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ABSTRACT :

Tall telecommunication masts are slender structwiggse lateral resistance is provided by clustérguy
cables anchored to the ground at severppsu points. The main goal of this study is to desirate th
importance of considering realistic thrédeaensional ground motion with asynchronous inphemwevaluatin
the seismic response of these tall multi-suppoucsires. Three existing maststiwvheights of 213, 313 a
607 m and different guy cable arrangements have besleled and investigated in detail with threesikea
historical earthquake records using a commerciatefielement program (ADINA). Both synchronous
asynchronous grouinshaking were considered. The effect of asynckBrnin multiple support excitations v
studied by varying the shear wave velocity of thdage traveling wave corresponding to differengrées ¢
soil stiffness. The three towers have shown seftgitio asynchronous shaking of their supports. Moreis
response was obtained for softer soil conditiond,the 607 m mast was sensitive even for relatistt/soils

asynchronous ground motion, finite element analysige-domain nonlingadynamir
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1. Introduction

Telecommunication structures are fundamental compiznof communication and post-disaster networkk an
their preservation in the case of a severe earkegisaessential. Telecommunication masts (alsedajuyed
towers) are typically tall (height above 180 mustures whose function is to support elevated anaterior
radio and television broadcasting, telecommunicatiand two-way radio systems. Therefore, immediate
serviceability or even continuous function of fiestl-station infrastructure is of critically higtrigrity in the
case of a disaster. Figure 1 illustrates a 111-st maned by Hydro-Québec in St-Hyacinthe, Québanada,

as an example.

Because of their unique geometry, telecommunicatitasts are categorized as slender-tall multi-suppor
structures. As such, they are intrinsically monesgée/e to some physical characteristics of eardkgs which
are ignored in seismic analysis of common self-sujopy structures like buildings or classical legtitowers. In
particular, the effect of the spatial variationtbé excitation at multiple ground support pointoige aspect
which deserves more attention. Until the late 19898s modeling procedures in commercial softwark rait
allow to simulate direct asynchronous shaking stighlly. As a result, indirect and penalty techug were
extended to compensate the simplifying modelingrmaggions, such as the Relative Motion Method (RM#)
12], and the Large Mass Method (LMM) [10, 13, 1&jpiosed on simulations. However, these methods were
accompanied with some theoretical and numericatdiions. These limitations have been overcomerenvd it

is feasible to achieve much more realistic companat simulations of tall masts under seismic logdi
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Figure 1. Example of a 111.2 m guyed tower locaiest. Hyacinthe, Québec, Canada

2. Background

This section reviews the simulation methods ofrsgisvave propagation on general multi-support $tmes
and outlines previous applications to telecommuigoamasts.

Several efforts have been devoted to studying ffexte of the spatial variation of ground motiomsthe
seismic analysis of multi-support structures suepipelines [17, 18], long multi-span bridges [8],5and large
dams [11]. Traditional sources of information (sashseismological and geomechanics models) havepuee
and unreliable in the course of producing data matial variation of earthquakes at the scale ofiraeging
structures: several questionable assumptions weerally inevitable to compensate the lack of infaioraand
knowledge. The reliability of the assumptions uk®edhe creation of input field models could onky thecked
with real earthquake records. Significant advanoethe measurement and analysis of differentiabmg
ground motion have recently been obtained through émployment of arrays of strong ground motion
accelerometers where a common time base allowphhbses of the seismic waves to be correlated betwee
recording elements [14]. From the study of thesends, it was confirmed that spatial correlationsedist as
seismic waves propagate across the array sitehdfugtudies suggested that in the case of mulpetip
structures, it is reasonable to assume only a pghagseetween ground attachment points and ign@&eliange
in the general shape of the signature where tlsare local fracture or landslide potential [9, 20].

Only a few researchers have investigated the infleeof surface wave delays on the seismic respoints!
geometrically nonlinear masts since the early 1980=Clure and Guevara, 1993 and 1994 [10, 15], Amir
1997 [2], and Dietrich, 1999 [5]. The initial woby McClure and Guevara (1993, 1994) made use ofatige
mass method (LMM) since the ground motion couldydoé specified as accelerations. It was found that
asynchronous ground accelerations had potentiaiigiderable effects on the dynamic response déttieture
especially in the guy cable tension of the bottdoster. Amiri (1997) [2], concentrated on a moralisgic
modelling of earthquake input through 3-D field ia&iion simulation and concluded that several raspo
indicators were found to be significantly influeddey the vertical components of accelerations. i, &etrich
(1999) [5] tested an improved procedure with a sh60 m mast previously studied by Amiri. The towexs
subjected to realistic three-dimensional displaggreentrolled ground motion and special attenti@spaid to
the effects of vertical ground motion as well afate wave delays. The test was successful androwd the
importance of involving these effects. The impoctnf multi-support seismic excitation of tall nestas also
confirmed in a later study by Amiri et al. (2008] fhrough the investigation of the seismic resgonfsa 607 m
mast (the same as used here) and a 342 m mast hduicheen studied previously [2]. Faridafshin (30@6
has improved this research in several aspects. ®pbyrtion of his work is presented in this paphrch relates
to asynchronous ground shaking effects at the stgpo
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3. Objectiveand Methodology

The main goal of this study is to clarify some leé previous results and attempt to identify morfinite trends

in the calculated response of tall masts subjetde@alistic three-dimensional ground motion. Thesesting
masts with heights of 213, 313 and 607 m and differguy cable arrangements have been modeled and
investigated in detail using the commercial finggement program ADINA [1]. Following a series of
simulations modeling the earthquake excitationyetsronous shaking, the effect of asynchronoustimas
considered assuming the tower on different sitelitimms with various surface shear wave velocities.

4. Guyed Tower Models

The geometric characteristics of the three masts@mmarized in Table 1 and a schematic of thenb@vast is
illustrated in Figure 2 to provide an example. Mor®rmation on the geometry of the masts is aédlan [7].
It is noteworthy that the 607 m mast is among #ikedt man-made structures and is located in Sasram
California.

Seismic loading is specified with three classicattequake records representing different frequarmsytents.
The information related to earthquake loading imsarized in Table 2. The 1940 Imperial Valley (Ein@o)
Earthquake represents an input with a wide and friefpuency range and several episodes of stronkjrgha
The 1952 Kern County (Taft) Earthquake has higlqufemcy content and strong shaking with long dumatio
Finally, the 1966 Parkfield Earthquake represergingle pulse loading with dominant lower frequesciAn
additional motivation for selecting these threessieal records was the opportunity to compare ekalts with
those generated by Amiri (1997) [2].

More details on the finite element models can hendoin Faridafshin (2006) [7] and Faridafshin andQWre
(2008) [8].

Table 1. Geometry of the three masts studied

No. of stay No. of anchor  Panel width  Panel Height

Height (m) levels groups (m) (m)
607.1 9 3 3 2.25
313.9 5 2 2.14 152
213.4 7 2 1.52 152

Figure 2. Geometry of the 607 m mast.
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Table 2. Earthquakes from PEER - Pacific EarthquEdgineering Research Center database [19].
Magnitude (M)

Site condition

Earthquake date i v Station (USGS)
S
Imperial Valley . 117 El Centro
(El Centro 5/19/194 7.0 7.2 Array #¢ ©)
Kern County 1095 Taft
(Taft) 7/12/1952 7.4 - 7.7 Lincoln (B)
Parkfield 6/28/1966 6.1 6.1 Chglgfn“e 4 ©

5. Modélling asynchronous ground motion

According to principles of soil dynamics [20], teeare three general causes for changes in the sifidhe
surface wave as it traverses the supports of atatei First of all, if the material propertiestbé soil along the
propagation path exhibit large variations betweeppsrts, it is expected that the wave shapes atwvibe
stations would also differ. Secondly, localized waeflections and refractions can cause changésinvave
shape. Thirdly, various types of seismic wavesdirat different speeds, and for surface wavessgieed is a
function of frequency. The time lag between twdistes is not the same for different componentdefgeismic
excitation, leading to changes in the wave shap&sn8c waves also attenuate as they propagate framay
their source. However, for telecommunication masts,concern is not the change in the shape ofuhface
wave because the footprint of these structuresotslarge enough to trigger significant variatiomswave
velocities or attenuation effects. It is therefoeasonable to assume that the spatial variatioimesfseismic
excitation can be modeled as a travelling wavertaai signature which remains unchanged as it sagahe
structure. The effective velocity of seismic wavesof the same order as the shear wave velocitthef
underlying soil [20]. Thus, the wave travel timerfr one support point to the next is then simplywaled
from the ratio of the distance between the supportsthe shear wave velocity. This is illustrateldesnatically
on Figure 3 for the 607 m mast. In this study,dite conditions (soil type) with their corresporgishear wave
velocities are based on the classification of th&dwal Building Code of Canada (NRC/IRC 2005) [&6H are
represented schematically in Figure 4.

A series of synchronous ground shaking simulatiwase run for each mast to provide a reference Hasis
comparisons. The complete results are present¢d].imhen various asynchronous shaking scenariash(e
with a specific shear wave velocity) were modeledidentify the shear wave velocity threshold at ahhi
asynchronous motion started to significantly infloe the response. The four boundaries betweenitie s

classes defined in Figure 4 (i.&TS =180, 360, 760, 1500 m/s) were first consideredei@rmine the sensitivity

range for each tower. Then these intervals wereessively reduced until the threshold value of sheave
velocity was identified.
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Figure 4. Soil categories and shear wave veloditesrding to NBCC 2005 [16].

6. Results and Discussion

Figure 5 is a schematic summary of the resultsliadha simulations for the three towers. The arrawsthe
figure show the discrete velocities selected bamedh bi-sectioning algorithm between the boundasied
taking into account the sensitivity and accuraaysiderations.
For the 213 m and 313 m masts, the influence aicdspnous shaking initiated on stiff soil condisofror the
607 m mast, however, the effect is significant imach larger range of soil conditions, starting/émy dense
soil and soft rock, even toward the boundary fakr@s shown in Figure 5.
For the tallest mast, a similar trend is observedliost all response indicators. When the shese walocity
and consequently the time lag between the suppitaons increase, greater response is obtaineithd
structure. The mildest case is ST660, (e.g. ST@&ksponds to the soil type with shear wave velauit660
m/s) while the most severe case is ST180 whichesgmts the boundary of soft soil. When the strecisir
founded on soft soil - which is usually avoidedrywsevere response may result for most of the respo
indicators. Figure 6 presents the envelopes of dgmeal response indicators: cable reaction foorethe mast,
shear forces and bending moments in the mast. €hergl trend is to have a larger response whenngovi
toward a softer soil. However, exceptions mighsegt some guying levels as shown for instanceigar€& 6
for the horizontal component of cable reaction ésron the mast between the elevations 100 and 300.
Another interesting finding is that for all threewters, the maximum responses typically occur in ey
beginning of the ground shaking when one side eftthiver is vibrating and the excitation has nottsthin the
other parts. This impulsive response indicatesttiede structures are more vulnerable to out-of@lsaaking
that is indeed more similar to the nature of earétkgs. This is illustrated in Figure 7 showing tinge history
of the cable tension in a guy wire for a synchranamalysis compared to an asynchronous simulation.
Antenna-supporting structures must meet strictiseability criteria that depend on their particufanction.
Seismic amplifications of displacements and rotegiovill affect the mast during strong shaking, bhsy
should not result in any local permanent deformmatiommediate functionality is required after tharthquake.
In the study, all the towers appear to behave withasonable serviceability limits in the caseyrfchronous
shaking. But this is not the case under asynchmeauitation. Figure 8 depicts the horizontal dispiments of
the 607 m mast under the Taft input where it imgbat asynchronous shaking has an important agilidn
effect on the mast translations, especially incésge of softer soils.
Figure 9 illustrates the envelope values of thedand moment response of the 313 m mast. In detrerads
in behaviour appear similar to those observedtfera07 m for most of the response indicators. Whershear
wave velocity and consequently the time lag betwten support excitation increases, greater resp@se
obtained in the structure.
Results are not shown for the shortest mast (213omgonciseness. As expected, however, the effefcts
asynchronous shaking are not as important or asragsically related to shear wave velocity as mhevious
two cases.

225 mis 270 mis 560 mt=

v VL v 4 y v il v
][ soft Soil " stiff Soil M Very Dense Soil and Soft Rock | Rock | J
7 180 mis 248[mis 315|mis 360 mis 660|m= 760 mis

Sensitive Region - 213 m tower
Sensitive Region - 313 m tower
Sensitive Region - 607 m tower

Figure 5. Sensitivity to asynchronous shakingelation to the shear wave velocity of the soil.
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7. Conclusions

The displacement-controlled approach for the modebf earthquake loading has enabled the modeling o
asynchronous ground motion in a straightforward meanTime-domain nonlinear dynamic analyses wene ru
using three historical earthquake records and bearswave velocity of the supporting soil was vérte
calculate realistic arrival time delays of the éxiion at the support points. The main findings are

» Different earthquake records with diverse scenasfasiotion may produce quite different responsethan
structures and the use of several records apptepdahe seismicity of the tower site is therefoegessary.

» The three masts showed sensitivity to asynchrosbaging of their ground supports. Concerning tie si
condition, the sensitivity of the 213, 313, and 80Tasts to asynchronous shaking initiated on Uyidgr
soils with 248, 315, and 660 m/s of shear wave oités respectively. The first two velocities fall the
category of ‘stiff soil’ while the sensitivity ohe 607 m tower has been triggered in the site ¢lasy
dense soil and soft rock’ according to NBCC 2005.

» The taller the structure, on a softer soil the gty to asynchronous shaking has initiated. Toeindary
of soft soil (& = 180 m/s) has yielded very important amplificatiof the response and the construction of
important tall masts on site classes with low sheare velocity is certainly to be avoided.

» Ageneral trend that can be seen in almost allorespindicators in the analyses with asynchronbakisg
is the increase in the response when the shear weleeity decreases and consequently the time lag
between the support excitations increases.

» For the three towers studied, the peak responsé¢ ofi@n occurred in the very beginning of the gmbun
shaking when one side of the tower was vibratirdjthe excitation had not started in the other parts

Considering the computational modeling capabilitresny available in engineering practice, the authors

recommend that nonlinear seismic analysis of tafled masts include coherent ground motion reconds a

asynchronous shaking at multiple support points.
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Figure 7.
607 m mast.

Conference on Earthquake Engineering

= Synchronous shaling
E = .f\\\/\/n«,_lj\_,m NN AN o N NN IO N
=

=

o

= Asynchronous shaking (ST 560)

b

Z.

&

=

S

 time Gy

Effects of synchronous vs. asynchrorshaking on the time history of a guy cable tensiothe

The tension shown was obtained fabéeelement of the sixth guying cluster from thsd) at

the lower third of the cable length.

600 ¥ & -* 600 /.’
g4
t i L ‘f ,'/ (
k¢ 4 y
500 44 T]’ « 500 /
; r oA
E 400 N T 4 /
g nn \ g
o o
Eoll 1! } g w
. !I 1 | -
R, :
" 200 f = 200
A 7 £ Synchronous (TAF) —A— Syrichenos (TAE)
49 /+3755ﬂ < STEs0
2 ST 560
100 4 g,fe’ / ——ST 560 i =g
‘W / o ST 260 —o— ST 360
& - —4-ST 270 —=—ST270
e sT1ED —e—ST 180
i
0 2 4 6 8 o 02 04 06 08

Mast Displacement [X] (m) Mast Displacement [Y] (m)

Figure 8. Envelope of horizontal mast displacemen¥and Y directions; Taft record; 607 m mast.

SRR AR

—— Dpmobrmeo (TAF)

R = s
R o 00 L p— T3
.~ —=1TIT
. N 8 =
=0 '+ =2 ? S
! > 4 "
Basl Em] = E=
E ' £ u E 3 g é
- ' 1 W
LEL 150 3 by 5 = i i é e
- 4 1 - k] '. -
¥ A k 4
H bob s EL oA £
100 2 100 ; -'," e -
; H + e« SyncTOeOLE (TAF) P oo AR
@ i-" waes ST 118 | | e mTN wl -
- w11 BT
— T — ]
' I 24
o k) 100 150 200 @ 2 & & ] H - " = g 5 19 L
ion F ion F M : .
Table Memntion ke~ Mast '-""’f;;?;w":"’;;;‘ s Mast Shear in X Disection (kN) Mast Shear in ¥ Direcion (kN)
—aDyrctaro (TAR)
£ A 2 = TTHS
A =
A I.'l ——
- I‘i = F W @- 3T
g = e E .".
i \
tE r & g "
[ - 7] = Bt
L] s 2 .
] Hi ~
2 b .';' g “y
e ¥ 5 '
F ]
5 _J’
- &
o4
L] L . v - v
o B X0 B L [ = am =R Py o)

Table Readtion Foroe on Mast
in 2 Divection (kN)

Maut Moment i X Drsction WN-m)

Mase Mamend i ¥ Desction kM=)

Figure 9. Envelope of force and moment respongeatars ; Taft record; 313 m mast



th
The 14 World Conference on Earthquake Engineering
October 12-17, 2008, Beijing, China

Acknowledgments

This work was partially funded by the Natural Scesand Engineering Research Council (NSERC) oadan

References

1. ADINA R&D, Inc. (2004). ADINA Systems 8.2 Releablotes. Watertown, MA, USA.

2. Amiri, G. G. (1997). “Seismic Sensitivity of TalGuyed Telecommunication Towers.” Ph.D. Thesis,
Department of Civil Engineering and Applied MecteiMcGill University, Montreal, QC, Canada.

3. Amiri, G.G.,, Zahedi M., and Jalali R. S. (200Multiple-support seismic excitation of tall guyed
telecommunication towerd 3" World Conference on Earthquake Engineeyilgncouver, British Colombia,
Canada, August 1-6, 2004, Canadian Associatiok&nthquake Engineering, Paper No. 212.

4. Clough, R. W. and Penzien, J. (1993). Dynamicdractures. McGraw-Hill, New York.

5. Dietrich, R. (1999). “Three-Dimensional DynamResponse of a 150-m Tall Guyed Mast under
Displacement-Controlled Ground Motion.” Master’seEls, Technical University of Munich, Germany.

6. Dumanoglu, A. A., Severn, R. T. (1989). Seisneisponse of modern suspension bridges to asynalsono
longitudinal and lateral ground motidBtructural engineering group, Proc. Instn Civ. EsdPart 2, Paper 9389,
73-86.

7. Faridafshin, F. (2006). Seismic investigation tafl guyed telecommunication towers. Master Thesis
Department of Applied Mechanics, Division of Dynas)i Chalmers University of Technology, Goteborg,
Sweden. Supervisors: Prof. G. McClure (McGill Unisigy), Prof. T. Abrahamsson (Chalmers University).

8. Faridafshin, F., and McClure, G. (2008). “Seisngisponse of tall guyed masts to asynchronous-sugport
and vertical ground motionsASCE Journal of Structural Engineerint34(8), 1374-1382.

9. Federico, P. (1990). Structural response to statienary multiple-support random excitatidtarthquake
Engineering and Structural Dynamid$®), 513-527.

10. Guevara, E.L., McClure, G. (1993). Nonlineasp@nse of antenna-supporting structu@smputers &
Structures47(4/5), 711-724.

11. Haroun, A., M., Abdel-Hafez, E. (1987). Seismasponse analysis of earth dams under differegit@ind
motion.Bulletin of the seismological society of Americab, 1514-1529.

12. Lai, P. S. (1983). Seismic response of a 4-fpialye system subjected to multiple-support groonadion.
Proceedings of 4th Canadian Conference on Earthegu&ilgineering561-570.

13. Léger, P, Ide, I. M., Paultre, P. (1990). Muét-support seismic analysis of large structuf@smputers &
Structures36(6), 1153-1158.

14. Loh, C. (1985). Analysis of the special vadas of the seismic waves and ground movements from
SMART-1 array dataEarthquake Engineering and Structural Dynami;,561-581.

15. McClure, G., Guevara, E.L. (1994). Seismic bedreof tall guyed telecommunication toweProceeding of
the IASS-ASCE International Symposium 1994, ASQEt&te Congress X|IApril 24-28, 259-268.

16. NRC/IRC National Research Council of Canadétiine for Research in Construction (2005). Natlona
Building Code of Canada 2005. Ottawa, ON, Canada.

17. O'Rourke, J. M., Castro, G., Centola, N. (19&ijects of seismic wave propagation upon burigelmes.
Earthquake engineering and structural dynam&55-467.

18. O'Rourke, J. M., Hmadit, K. (1988). Analysis cdntinuous buried pipelines for seismic wave dffec
Earthquake engineering and structural dynamid;,917-929.

19. PEER (2005). PEER Strong Motion Datab&sific Earthquake Engineering Research CenterkBley,
California (http://peer.berkeley.edu/smcat/index.html).

20. Rutenberg, A., Heidebrecht, A. C. (1988) Apjmate spectral multi-support seismic analysis: eliag
wave approactProc. Instn Civ. EngrRart 2, 223-236.



