo of tension to compression forces

in the diagonals

The experimental frames described in Chapter 2 were assembled
with careful detail, in order to secure, at least in principle,
equal and opposite forces in the diagorale. Figr . v 3.22 in
Chapter 3 shows & typical distribution of forces in the =ie and
the strut for the present tests, where it caen be seen that thase
forces were nearly equal (and of opposite sign} throughout the
loading history, thus eliminating one unknown effect. Similarly,
all the models, including PANEL and ABAQUS, were analyzed on the

basis of a condition of equal-bracing-forces.

Evidence from tests of prototype towers exlats [1], however,

where the magnitude of diagonal forces was found to be
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non-equal and the bracing forces were of the same sign (i.e.
both members in compression). This is & troubling situation,
since the conditions of support to the strut at che Cross-over
joint, and therefore the stability of the bracing, depend on

this ratio of tension to compression forces.

Conseguently, an exercise was conducted on a typical frame
modellied with ABAQUS, in which the ratio of temsion to
compression forces in the brucing was varied between §02 and
120% with respect to the base case, and the results are

presented in Table 6.07 below.

Column 4 of Table 6.07 indicates 2-bolt connections in all
caeeg, and the ratin of tie (PT) to strut (Pc) forces is

given in Column 5. Column 6 Indicates the totel horizontal force
at *he cross-over joint at the point of first yield In the strut
for zach case, and the failure loeds are given in

Column 7.

When the gxial force in the tile is 20X higher than in the strut
the strut's failure load decreases, 8s ghown in Table 6.07,
Coluan 7. However, the total force capacity of the bracing
increases, &8 shown by the crogs-over horizontel force in Column
6.

The out-of plane deflections at midspan and at the cross-over
joint in the estrut are shown in Flgure 6.11-a. Note that both
deflectirns are larger than in the base case, which explalns the

reduction of strength of the strut.
When the axial force in the tie is 15% less than the axial force

in the strut, the strut's feilure load decreases, and so does

the total force capacity of the bracing., If the force ratic is

- 6.33 -



Tahle 3.07: ABAQUS - Case D: Variable ratio of temsion to

compression forces in the diagonals

r 1
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| [ D4 | 323 ' 2 | -0.70 | 35,130 | n.147 | i

| | ©5 | 321 | 2 | -0.60 ] 32,073 | 0.357 | i

| ) L A 3 1 1 1 A

reduced again, say to 70 and 60f of t'e base case, the strength
of the strut reduces to a m.nimum and then increases, while the

total strength of the bracing continues o decrease,

The out-of plane deflections at midspan and at the cross-over
joint iu the strut are shown in Figure 6.11-b for the case of
force ratio of Pr/Pc=-0.6, Note thai both deflections are

smailer than in the base case, which explains the increase of

strength of tn: strut.

The computer model shows, therefore, thac reductions of the
force ratio may increase the load capacity of the strut, through
smaller out-of-plane deflections of the bhracing. The opposite
regult is produced *. .ncreases of the [orce ratlo. These

results, however, need experimental confil.maticn.

6.5.4 - Case E: Sensitivity analysis of conditiors at the bolted

connections

The important conditions at the bolted connecticons in frames

with cross-bracing are simulated with AB4QUS through four
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parametsrs, as indicated below:

- In-plane eccentricity exp., 9ee Flgure &.03,

OQut-of-plane eccentricity eyp, also shown In Flgure 6.03,
- Flexural stiffness of tu~ bolt elements, Ixp, and

Torsional sciffness of the bolt elements, IzD.

A sensitivity gnalysis was conducted on a typical ABAQUS
vross-bracing case (Test 80s&), varying each of the above
variables, one at a time, between 50 and 1507 of the value
celibrated for the analyses of tests in the previous Sectiona.

The results can be summarized as foliows:

- Failure loads are plotted in Flpure 6.12.a against variations
of the in-plane ecrentricity exR. see slso Figure 6.03. It
can be seen that a reduction of eccentricity resulte in higher
failure loads. The vpposite occurs when the ecvcentricity exy

is increasad.

- Failure loads for variations of the out-of-plane wccentricity

eyB, see Figure 6.03, are given in Figure 6.12-b. As in the
previous case, increment. of eyp result in lower fallure
loads, and higher failurs losds result from reductions of ;

eccentricity.,

These results are not surprising, since increments of end
eccentricity induce larger in- and out-of-plane deflections in
the bracings and larger nodal rotatlons, which in turn
increase the bending eifect, thus reducing the astrength of the
diagonalis. Also, note that th- ocesntricities assumed fur the

analyses in the prerent invertigation are the normal
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Sensitivity Studies
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framing eccentriclties, namely the distances between the
section's centroidal axis and the design sxis. or axls at

which the bolts are locsated, ser Figure 6.03.

- Pailure loads are given in Figure 6.12-¢ for the casze of
variations of the bolt elements’' flexural stiffness. The curve
in Figure 6.12-c shows that there is virtually no change in
the sirength of the bracings for these variations. Again, this
is consistent, piven the short length of these bolt members.
The stiffness of 1.0E5 tm% given to these members cleariy
represents a fully-fixed condition about the x-axils, see

Figure 6.03,

- Finally, failure loads are given in Figure 6.12-d for
variations of the bolt members' torslonal stiffness. The curve
shows that failure loads increase for increments of the
torsional stiffness of the bolts. This effect 1s consistent
wlth the higher in-plane end restralnt given by more rigi.

connections.

The problem of torsional stiffness of the bolt elements in the

ABAQUS model, however, deserves further mttention, as explained

in the next Section,

6.5.% - Further comments on bolted connections

Fallure loaus are indiceted in Table 6.06, Column 5, for varionus
in-plane end conditions simulated with ABAQUS. In the case of
Test 801, with l-bolt rconnections, the bolt elements were given

& very small torsional stiffness, see Column 3, thus
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Table 5.08: ABAQUS - Analysis of coonection restraint

=

' - L} 1

i | ABAQUS I Test |
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i 801 | 1.0E 5 | 1.0E-2 | $.7E-1 | 0.2%4 | 0,280 |

| a2 ] L.0E 5 | 1.0F 5 | 8.6E-3 | 0.431 | ©.336 |

| aoz | 1.0E 5 | 1.0E 3 | 6.6E-1 | 0.348 | 0.335
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represeating a pin-ead condition about the y-axis, see Figure

6.03.

This might be & caonservatlve assumption, since the actua]l 1-bolt
connection may, depending on the torque piven to the bolts, have
a higher torsional restrainct. But, from the design point of
view, it is a safe condition, &s shown by the calculated and
experimental failure loads, Columns 5-6. Alsc, the angle rotated
by the connection (between the strut and the main leg, nodes 14
and 16 in Figure 6.01-a) about the y-axis is given in Column &
af Table 6.08.

The case of 2-bolt connections was originally mndelled as a
fixed-end condition, as in the second line of Table 6.08 for
Teat B02, by giving to the belt elements a very large torsional
stiffness, see Column 3. However, the calculated fallure loads
which resulted were considerably higher than the experimental
results, see Columns 5 and 6. Also, note in Column 4 that the

angle rotated by the conpection is practically equal to zero,

As a vonsequence, the torsional stiffness of the balt elementr
wss ralibrated using the recorded experimental failure loads and
behaviour uf the frames, obtaining a reduced torsional

stiffness, sev Column 3 for Test 802 in tbe third line of Table
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6.08,. Note that the connecticn also rotates about the y-axis,

see Column 4.

The ABAQUS mndel :ndicates, through the above results, the
influence of vet another varlable of bolted connections: holt
glippage. Trensmission tower assembly and erection commonly
takes place in the field, with the help of sometimes untrained
crews and rudimentary toole. Precise detailing and specification
for bolt tensioning of the towers may render the field
operations expeneive or even Ilmpossible. The connections are
therefore detailed with gererous tolerances, in which the
diameter of the holes s usually larger than the diameter of the

fasteners, by 1.5 mm or more.

Also, the bolt-tightening operation is very difficult to
control, and each bolt is likely to be piven a different torque,
even within the same connection. As a result of these particular
characteristics of steel tower detailing &nd constructien, the
bolts and the connected members move at Increasing loads, until

they settle into a new position.

|

(a) (b)

Figure 6.13: Bolt slippege: raelative movements at the
bolted connections, Jdue to design tolerances. The holes arxs
ag & rule 1.5 to 2.0 mm bigger than the diameter of the bolts.
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As an exsmple, a connection is shown in Fipure 6.13-8, where it
is assumed thet the bolts end the holes are initially
concentric. The tolerance of the holes is 1.5 mm, therefore the
total relative displacement of the connected mrmbers can he &
minimum of 0.0 mm, and a maximum of 3.0 mm. Assuming an aversge
relative gdisplacement of 1.5 mm, as in Figure 6.13-b, the
additional rotation of the member respect to the joint is about
2.5¢%.

It is apparent that these displacements of the connected members
have & significant influence on the behaviour and reeistance of
the strute. It is generally accepted ip Industry that the
resistance of the toweirs hag, in the best of cases, a 10X
dispersion due to design and construction tolerances.
Bolt-elipping may explain, in no amall emount, many of r-e

differences observed in the experimental results.

6.6 - Summary

A non-linear model of cress-bracing, developed using the finlte
elements rode ABAQUS, has been discussed in the previous
Sections. Unlike most other standard packapges for structural
design, ABAQUS mllows for the use of non-symmetric beam elements
about non-orthogonal axes for non-linear frame apnalyses. Thie
represents a significant development in structural design, end
opens the way to the simulation cf more complex bracing

arrangements, with a minimum of simplifying assumptions.

Moet of the design conditions of the test frames are Included in

the ABAQUS models. In particular, the bolted connections are
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represented by beam elements, with lengths defined by the normal
framing eccentricities of the diagonals. The end conditions are
introduced through the flexurel and torsional stiffnesses of

these elements.

Varlious slternative cases are studied, which show the behaviour
of the frames under conditions not included in the experimental
research. These additionsl studies show the importance of the
out-of plane displacements of the cross-over jcints of the
adjacent panels of bracing. It is demonstrated that the strength
of the bracing increasex considerably when these nodes are

fixed.

Similarly, variations of the ratio of forces ir the diagonals
influence the buckling capacity of the struts, #ulle alsc
affecting the totsl amount of force in the bracing, measured as
the total horizontal load at the central cross-over joint. These

results have been anticipated by Elmes [31].

Most importantly, the effect of Bolt slippage due to typical
steel tower bolt-hole clearances has bheen -demonstrated by tha
ABAQUS models. It is apparent that in-plane rotations of the
connections are partially due to this effect, which has an
important influence on the behaviour of the struts. The
formulation of these problems is relatively simple, although
further investigation is required before being able to model

these random variables for design purposes.

The predictions of failure load, and also deviections and nodal
rotations, are fairly accurate, in view of the above
uiwwertainties. As Is the case of the flexibility model PANEL,
however, there are problems asgvclated with modelling the

brhaviour of the main legs. It is apparent that the simulation
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of the main leg regquires further analysis., However, the
conditions at the connections are already complex, reier to
Figure 6.03, hefore introducing additional eccentricities about

the main leg's prinripal axes.
The above analyses close the present Investigation on

cross-bracing in steel tran.mission towers. A final discussion

and evaluation of resultrs are included in the fcllowing Chapter.

« 8,64 - .



CHAFPTER 7

SUMMARY AND CONCLUSICNS

7.1 - Introduction

Experimental and theoretical investigationms on uross-bracing
typical of steel transmission towers have been presanted.
Transmigsion towers are amongst the simplest of eteel
structures. Their designs are simple because assembly and
erectjon usually take place in remote areas. Alac, members and
connections are detailed so as to ease manufacturing, transjort

and delivery operations, thue reducing the costr.

However, many years of international experience on tower dssign
and testing at various levele of voltage demonstrate that the
behaviour of these structures is complex and diffi:zulc to
predict with enslytical models. The interactlions between the
tower members, usually steel angles connected eccentrically,
induce non-linear effects at all levels of lpad. Further, as
moet of the members &re critically loaded in compresajon, the
secondary effects have considerable influence on the ultimate

capacity of the bracings.

This complexiry, as an analysis of existing research shows,
means that zdequate resolution of design prohlems for
three-dimensional arrangements is unlikely to be achieved,
eapecially if materisl, geometric and boundary non-linearities

are considered together. Therefore, the major part of research
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in the past has concentrated on sing.e angles undier uniaxial ot

Lhlaxial bending, with simulation of various boundary condlitions.

Other investigations on simplified structures, as well as the
accumulated experience of full-scale tower tests, have resulted
in the development of design curves and design rquations which
are applied {ur different loading and end conditions of the
tower members. These are, hpwever, general rolutlons and for
some conditions in the structures the models aie unrelisble.
Studies reported by Kempner [72], for example, show difterences
between test results snd predictions of buckling load from the
ASCE [5] deslgn curves for critical tower members. Similar
differences have been observed by Behncke (11}, and are also
apparent from results of the present investiga*ion, for the case

of cross-bracing.

Accvordingly, the objectives of the present investigation were to
identify and guantify the effects of eccentricity of axial load
and end restraint from connections on the bahaviour of steel

angle croesed-diaponals.

Cf the possible bracing arrangements in  wer panels, the
croge-bracing system is the most interesting alternative from
the research point of view, bLicause of the interaction between
the two diaponals at toe cross-over joint, loaded with
approximately equal and opposite forces. Thus in addition to the
end-connection details the behaviour of the stort and, Indeed,
the stability of the system, depend on the distribution of

forces In the " racing.

As it has been observed in this and other investigations
[11,20-22], steel angle members fail shortly after yielding of

the extreme fibre. As a consequence, the bracings were analyzed
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within the elastic range, and it was # umed in all models that
failure occurs at the axial load which causes the initiation of

ylelding in the extreme fibres.

No attempt was made to determine the influence of initial
imperfections (e.p. residual stress, scetter of yield stress)

on the mechanical properties of the material. Because of the
predominance of end eccentricities in typical connections
betwean steel angle members in transmission towers (reflected bv
the observed in- and cff- ne deflection patterns of the
bracing), the effects of these random facturs were included in
the models by means of empirical equivalent eccentricities, see
(6,33,34].,

The principal results of the experimental and analytical
investipations in this thesis are summarized in the following
Sections. The results are also applicable to other types of

steer latticed-tower structures witk angle members.

7.2 - Experimental research

A series of teste was carriled out on various iLvacing and frame
arrangements. The main varlables were the glenderness ratio Lfr
{between 100 and 1690}, the length r¢tic Lg/lLpg (between 0.7

and 1.0), and the end vonditions of the diagonals (1- and Z-bolr

connections, and two sizes of main leps).

The experimental results in this thesls yield the fvllowing

observations:
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The strain-deflection chararteristics vf the bracings are
typical of single-angle strur -+ hisxial lomding, as
follows. The defis. ion of the bracing cccurs initially in the
out-of-plane direction due to end eccentricity. Before
failure, however, predominant deflections are about the minor
axis of the section. The deflection patterns are further
influernced by variations of the slendernees ratio Lir, the

length coefficient Lg/Lg, and the end conditions,

In all cases fallure of the strut occurs 8t u load within 102
of the load rausing yielding of the extreme fibre, thus
indicating inelastic cellapse. At this moment the gtralns in
the tie are well below the yield limit .[or diagorals wirh
slenderness of 130 and 160, At rlenderness of 100, however,
yielding in the tie at the cross-tver joint ovcurs first, and
the subse¢guent loss of strength in the bracing {(sand reduced
out-af-plane support from the tie at the interconnectiug

joint) leads to premature failure of the strut.

Variations of the bracing length ratlo e=Lg/Lp have

influence on the behaviour of the diagonals. 1t is apparent
that dis, onals with low lepgth ratio v are sulject to a higher
regtraining action from the shortest subspan Lg, while
diagnpnals with r=1 are subiect to blfurcation between

symmetrical and asymmetrical buckling loads.

The resistance of the bracving incresses when the end
restrointys are increased. Increasing the pumber of connecting
beits from one to two provides additional restraint about e
v-ixis, The same effect is ohserved avoul the y-axis fog
layger size of main leg twlative to bracing (and thervetoge
enhanced tlexural stiffness)y for 2-bnlt connections.

Consequently, the highet tesistancs of the struts seems to be



related to lower hending effects about the minor axis at the

critical secticen, through larger in-plane deflections.

The rotation readinge at the nodes indicate, for the
coanditions vf the bracings in this investigation, that there
is little or no torslonal restraint fron the main legs. Mare
importantly, it is demonstrated that the actual nodal
rotations are always smaller than the recorded strut-end
rotations about the x-axils, thus indlcating elastic
deformation of the vonnections. These can be caused by leocal
bending of the connected flange of the main legs. Bolt
distorrions and bolt slippage could alsce be significant

factors,

Addition of redundant members to the cross-bracing genecally
tesults in improvements of the failure loads. However, the

deflection and rotation readings are uncertain, and are not
suitable for use in development of theoretical or empicical

models,

It was not possible to perform complets tests on systems of
locked-in diagenals with the existing test rig, Results from
many ftrial tests are uncertain, and thus cannot be used to

descril® the main characteristics of the bracinge.

Thess nproblems have been ldentified during previous research
Ity «emp [50] and tlmes [51], where it was demonstrated that
some ot the lead carvied by the leps Iy transferred to the
dlagonals in the locked-in cross-bracing, ses Figure 3.07. As
¢ tendalt, the ftorce in the compression diagonal is lairgerl than
Tnothe tensien Praednye, an?othe seede oo the peeoer join
ts anforved less pitedctively. Premature buckling of the srrut
may result trom the additional s=xial torce and the reduction

ot latreral support,

- P -



The uncertain disteibotion of force in the bracing and the
reduced strength of rhe strut of locked-in systems have been

highlighted in this investigation.

The end e crentricity of the bholted connections relative to the
vantrold of the sagles causes the crosg-over joint of hoth
diagorals to deflect in the same out-of-plane diitection. While
the vross-over joint in the central panel of bracing was
alwoys free to Jdeflevt, the deflecrlons vf the crogs-aver
tognte {n the outside panels of bracing were simulated in the
swpar cental investigatlon, see Flpures 2.06-a and 2.06-¢ of

chapter

sbnoguent tests on frames with locked-in diaponals
Jemonsttated that rhe assumed rate of put-of-plane deflections
i the cross-over joints in the outside panels of bracing was
incorrect. However, it was found that thepe deflections have

an important effect on the hehaviour of the main diagonals.

The Southwell-plot procedure and the secant farmula can be
used tu determine the end sccentriciey of the strurs, the
slastiv buckting lead and an effecrive length coefficlent.,
Since the drJlection veadings just pricr to first yield are in
rame cases oneertain due to movements of the | "straments or
theiy supports, the Southwell-plot is modified, and 14
expressed as a functien of axial forees and hending moments,

which ave obtained trom strain teadings.
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7.3 - Design considerations

Yared on results of the experimental investigation, a parametric
study within the elastic range was conducted to determine
vffective length factors suitasle for design of diagonal struts.
Empivical equatioms are glven for these factors, Ilncorporating
the important variables which influence cross-bracing hehaviour,

as follows:

- Relative sizes of diagonals and main leps,

- End vonditions of the diagonals,

- Divection of the plane containlng the main restraint,
- Length ratieo LgiLg, and

- Slenderness rvatio L.

The proposed solution i3 simple, and locludes non-linear effectas
at incresalng loads through the trigonometric factor in the

secant formula.

wmparing test results and predicted results from the proposed
model with usual design carves from the ASCE [5] and ECCS [7]

design mannals, the foliowing conclasion ain Jdrawns

~ The ASCE and ECCS design rurves are increasingly conservative
at higher slenderness ratieoy, while at lower slenderness
rativs these curves give optimistiec fallure loads {(as shown in
Figure 4.04 ot Chapter 4). These difterences have created

concern, And are being investigared, ses Kempner [72].

- The ASCE and KOS design curves Joonet dneonde sopm dmportant
pttectn, e b s relative sizes of contected members, and

ihelitr inclinations.



The proposed solution gives acceptable predictions of failure
loads for all the test alteynatives. Whea the frame and bracing
arcangements are too different from the models in this
investigat:on, the errors in the calculated resdlte are of the

same order of those abtained with the ASCE and ECCS5 curves.

It is therefore vondluded that the proeposed equations can be
used for design of steel angle vrnss bracing with slenderness

ratios between 90 and 164, and for L- and 2-belt connections.

7.4 - Computer analyses

A computear model of planar frames with crosgs-bracing, PANEL, was
developed hased on flexibility equations which du not requize an
iterative analysis prococure. The non-linear effects are glven
through the inclusion of Berry stability functions, The mcdels
reproduce the conditions of the braciigs in the experimental

frames,

The following conclusions are derived from these flexibility

analyses:

- The models pive reasongble predictions of fa lure loada for

all test alternatives.

- The computed in- and out of plane detlections ars similar to
‘he recorded deflections atr both midspn and at the crouss-over

jvints,



- 5imilarly, the calculated nodal rotations are very cloge to
the recorded rotations, espaclally in frames with parallel

legs.

- The predicted fajlure mode is in all cases corxrect for frames
with inclined leps. For frameu with parallel legs, however,
Fajilure of the struts ocvcurs theoretically almost
simultanezously at both sides of the cross-over joint, which is
possibly correct for the conditions in the model, bur 1s not

in agreement with the experimental results,

Two problems are not completely resolved in thls model:

- The predicted hehaviour of bracings with l-bolt connections 1is
not avcurate enough (although the 1-Dbolt test results are
equally uncertain). Results are uncvertaln or incorrect for
alternative frame vonfigurationa. It is apparent that the
proposed modelling of 1-bult connections between the maln legs
and the dlagonals, in which 1t is assumed that there is no
restraint from the main leg about the y-axis, {9 not the best

approach and vould be improved through further wearch.

-~ The computed torsional rotations of che main legs are
conaiderahly lsrger than the test records, particularly for
the case of l-bolt connectlons, These differences are
attributed to the modelling of the main legs, in which no
eccentricities were considered about any of the leg's
principal or longirudinal axes, They may alse be related to

the problems ment ioned above for 1-bolt connections.

In spite of th above, FANEL makes & valuable contribution to
resolving most ot the comples preblems presented hy

cross.bracving. In particolar, it has helped to explain ' w in-
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and out-of-plane conditions at the connections about eorthogonal
axes can be modelled in conjunctien with conditions about the
prinvipal axes at midspan in the disgonals. The diagonals’
interaction at :he vross-over joints and evaluations of the
crosg~oyer forves in each of the panels are also successfully

modelled.

An additional model wag developed using the finite-elrment code
ABAQUS, Like PANEL, this model incorporates most =f the
important characteristics of c¢ross-bracing in transmission
towers, allowing, perhaps for the firet time for this type of
general dezign code, for non-linear analysis of asymmetric

members.

The predicted failure loads and bracing behaviour with ABAQUS
are generally cvorrect. Torsional rotations of the legs in frames
with l-bolt connectionsg also show differences with respect to
the experimental results. It is apparent that modeliling of the
main leg condicions at the connections deserves further

attention

A comparison ot both ARAQUS and PANEL cross-bracing modelas sh s
that they predict, under similar conditlons, simllar hehaviour
and fallure leads of various bracing arrangements. These results
thus validate the PANEL models for 2-bolt connections, and
confirm the ohserved differences for the cases with l-belt

conngctjonsg.

Further analyses with ABAQUS show the importance of tha

following parameters:
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- The out-of-plane deflections of cress-vver joints in the
adjacent panels of cross-bracing influence the torsional
rotations of the main legs, and thus affect the resistance of

the main diagonals.

- The ratio of tie-to-struc rforces affects the buckling
resistanve of the struts, and aiso the total amount of force
in the bracing, measured as the transverse in-plane force at

the cross-over joint.

- Additicnal strength to the bracing is obtained when the
diagonals in the outside panels of bracing are inverted with
respect to their normal positions. It is apparent, by doing
this, that moments at the ends of two connected diagonals have
a balancing effect {see for example Filgure 5.07-a in Chapter
5, where it is shown that the end moments Mjxg and Mjxt
projected on the leg's longitudinal axis will have opposite
directions 1f one of the diaponals is inverted). This effect
induces lower levels of nods! rotarivons and midspan
deflections in the bracings, which resylts in higher failure

Toqiae,

Mogt of the abuve alternatives, however, need further

experimental confirmation.

Finally, the wportance of bolt movements duer to design
tolerances and clearances are highlighted by the ABAQUS models,
Tt emerges that bolt slippage has vonsiderable influence on the
ineplane end retations of the diaponals, which in tuin have an
vftert on the loading vapacity ot the bracings. Bolt slippage
may well explain many ot the ditterenies ohsepved in the
experimental models, and which are <o Jditticnlt to <imulate by

theayetical mesns.
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In conclusion, these studies show that no matter which appreach,
theory or procedure is used, the analysis of cross-bracing
diaponals under axial load and bending effects is an extremely
complex issue. The proposed solutlons have been formulated as
functions of boundary conditions, size and strength of the
members and loading. A more sophisticated appreoach would require

aw. ad methodology such as based on beam-column theory.

It is possible, however, that & general, unique solution to
these problems, even after considerable simplifications, should

not be expected.

7.5 - Conclusion

Cross-bracing in panels of steel transmission towers have been
examined in this thesis, The importance of the end
eccentricities and restraints at the bolted connections have
Foeny lapensrrated throaph an experimental invest{r-tion, a
simplified design model and computer analyses. The pr.. ipal

coptributions ¢ this thesis acte 1:.ted Qelowe

- Very high gquality data were obtained through an elaborate
system of supports, sssembly and adjustments of the test
favillitles, aud data recording procedura. It was therefore
possible to isolate the various parameters and their effects

on the bracing unler weveval conditions,

- End eceentricities and offective lenpth factors were ubtained
From experimental resulis usinpg the Scurhwell-plor and the

gecant tormula.



- A simplified design model ls intrcoduced, which takes into
account the parameters which influence cross-bracing
behaviour. Many of these conditlons are not considered in
buckling curves given in design manuals currently in use. The
proposed design model can be used to design steel angle

crosa-bracing of typical tower panels.

~ A Plexibility analysis demonstrates that 1t is pnssible to
model non-lipnear cross-bracing systems inclusive of the
interactions between ths diaponals and the main legs, between
the tie and strut diagonals, and the conditions of in- and
cut-of-plane restraint and bilaxial loading at the bolred

connections.

- An additional model is devzloped using a finite-element code,

demonstrating that non.linear analyses can now be performed

for more complex irames including asymmetric members.

Through thils investigation, it has been noted that the following

siens are opens 1 o Tocthore ragearchs

- Experimental data are required on the behaviour of the
diagonals in the outside panels of bracing in terms of

deflections and nodal rocations.

It 1s recemaentsd that the in-plane behawiour nf the diagonals
and the main leps be sxamined more carefully, including
eccentricitirs in the main legs. This will pos=ibly require

that the test frames be assembled wvertically instead of
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herizontally, due to the rerording positlons of the rotation

transducers,

The effects of bolt slippage should be examined. However, it
is anticipated that modelling this variable accurately will be
almost impossible, because of the random characteristics of

these bnlt movements.

The effects of transverso beams between the main legs, and
vongernquently the out-of-plane defl=zctions of the outside
rracings, should be examined. These conditjions cen be modelled

with ABAQUS.

Future Investigations should be performed on full-scale
frames. The effects of initial material imperfections in

larger steel angle sections should be assessed,

The effects of eccentricity of load and end restraint on the
behavicur of two-dimensional frames made of steel angles
should he examined separvately. This will require simelation of

main legs with reduced flexural and torsional st/ ffness.

+t is sugpested that further research be conducted oun bracings
with “:verted dlagonals. However, the desigh of adjacent

later «l panels of the towers must be considered carefully.



APPENDIX A

Caleulation of axial force and bending moment from strain

readings

Strain gaupes are located on the specimens in sets of three, as
indjcated in Figure A 01 Lelow. Within the elsstic range, stress

at each gauge location cen be calculated as follows:

01 = Ek€) = P/A + Muvi/iu - Myv /Iy

07 = Ek€2 = PlA + Myvz{Tu + Myuz/Iy

c3 = EKE3 = PfA - Myva/Iy -~ Myuifly

where -E is the moduius ol elasticity,
-k is a straln gaupe factor,
~€j is the recorded stcain at points i=l,2,3,
~P is the axial force in the diagonal,
-A le the crogs sectional area,
<My, My ar the moments about the principal u- and
v-axis,
=1y, Iy are the moments of inertia about the u- and
v-axls, und
-ui, vi are the distances indicated in Figure A,01 for
1=1,2.3.

The solution is given by solving the above svstem of

simultaneous eguations, where the unknowns are P, My and My.

In matrix form, these eguations are as indicated below:
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ey ] V1A viflu -ulily | \ p !
| : ;
Ek 'll €z = [ L/A vaily uzlly i 7 Hu}
! 63 ' ‘ /A -v3fIy -u3ily | 1 My |
and finally:
Ek {£i} = [M] {Pi) vea (2,012

Fipure A.0): Location of strain gauges
in the angle section
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APPENDIX B
Calculation of bracing deflections from test readings

Flgure B.0l-a shows the original (I} and deflected (11}
pocitions of a section of an angle diagonal, where three
lastruments are used to measure the movements of the heel of the
angle section: a) one rotation transducer (twisting @), b} one
displacement transducer (horizontal dilsplacement x]-xg}, and

c) one displacement transducer {vertical displacement

yi-yo). A detall of the invtruments’ assembly iz shown in

Figure 2.13 in Chaprer 2.

An auxiliary beam is used to support the dispiacerent
transducers., The beam is connected tn the main legs at nodes a
and d, see Figure 2.13 in Chapter 2, through a system of hinges

and rollers, thus reducing interferences and distortions.

The displacement transducers are thus fixed, and their relative
positions with respect to the diagonal cannot change during the
test, Observing the detsll in Figure B.Ql.b, the deflactions of
the heel of the angle can be expressed in terms of the measured

twlst and vertical and horizontal displacements as follows:

Xg = A sine + B cosd
yg = A cos® - B sine

where

A= (¥l1-y0) cosd - b sine
B

= (x31-%¥0} Coad + b sing



where b is the width of the angle section, which 1s consistent
with the initial positions of the transducers displayed in

Fignre B.0l-a, see also Figure 2.13 in Chapter 2.
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Figure B.01l:t a) Original (I) and deflected (II) positions
of an angle dispcnal. The vertical and horizontal transducers
are placed perpendicular to the legs of the sngle. b) Datall

of the tatal movement of the heel of the angle.
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Note that the heel of the angle is used re monitor the
deflections, instead of the shear centre of the section.
However, given the small size of the ppecimens, the error
incurred iz negligible. It is also assumed that the diaponals
deflect at the cross-over jolnt only Iin the out-of-plane

direction, and without twisting.
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APPENDIX C

The Southwell-plot procadure

Actual structural members asre not perfectly straight. They
usually have initial deformations, or initlsl eccentricities,
which increase the bending effect when axial loads are applied,

thus increasing the stress &t the extreme fibre.

Initial eccentricity end elastic buckling lead of such members
can be determined from deflection and strain readings obtained
experimentally. The following load-deflection expression can be

written for a member under compressive load:

u ag u

. ceaa {G.01)
P Pg Py

Equation (C.01} is an expression of the form:

¥y = 8 + bhx

thus representing a straight line which best fits the pointa
determined from experimental readings of deflection and load, as

in Figure C.01, The terms in Equation {£.01) are as follows:

- u is the recorded deflection,

- P ir the recorded axial load,

~ ap is the initial detormation, given bv the intercept or
initial ordinate in Figure .01, and

- PE is the Euler load, given by the reciprocal of the slope
in Figure C.01.



Southwell~plot procedure
Tesl 402

u/pP
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31
* Test readings —~~ Linear regression

Figure C.01: Euler clastic load and
end eceentricily calvutated from
Soulhwell-plot.

The above procedure is known as the Southwell-plot, and the

background theory is well documented in Allen {70].

For the case of cross-bracing diagonalas, deflectim u in
Equation (C.01) is the absolute deflection at midsepan, includlng
in-plane and out-of-plane deformations between the strut-lep
vonnection and the cross-over joint, a8 indicated in Figure
C.02-a. If it 1ls assumed that the crogs-over joint moves only in
the cut-of-plane direction, the deflection u about the minor
8xis in Equsation (C.01) can be obtaoined Erom the followling

expression:

U= [(yg - h yo) + xg]ivi ... (.02}

“a which yg, xpg and yr are calculated from test readings,

as indicated in Appendix B and are shown in Figure C.02-bh.
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The Southwell-plot can als. bhe expressed in a different format,
as described next. If the strut has an initial deflection equal
to ap, the maximum deflection at midspan (Lg/2 in Flpure

€.02) can be calculated for any load P as follows:

ap
1, | - B .
Mmax P
|
Pg
L
- -3 :
|
_h } =
| i z
w\ o 3 —_— >
a
i R
- N
Yo ¢ y
rg-iyc

o

LA

(b)

Figure C.02: a} In- and out-of-plane styuc deflections,
recorded during tests and used with the Southwell-plot

procedure to determ.ne experimental buckling loadr.
L} Derail of deflections at node g, sec Appendix B.
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and the measured displacement is u = u - 8., from which:
max 0
E[}P

Pp - P

The b:nding moment at midspan of the strut can be written as:

Pag apPPg

Mv, m P = — = = u P
may Umax P Pp - P E

R

Pg

from which:

u = Mvmax/PE

Replacing the new value of displacement u in Equetion (€.01},
the Southwell-plot eguation becomes:

ceee (L.03)

This is a modified expression af the Southwell-plot, in which:

- 8¢ is the jinitjal amplitude, or init:a}? e~eccentricity,
given by the initial ordinate in the plot.

= Mvmax is the bending moment about the minor axis of the
sertion, and is obtained from strain readings,

- P is the recarded axial force, and ieg alsc obtained frum
strain readings.

- Pg is the Euler lead, calculated as the inverse of the

slope in the plot.
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Modified Southweli—-plot procedure
Test 02

Mv /P
10 |
8+
| I 4
: __.,__...-“"1 e o
4% L T
e
*]
| 0
0 P P W Il - i 1
4] a0 10g 150 200 i N
My
*  Test readings — Linenr regrossion

Figure ¢ 1 Fuler elaslic load and
end ecoentricity caleulaled from
modified Southwell-plot.

Equation {C.03) is solved for moment a&na axial force readings at
and directly prior to first yield of each test, and the initlal
amplitudes and buckling elastic loads are cbtained from the
best-fit linear regression of these values, as indicated in
Figure C.03.
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APPUNDIX D

Theory for frame analysis

The analytical approuch used In this investigation (Chapters &
and 5) for modelling crosu-bracing systems, involves solution of
equilibrium and compatibility equations. For example, to solve
for n unkrown mom=nts at the ends of the n members meeting ~t

joint j, see Figure D.01, the following conditlons are requlred:
a) One eqguilibriws efuation:

T oM
> P =0
imp Ad

4

bt
=

Figure D.0l: Generic member ij in a structure. Rotations
at nodes i and j can be expressed as functions of the end
moments in the adjoining members.
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b) {n-1} compatibility equations:
fj1 = 8j2 = ... = 8fi = a0 €in
in which:

- Mii are the ith member end moments at n:de j, and

- 8ji are the rotations of the Jdifferent nembers at joint j.

Nedal rotations €31 at the ith node of structural membars,
such as ji in Figure D.01, can expressed rs a function of the

end moments as follows:
8i1 = L(MIf.MI]) cee o (DLOIY

Definitions and basic theory for flexibhil.ty relationships such
as (D.0l) above can be found in Timoshenkoe [35], Pipard [62], or
Chen [71].

Similar equations relating end moments and nodal rotations are
written in this !nvestipation for all nodes in the structure as
a8 function of memhber geometry, applied loads and restra'nt
conditivns. These expressioans are not dependent on the material

properties.

To illustrate the raticnale behind this approach, consider a
generic element ij of length L, such as shown in Figare DB, 01
Following the notation and sign convention or Figure D.02, tho

rotations at nodes i and § can be expressed as Indivated below:

os;] [ ] {weg

i3 L Byf3 ~Bafé Vi

lj?* _ 1 2 ﬁf A

81 EI, |-Bsfe By/3 i NVJ-j_J[
. 5

£y

aa (D.02)
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or {83 = [F]{M)

Equatioas (.02} are fundamental in the preoposed annlysls. The
matrices in Equations (.02} relate the erd rotations {8} to the
<nd mome * {M; of frame elements and are a generallzed form of
the flexibility egquatirms. The flexibility matrix [F)] of the
member i includes the functions B, and Bz, commonly known

45 Berry functions [35,62,66,71], which allow for the
dostairilizing and moment magnificatrion =ffect of axial
compressive forces acting on a beam-column through midspan

deflections.

. mhvi‘j Moy /J--. .
b, W
> | —
] J
-
¥ W
fa}
J? L h]
31|
e a "
ot S u
. - 13 3
]
1 B —L_w_)
e et e — L —_— e e -_-fl‘_
(b}

Figure D.02: Notatinn and sipn convention adopted
for the present investigation. a) Ferces and moments.
b) Peflections and nodal rotations.

- D3 .



i

Functions B] and B2 are non-linear trigonometric factors, or
stabjlity functions, and are dependent on the ratio of forces
P{PE. They are, therefore, aleo related to the strut's
slenderness ratio Lfr. Figure D. Y shows B] and Bz plotted
against the ratio P/PE., from which we can derlve the followling

con lasions:

- When the axial force P is very small the atability functione
approach unity, and the relationship Letween the rotations &
and the end moments M become linear, since the flexibility
coefficients in the matrix [F] are unaffected by P,
depending only on the ratio L/Ely., Equation {D.02} then
takes the form of the linear flexibility equation.

~ Vhen the exisl force approaches the elastic buckling load
PE, on the other hand, the stabllity functlone tend to
infinity. At this point, even the smallest end momenr or
lateral disturhance will induce considerable deflections snd

end rotations in the member ij.

It is ciear, therefore, that the coefficients in the flexibility
matzix {F] change with the axial load, resulting Iin a nen-linear
effect for increasing values of load. The relstionship between
rovations and moments, however, remalns linear for a particular
value of P end, ae a result, the non-linear behaviour of the
memher ij due teo this effect is calculated by a succession of

linear aralyeges through increments of the axisl force P.

In a rigorous second order analysls the axisl furees are also
unknowns, and have to be estimated for each iteration. However,
for the bracing pair under consideration, it will be suffiv ent
to cvalculate the membey axial torces, at any load level, by

vonsidering equilibrium at the joints of the truss structure
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Rerrv Stability Funclions
Nan-linear effecl on beam-columns

Bl B2
o} /
By
ﬁ .
/ /B2
/
4 1 r
.
. .
ey - //
e
nl T
= o _.,_.:_:-—‘:::::.T—.::‘_"' -
o 1 b | 1 U 1 i
o 04 ©02 03 04 65 06 07 08 09 1

Force ralio P/Te

Figure D.03: Herry factors Bl and B2
as & Ivnction of the ratio P/Pe

without incurring significant error.

Extending this analysis to include a member ij having lateral

joint deflection or sway, as shown in Figure
{D.02}) can be extended simply to include the

gways as follnws:

Jﬁijl L By /3 -Bz.-"é. Mvyy

[ +
[eji! EI, —3216 By/3 H\rji

!."'I b
1

or {8} = [F]{M} + [£]{d)

where [f] is a compatibility matrix relating

D.02-b, Equations
effect of these

-1 1 uy
1 =«1 Llj

«er {D.03)

end rotation to

relative end deflection or sway ({d}, see Figure D.02-bL, Similar

analytical expressions can be developed for a member i)

subjected to tensile forces.
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A particular example of the above general case wocurs when the
beam~-column ji o: Figure D.01 is subjected te equal and apposite
end moments, such ar in the eventuality of equally eccentric
loade. The maximum bending moment at half-span of element ji is

given by the secant formula, see Chen [71]., es indicated belows
Mymax = P ey sec(w) cre o (D.0&)

in which ey is the evventricity of lead in the plane uz, see
Figure D.0l, P is the axial load, and the factor w is given as

followa:
MY,
w = — ¥Y{P/PRr)
2 E

wher> PE is the Euler critical load. The moment Mvmax i85
plotted against the ratioc P/PE in Flgure D.0é. Examination of
Figure D.04 results in the following conclusions:

- When the axial force P is small, the factor sec(w) is equal
to unity. In this case the bending moment i1s constent along

the member ji, and equal to P ey.

- When P appreaches the elaptic buckling load PE, on the
other hand, w becomes equal to nf2 snd the bending moment at
half-span of the member 1j increases indefinitely. At this
point, even the smallest end eccentricity ey will induce

instability and, consequently, large lateral deflections.

A% in the case of the Berry functions B} and Bz, the
trigonometric function sec(w} is related to the slenderness
ratio L/r, and also avts as an amplification factor, thus

allowing for non-linear effect at increasing loads.
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Secant Formula = Amplification Factor
Noen-linear effect on beam—columns

Mvmah/F €,
1 -

6 seciw)

[ | JEIT . - . - —— PR T T T v |

[¢] i1 n.o 1.3 0.4 0.6 0oa 0.7 0.8 o9 1
Foree patto '/Te

Figur e T 04 Secant formula

amphiication {aclar seci{w)
One last important expression cen be developed based on the
equation of bending moment glven by the gecant formula. The
gtress at the extreme fibre in element ji of Figure D.01 can be

caleulated ‘rom axisl force and uniexial hending as follows:

P [
f [ R .
max A I\,

where:

- fmax is the stress in the extreme fibres of member ji.
- 4 i8 the cross-section area of member ii.
- 1, is the moment of inertia.

~ h ls the distance from neutral axis to extreme fibres.

Substituting the value of Mvmax gl *en by Ejquatjon (D.04) into

the expression of stress, we can nuw write;
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P h (o)
= -+ -— P By Seciw
A u

fma X
IV

Finally. considering that Ty=A(ry}? and asguming that the
maximum stress in the extreme fibues is equal te the yield

stress fy, the fellowing expression re.alts:

£ rz

v v
[_‘_-___ - ]_] — cas(rr) = 2y . (D.O3Y

fulL h

where fujr 1s the rominal axial stress at the moment of first
yield. This equation glves an expresalon for the eccentricity
based on the known value of yield stress and the measured value

of Pf, from the Southweli-plot, as explained in Appendix €.
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