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'l‘hi- paper has, mﬁaﬂy two objectives, which the. mthou beleve, - are of conﬁdutble
dgniﬁcanoe to practising engineers. The first is to put on record a brief report on. the failures
of the two 122m (200ft) guyed transmitter masts of Al Iadii Ridlo of VIIAYWADX dliing
_historic cyclone which hit the coastal area of Andhra Pradesh on Nov, 17, 1977, This ip itself
ia of considerable significance to engineering: indust.ry More rmnﬂy &, lunihr t.mnmtter
and a froe-sianding towgr of,AIR Kingsway Camp Delhi, gollapsed , in July 1978 dus to the
‘passage of a tornado. Each such causality if properly analyzed can_throw conlidgl;abb haht
on many aspects. hitherto meglacted.  In this country;, a code of pragtice. for commugication
Aowers is.in g preparatory. stage and: muoh neoda $0 be:done ‘to stremgthen. ity provisions. What -
{is even miore important, is.the need to hiahlisht the, significance and. urgency . of obsarvigg
:wind reoords of imterest to structural engineers. - To-date whatever . little gust data of wind s
«opllested by fow of the. meterologioal comtrés is ga top .gruda-a. scale of np relevpnse jn
‘strocsural design. - Similar to thie strong ground motion recorders. whose data are: of rqlempe
to stouctural engineers, data of wind should also be recorded to small enough scales of use jn
structural response calculations. Likewise wind spectrs should be devsloped und reoom;ngnded
by the codes of practice.

_ . The second abjective is to prmt the finding of an spproximate but yet useful analysis
carried out for the masts in questions. This forms the first stage .in . genoral project of
developing more accurate annlyau. though has not been able to exactly substantiate the causes
of the failure, bas indeed given a foel of the internal forces, time periods, dynamic  ampli-
fications, etc., and also shown that an. analysis can be easily performed as a cheokyon the
design. This is expected to provide some safegaurd in the absence ofrlso:oul mn.lym. whieh

many times may not be readily accessible,

The exact analysis of a guyed mast is besct with many difficult dsswes. -The sheficsl
analysis for an equivalent static wind load, is itself a nonlinear one. This nonlinearity enters
as.a result of beam-—ocolumn effect, and cable stifness being dependent on the magnitide of
cable tension. Thus an incremental procedure is required where in the fotal lodd: is wpplied
in amall increments. At each guy-level there would, in general be six: degrees of displavement
parameters. The dynamic analysis has two cssential difficuities: firstly it demands the
tnnielt lhtuy oft.he wind elllm the actuatl ‘one ifavdhble ora lundardiuﬁ onenoom-
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~ isnonlinear a direct timewise integration technique has to be employed. If nonlinearity is
. 1MWWWW mwwwwwm,
can be conveniently used. Rd‘emnoﬁv Hy 3&@ ate’-fow of thou which ducuutheiumof
wd" : e oAt 5 TE

This paperﬂrat presents bmfmmmy of the failure ofthnm.m. Thonan amlym for
eqmvalentmtmwindloadhptemﬁedwherdnthemmhmbmdasam NG ,. 18,
cable stretches. Thisis. followed by a dynamic analysis using mode superposlfie

.\mm of the Qﬂmlsmlmﬂm reteremm)sm pfmm mmaz)
.gxm PR m.,-.z ;wm ":|’\‘; '). ‘ " :
omm. Norilh miast dgd thie’ samm.t, m fmm “Haet Somsist ar.umwu
‘i i& ar 712191945 Héight quyed-at four lovels'th' K Fig! Y(i): ‘The'thart séetion codists
| tutbien placed at the vérticat of equiiliitirat “thugle ¥ind Braced by Rigles 46 thait bach
ga’niPmuh stutichlly determiindte (PRI (V) )./ “The stoel* thbes are OfF TGk chteriil
“ dipréter with-thidknéss-varying fr6m 5.5inm -t Ofm at /Eiffésene haighits' of mises, “EHY gay
wh@sm Hot-galvanbeeil-steél cables of ultitate strenith - 1450 AT, *THE decotsof tbils
W12 5min dig wnd 144mm; the B3 ome uled: enly for' mﬁmw/m 1, Pigi 1(a) ).
. 'mimueemﬁom etnwist ~6F - Anglés- 50 X 50 x5 und 55 35 %6 Fig. Wa). | "Phs snglévate
“Wwiltied '$0 ‘the pipes. ‘The' littice units are’prébuidt ‘nits of GmHbgth With 25mi Batiges
WHAIBH 1 the bipds. Themalt. s o baliap sirieture Wit botied: 6Giconiaty bt e
"ol At:giiylevels heavier Tiorkomal bracss (chisinet ssotiol 200 X200 10 smmumy)
&e*p?&ﬂéed to avom distortion of the tﬁmum shape of the isaye;”

The mast has total dead weight of about 11,000 kg is pm-eonnectod at its base. The three
108k fest on the Bps of thie thieé cantlever avirs'of & hotizefitsl frame mﬁpdbdoni poroo—
'uuhz pm Mﬂeﬁ it easenuully & cyuﬂdor of n!bbm 38 om dhmdm .nd 40 ot - uigh

Memnm eabléd’ are sepamod by llmlhteru aad: - buttmtpl “The uibbm
eﬂnﬂc&ﬂ‘ ¢ither  prossed slecvés; Fig. 3(a) or double clambps, Fig. 3(b) Trirn—buckich e
‘gvicedt tiewr fouidativl blocks,  The foundition mwim hmja monnblsbks appro-
priately designed for stability. :

‘!‘M d'ihe'l‘ﬂnn

.nmmwm the - Nmm{ mm amt lm'e cthnd amuud }6 p.m. 0" m
Sumbtrlsﬂ TheSouthmkbduvedtohunooﬁmadnmdmm waumhewind
MM?Mwb&mtm

T8 Shnanyy

iR ok SpREER 05008 of, i specdeand, m,mm mdhumu
Gannavaran acrodrome meteorological office, about 50 km away from Nomb;ri;ll:em the

mmqitmd ;Thase were poak wind -speeds and.. prossupes, obsapvarl ot intoe-
: m vals. No gust records were available, The peak wind. speed.areund. 4. p.an mvust-heve boen
about 60 to 70 km/hesud that at 1800 pan srdound 200 Urfhir:: - Fha -Inttir §5 believed 15 be
the peak which caused intense dustigé in-thNt drén. The faffuréof the Mikits Sotrespolid fo
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Fig. 1. Latticed mast guyed at four lovels.
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Fig. 2. Mast section.

Fig. 4. Fallen position of North and South Most.
o .
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these wmd mtc&siues Tba North mast which feiled around 6.00 ‘p.m. has shown lesser
,damgoﬂnntheSouthmaslwhmhhasbeeﬂﬁrmﬂy blown over. Fig. ‘4{a) and (b) show in
plan the two fallen masts. Plates. 1 to 7 show t‘ewphahguphs ofNorthmn!andStoll
'thowcftheSonthmst :

North Mast

- The first span, (span 01, Fig. 1(a)) of 25.219m height was;
tb.reeguymmA,—- Bs—1, Cy—1, (soe plate 1). Theum,
‘of the failure of only the guy cables B,—4, B;—3 and B,—2, ©
minato structure in space and a failures of a cable renders the o
Plates 2 and 3, show the top three spang 2—3, 3—4, 4—5 with .ol
view (Fig. 4(x)) shows that guy wires ¢n the leeward sides asedtting LS
Mmmon;~344—;munhavebmkbéj pre the snup- mishihave tekele
;. ‘iT;naf !mhm; oam by subsequent analysis which shomed excessive
_ is portion has not damaged the first level guys. The
her Juckily from below the m:y A,—1, to the other

joining the flanges. It is pertinent to CMphasnze m igneia
zones where the failure is initiated. ;

South Mast

- The failure of this mast evidently shows that it hai
Fig. 4(b) shows the plan view. All the windward cables. v
cable B,—3, all others failed as a result of the failure of §
separated out from portlon3—2 and blown o!f badly. Iti is ¢

late 4 shows this I4

nght ansle bends and levels 17and'2, which also

igh. Apart from local damages at guy levels the mast
b North mast.

. of analysis.

The tower is :ai;lyl‘od as a_'bea_mbondih'g_inb_nlyoﬁopm. Themkutplsne is the



Photographs of North Mast

Plate 1

Plate 2

Plate 3

Plate 4



Photographs of North Mast

Plate 7



Photographs of South Mast

Plate 8

Plate 10

Plate 11
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. Thints Snpestodit fetade i a crude way, the dynamic éffects of wind of sbout 120 arlles per

- “fowt. ISt DOC EMBDCT (2008) P2 (Code of practioe Forase of ‘stoet ia: ‘microwave smtesa

“ howery:Pirs: | (reforence 10) mnwmmmmw onmlw&ceu

W=C,.P.A, Co U ®

‘wheté, Cyamoveralt fotcs cocflcient

P-dynam:c pressure of wino (kg/m')
e L - Asmsurface azea on which wind impinges (m?)

€y depends on solidity ratio, cross secnonal lhape of mut and sectional shape of ltruotml

" members.
Selidity ratio (¢) is defined as pmALlAs

where, A, is the gross area of surface enclosed by bonndn!y of the frame dormal to wind
For the mast in question, this ratio works out 0.1947, and the coeflicient C; as 2.72.

" Presently equation (5) gives the normal load as 213.4 kg per meter helght, and the component

para.llel to sides therefore works out to 184.8 kg/m.
Analysis

The analysis procedure is an iterative one. First the mast is analysed as a beam on un-
yielding supports. The resulting cable extensions are computed and a secondary analysis is
mndq for, the corresponding movements of the masts at guy levels. In computing cable elonga-
tlons an average value of v is used in employing aqujation {4); the valuie of T to be used 15 'the
average of the initial tension and the tension comiputed from the beam analysis. On super
imposing the set of secondary moments, a new sets of cable tensions, cable flexibilities an:
‘tble elongations are computed  Presently three such itorations converged to the set of fina

mast moment as shown in Fig. 6. Thecable atresses and other quantities of interest are a:
given in Table 1.

mumm

It is oblerved from F'g, § that the maximum moment t'23 15 tm) in the mast ocours st
the 1 Ihu‘d. cable point (top most’ but one). The corresponding thrist dus to the” cable tension
s 5. Qt. Next point of maximum motiant is the' frst cable pojnt Here the moment i
18 iG tm, but the thrust is hi,gher due to selfwetght as well as cable ténsions. Due to cable
tensions alone the thrustis 18.14't. The maximum shearis found to obctir juwt below cﬂﬂe
point 3, the maximum shear force is found to be 3.041. ,

: 'l‘h mhmmhmﬁuummtdmhed{mfem 11, 12} 'I;heaxial sn‘mgf
in the tubes due to dead weights.cablo thrusts and beading are superimposed. - The dead Joad
causes only direct compressive stresses; the cable thrust will involve bending also. Stresses at
level 3 and level 1 were investlgnted It has been observed that atlevel 3 maximum compae
sive and tensile stresses in the mast tube are 1763 kg/cm® and 1237 kg/cm? respectively the
porulaible eompresiive stress (£ /rso61) is onily 11”&;}@.‘ - Wisanalysia in & cmle way
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explains the buckled form of mast tube clearly observed. Similarly at level 1, the actual com-
pressive stress in the tube is calcalated as 2020 kg/em? while the permissible are (L/r=63) is
only 1110 kg/cm* The axial compressive stresses in the braces due to the shear forces were
also computed. ‘These were found to be safe. This is in acoprdance with the observation
that most of the braces did . pot show"undue buckled forms. They formed strong emouvgh
struts for the mast tube to buckle in wavy forms., :

AnlyslnforDyumicEfectso!and i

As discussed in the begining of the paper an approximate analysis is undertaken. Even
such a procedure has revealed considerable errors inherent in the analysis using an equivalent
static wind load. . ' e

This paper summarizes the findings of the popular mode superposition technique, using
the fundamental mode only. Since the structure is essentially nonlinear as a result of non-
linear cable stiffness, beam-column effects, and above all, possible plasticity effects, such a
mode superposition procedure would not be of true significance if higher modes are supes-
imposed. Thus only the fundamental mode was considered and a consequent timewise inte-
gration using an assumed periodieity for the transient offect of wind. This is consistent with
the limited objective of the paper.’ Both flexural and torsional responses are examined sepa-
rately. In an exact anatysishowever, both need to be coupled.

 a. Amalysis for flexure ;' ‘‘‘‘‘ o

The same assumptions are made as'in the static analysis. - Fig. 7(2) shows the lumping of
the masses. At each mass point we have two degrees of freedom the displacement v along y-
axis (parallel to the side of triangle) and a rotation 6 in vertical plane passing through y-axis.
A completo stiffness matrix for the mast is assembled, using the flexural stiffness matrices for
mast members, and axial stiffnesses for cables. In using eq. (3) the factor % has been here
taken as unity or clse theapproximate analysis becomes intractable. Equations (1) and (2)
tend to the cable stiffness as AE/L cos® « sin* ¢. Such cable stiffnesses dre added to the diago-
nal locations corresponding to lateral displacements v. The (12 x 12) géneral stiffaess matrix is
next condensed to a (5x5) stiffness matrix corresponding only to the five displacements v, to
vs. The five rotation terms are climinated since rotary inertia effects, are, as generally
assumed, considered small. On inversion of such a condensed matrix we obtain the floxibility
matrix [f] giving the displacements due to unit lateral loads: : .

vl ) ';‘. Ql

Vol Q; ' g '
W=1it= | £ RS =@ ®

Vs ' Qs ) '

The calculation of the fundamental mode was cffected using Stodola iteration techaique.
The details of the abowe:calculations, the Stodola scheme.and the. associated programming
aspects are available in reference 127" - wae

The lowest circular frequency was:fonad as-pm3. 50:tadfscc, This then gives the funda-
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mental penod as 1.79 sec. The normal:zed mode shape is as sketched in F:g T(b).

The next step is to carry out the dynamnc response of the structure for a. gwen_ penod:city '
of the wind. Since no records of gusts are available a typical form was ,assumed’a_ls» shown in
the inset of Fig. 8. Sinoe the order of magnitude of t4 of th gust was unknown, the analysis
was carried out for over a practical range of interest to the problem at hasd. . The peaks have
been assumed to be 20 percent over the mean. A damping ratio {=0.02.has beeg used, a
value close enough for a steel“structure L :

Herein the Newmark type timewise integration program has been uaed‘ Themlentmll of
the procedurs are given in Appendix B. The respense calculations were mndefgr ratio of
td/T ranging from 0.25 to 2.0, where T is the fundamental period of tower determmed Each
of these were carried out for two cases, with and without damping. Fig. 8 shows the regponse
curves for ratios of t3/T=0.8, 0.1 and 1.2. Fig. 9 shows the summary, which is of direct
‘interest, mamely, the dynamic load factor (DLF) for different gust frequencies. *This is the
response spectrum for structure. - In fact availability of such curves for realistié” wind data
will greatly help the designers. This approach is similarto the one recommended in earth-
quake reslstant design.

Results

Table 2 and 3 show the comparison of displacements and cable stresses with these obtained
by equivalent static wind load. It is seen that some of the magnitudes as well as signs are
widely different. Note that the mode shapes in each case are different.

- The dynamic analysis performed here is quite handy and can be always used in checking
the preliminary design which can begin with the procedure of using an equivaleat static wind
load. Such an approximate analysis can however be supersceded by mors claborate dynamic
analysis. But what is least essential is an approximate dynamic analysis.

b. Anmalysis for torsional vibrations

An analysis was carried out to estimate the natural period in torsion vis-a-vis that in
flexure. ‘

It has been shown in reference (12) that the torsional rigidity of the mast per unit length
~ is AE/44/(2), where AE is the extensional rigidity of one inclined brace (Fig. 2(a)]. This is
derived by noting the compatibility of brace elongations with the displacements of the tube
due to torsion. The mass moment of inertia (Smr?) has been lumped as shown in Fig. 10(a)
(Appendix A). The mast, being hinged at its base will have the antisymmetric mode as the
fundamental mode. In such a mode the torsional rotation will be zero at the centre of the
mast. Thus only half the portion with three masses is analyzed. A procedure similar to the
one described in the previous case (Stodola iteration using flexibility matrix) has given the
. fundamental frequency 22.0 rad/sec (compared) to 3.5 in flexure) and a time period of 0.286
(compared to 1.79 sec). The mode shape is as shown in Figi-i0(b). As expected, the mast
is quite stiff torsionaly. The participation of the torsional mode is thus not significans.
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However we cannot conchude about the significance until an exact analysis is performed taking
flexural-torsional coupling into account. .

" Occurences of structural failures such as the one reported in this paper should be regarded
as special occasions for people in engincering profession to pause and think not to much about
the postmortem of the failures, biit of the future steps to be faken ‘regarding improvement 'of
_design codes and where necessary organize planned effort to ¢ollect data such as, wind, ecarth-

quake and similar loads. This paper has demonstrated a relatively. simple procedure of assesing
dynamic cffects of wind. Tha response curves such as Fig. 9 will be a set of useful curves for
design,” For a given pattern of obsérved gusts, ome can examine the natural period of the
structure and can either account for the dynamic amplifications or change the structure proper--
ties to. yield safe natural periods. The approximate procedure will involve only simple computer
progtamming considerations casily impiementable on small computers. At any cost'the code
- of practice can certainly insist on an approximatc dynamic analysis as a ‘prerequisite for
approving the design. ’ R T '

. The consideritions of stability effects is equally. important. The approximate analysis has
identified high compressive stresses. A more rational analysis may ‘revenl rodistribwtion of
these. As the loads are increased plastieity effects would also control the behaviour. Exact
analysis procedures should give & compiete load deflection picture till collapse, taking iato
account dynamic effects on & structure with geometric and -materisl nonlincar characteristics.

And this is, by no means easy. In their absence approximate methods continue to serve as
- good friends. L : .
" The suthors gratefully thank Chief Engincer and Regional Engiioer, Anidhra Pradesh of
All India Radio, for their interest shown in the technical assessment of the failure, and the
permission to publish the findings. "~ . = o i _ ' :

Table 1 Final Valoes of Cables Stresses and Displacoments

* T Arcaofcable  CableStresses . ¢ v Axial thrust in
Cable Cabloten- - Lo " Elongtion Displace-  ~ msmst dueto T
gion - I o ment S
O - (om) Gglemh @ @ Ve

1 666 L2 20 0m8 030 581

2 s41  Es s 039 06 57

.3 893 1538 5806 0710  LO9 " 6.69

4 '

9041 1538 5878 0849 - 155 574




o

AL

L

Mw#mmmgww

' Support
No..

Displacements by approximate

i (n})

anal(m for equivnlent static

’Dis laoementl by dynamm

alysis

(_:;_rr o

Retio

B ol R B

T ™

0.62

oL

Cpss

—0 29

-—3 kx}

6. 23'

=047

~3, 06"‘
172

. T;bus‘ -sm’.,., in Cables.

Cable lm approximatg

Cable.  analysis for equivaient static

- @qyénﬂ) 5

Cable. stresses by’
“analysis..

W |

" 548y
' 8468
5806
5878

5661
1021
11512 .
7597

1,04

0.19
1.98

- 1.29

-~ APPENDIX A )
GEOMETRICAL DATA

Cable Data

No.

Jnitigl

tension
10 (g)

meter

" (mm)

} Arq

cm!

-Self
deht -
RO

51.56  29°—13  0:4%%
‘- 66.25  4P-13  0.740

120.17  41°-30'  0.664
4184, 50037 0.773

0.7558
0.5882
0.6485 .
0.5495 . .

. 612
1160.
1160

624

12.5
240
- 14,0
. !4,.0

1.226 .
1.538 -

1.538

1.538

0.050
0.065
0.118

- 0.139
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M@t Dita .

: Tube A I ,
pan dia - ness cm* about X axis T =150 cm)
(mm)  (@mm) | amé e TS
1 7% . 9.0 1894 .umMe . - 239 -6
2 7% 60 1517 170980 2.45 61
3 76 6.0 . 1517 . 370980 - 2.45 61
4 76 T 5.5 12.18 13270 25 60
5 76 9.0 18.94 213442 2.3 .62,
- Weighted momenl\of Ma(!w)= R ++ RL_:-'%R-! -
I.,=175627em |
 Valuo o E for Stecl2. 9s><10' ks]cm‘ .
CAE)=1510. ” ‘toms; E!.ﬂ-36530 5 tm®
" MossMoment of Tnertia (Pig. 10)
I . : Mass moment.
“Mass No. . Lumped t-sec']m : of inestig (1)
B mass T(temeset®
1 0.075 0.1684
2 0.065 0.1459
3 . 0.018 0.0404
 APPENDIX B |
. NEWMA!E'S m‘rmmmm W
: m;mm molwwmﬁn equation omcfom |
MY+CY+KY F(t) ko))

_ I)lewmirk lu sngeieod the Baltbwingprmm
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F*(t)--m+m> M(Y(t) ;-Y‘A% }";’

+c(-—¥m+§mm) AtY(t)—-Y(t))-—KYu) @

Substitute value of AY(t) in the followmg equatlon to gct disphcemem at time (t4 At)
where At is thé time interval. B

AYQ_ Y0 Y04 o |

Y(t+At) ﬁ At‘ ﬂ At 25 - ) . (5) .
Yo+ a0=¥O+y. AC+AOEO—DA e
Y(t+ AD=Y()+ AYO+B. AP~ Y(t4+ AD+Q. s—p)AW(r) o L

After getting AY, all the equauons from 5 to 7 are tolved lnd thul dllpimt at next
interval is found. This procedure is ropeatcd agarn and again, tlma vnhm of Y are obtaimd

. -In the above equations p and y.ar¢ twWo parameters whigh aﬁ‘oct the period elonwlon and
amplitude decay respectively. If y=0.5, amplitude decay will be zoro for t function
varying sinusoidally. The value of p affects the rate of convergence within each step, the
stability of analyis and the accuracy. Here the . value of g is taken to be 0.25 which corredfl:
ponds to acceleration which remains constant atan average value of (¥, + ¥, s)/2. The ndl
- effect of B is to change the form of the variation of acceleration during time interval At. The
" value of y is taken to be 0.5, This combmat:on of parameter has the most desirable a.ocurwy

characteristics.
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