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Abstract: Seismicity and seismolectouic information indicaie Lhay, destrucijve caril;-
quakes (M > 6} have occurred all aloug the Jordan-Dead Sea trausform and nre
likely to occur in the future. Any large futuce earthquakes ihat may occur bhelweey
the Dead Sea and the Quif of Aqaba will affect tie towers and connections of this
power line. Distances to the towers. will vary from a few teas of kuns 1o more than

techuique is utilized as a solver for the (ree vibration of these towees. Ouly Lhe fre.
quencies of the first five modes associnted witl the free oscillation of the lowers are
determined at thus stege. Tlese are compared with [requencics of hoil, the hody
and surfuce waves associated willl Jocal earthquakes as recorded on Lhe Vniversity
of Jordan Seisinological Station (UNJ). This comparison reveals pariial correlation

between the frequencies of the structures and their supporting ground.

This nn-

Mlies that in the event of severe carthquakes the resonnnt response wilh

desiructive consequences is o be expecied.
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1. Introduction

The suspension towers of the 400 KV overhead trapsmission line constructed
between Aqaba and Amman South Substation are designed to accommodate double
dreuit twin 560/50 ACSR/ACS conductors. The towers are stationed at approxi-
mately 350 m apart. Single and double hot rolled angle shapes of either mild or high
strength steel are used in fabocating the towers. The strength and design criterion
as per BSI ! Specifications were viilized in sizing the tension and compression ele-
ments and their connections. It is worth noling that the analysis and design phases
were carried out by Preece, Cardew and Rider Consultant Engineers ®. Also, the
varying cnvironmental conditions between Aqaba end Amman and the relevant ef-
fects on the design criterion on the 400 KV transmission line were investigated by
El-Zayyat 2.

In an attempt of triggering out the most severe conditions that the towers may
experience, the earthquake option was considered by Preece et al . However, in
their assessment of earthquake loading the equivalent static loads, transversely and
longitudinally, of 0.105 x tower weight were applied to the tower center of mass.
This assessment seems to be crude and does uot reflect the dominant parameters
that characterize the structural response to earthquake excitations. Any rational
analysis of earthquake induced forces should exhibit the prevailing structural dy-
namic properties coupled with the seismicity of the supporting ground.

The frequency band anslysis of the iowers for different loading conditions is
presented in this paper. These are compared with the dominant frequency range
of local earthquakes as recorded on the University of Jordan Seismological Station
(UNJ). Results indicate partial correlation between these frequencies. This implies
that in the event of severe earthquakes, the expected dynamic magnification factor
in the absence of any relinble source of damping will be far beyond the capacity of
the towers.
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2. Towers Description

The 400 KV overhead transmission line between Agaba power station and Am-
man South Substation accommodates double dreuit twin 560/50 ACSR/ACS con-
ductors. The towers are fitted with two 7/8 (AWG) aluminium dad steel earth wire.
The earth wires are located above the top msulator set attachment point of each
drcuit, but oflset from the tower cenier line by at least 3 meters less than the top
insulator attachment point. The span between lowers vacies with the type of tower
as follows:

A) Standard Towers
Basic span : 410 m

Wind span : all towers - normal working : 450 m
- broken wire : 40 m

Weight span :

suspension fowers : normal worcking: 820 m
broken wire : 615 m

Tension towers : - norma) working :1230 m

- broken wire :1230 m
Negalive weight span: -all tension towers = 300m
It should be noted that spans for broken wire conditions are applicable only lor the
conduclors considered broken. Loadings for the intact conductors are to be based
on normal working spans.

B) Special Towers

Besic Span: 410 m

Wind span - normal working @ 450 m
broken wire : 340 m
Weight span - normal working : 820 m

- broken wire: 815 m

Statistical data regarding the number of towers constructed for each different
type are as listed in Table 1. Reference to this table reveals that 85 % of the con-
structed towers are of the 4DL type. Fig. 1 shows the geometric configuration and
detail of the standard 4DL tower.

3. Seismicity and Seismotectonics

Instrumental seismicity information indicate that many earthquakes (M < 6.25)
have occurred along the southern Jordan-Dead Sea transform during this century.

E.26



E. 27 H.M.ElLZayyat,Zuhair H.El.lsa,Adel A.El.Tayem and Bah)at A.Abdel-Fattah.

The largest (M = 6.25) occurred in 1927 and was epicentered some 25 Xm north
of the Dead Sea. The second largest (M = 5.4) occurred in the southern Dead Sea
cegion in 1956. Seven earthquakes (Af = 4.5 — 5} occurred in the Northern Gulf of
Aqaba region in 1983. Studies on this seismicity cdearly indicate a general correlation
with the regional geology and tectonics. More than 75% of the seismicity seems to
be epicentered along the transform proper with a noticeable correlation with its
regional strike-slip faults, see Fig. 2.

Historical information indicate that within the last 20 centuries, 19 earthquakes
(M > 6) have occurred in this region. Qut of these, 12 can be confidently related
to the transform proper including the largest (M = 7.3} which occurred in the year
746 and was epicentered in the vicinity of the 1927 earthquake “*%. Pre-historic
information indicate that damaging earthquakes with magnitude as large as M =
7.3 have occurred along the southern segment of the transform. Evidences for these
were presented by El-Isa and Mustafa 7 who calculated an average recurrence period
of about 340 £20 yr. for magritudes greater than o equal to 6.5 .

Studies on the seismicity of the transform region indicate a reasonable correlation
with the general tectonics, see Fig. 2. All tectonic elements seem to be active in the
present, but most activity seerns to concentrate along the transform proper. More
than 75% of the toinl seismic energy for the period 1903-1987 has been releesed from
within the transform proper ®?. Thus, the transform represented by its regional
strike-slip faults remains the major source of seismic nsk in this region.

The Jordan-Dead Sea translorm represents a major coniinental plate bound-
ary that borders Jordan in the west. Ovwer its 1100 km length, it links the plate
convergence in southern Turkey to the Red Sea floor spreading in the south. In
the last few decades, = number of geological *'®!* and geophysical evidences®®1%13
were presented in support of a total multi-stage left-lateral shear of about 107 km.
This shear is propased to conform with the spreading and widening of the Red Sea
and is accommodated by regional NNE trending strike-slip faulis that are arranged
en-echelon. Older deformational phases that affected the region have resulted in
developing other regional fault sysiems that run in NE; NW and E-W directions.

Results from deep seismic soundings indicate that the transform is fioored by a
typical comtinental type of aust with a total thickness of about 35 km in Amman
region that decresses gradually to about 32 km in the Agabe region. Farther east
in Jordan, the crust thickens gradually to more than 37 km in what is probably a
transition towards a shicld-type of crust Y*'5. Poisson’s matio and P-velocity distri-
bution, together with focal-depth estimates of Jocal earthquakes indicaie that the
vpper-crust {18 km -21 km thickness) is mather ductile . The recorded frequencies
of the body and surface waves are listed in Table 2.
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4, Structural Frequency Analysis

4.1 Analysis Methodology

The equations of motion for a freely vibrating undamped tower can be writter

as follows: .
() (s} + [K){=} ={0}) 0
Where [ M ] and [ K ] stand respectively for the mass and stiffness matrices of

the tower, and the vectors { 7] } and { U } are the relative acceleralions and dis-
placements associated with the vibration of the sysiem. In purswing the aigenvalues
and the corresponding eigenvectors |, the following assumptions are made with view
of reducing the degrees of freedom associated with the tower oscillation:

i. The restraints offered by the structural joints are ignored. This implies that
the cnd of members coming in to the joint are frec to retate. Thus, each
raember of the tower can be categorized a8 a two-force member.

2. The contribufion of the redundant (lacing} members to the structural stiff-
ness matrix is suppressed, whereas, their contribution to the mass matrix
is ecknowledged. This assumption will greatly reduce the kinematics degree
without sacrificing the accuracy of the analysis.

3. Consistent with the first assumption, three translational degrees of freedom
are assigned to each structural joint.

4. The distributed mass of each member 5 lumped o the relevant nodes using
the consistent mass approach '®. Meanwhile, the masses of the permanently
attached nop-structurel elements such as conductors, insulators and weight of
the bolts and their gusset plates are ireaied as point masses on the relevant
nodes. It should be noted that the last two assumptions, transform a structure
with infinite degrees of freedom, due to the distributed masses, to one which
hes as many degrees of freedom as its unresirained joint nurnber x three.

5. The offsetting transverse effect of the P-A is preciuded.

The torsional resistance of angle type element is insignificant and this is coupled
with boll type connections. Thus, the truss-iype element is justified. However,
the torsional stiffness of the global structure is acknowledged by default through
the adoption of the three dimensional modeling. torsional The synthesis of bolh
the stiffness and consistent mass matrices follows the finite element formulation
{or the three dimensional rod element . Accordingly, the element stiffness, £}, and
mass, M, coefficients in the local coordinate system, Fig. 3, may be expressed as
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foliow:
1 0
0 0
EA o o
O A [
0 0
0 0
and
2 0
0 2
M,:% 00
10
00

Where the symbols A, £, L, and p denote:

0 -1
0 0
0 0
0 1
0 0
0 0
010
001
200
020
1L 00

A = cross-sectional area of the element in mm?;

E = elastic section modulus—iaken to be = 2.1x10° N/mm?; L = length of

element in mm.; and

oo QO O oo

e e i e Y T o T -]

B2 = OO

p = density of steel taken to be 7.81 x107? N.5?/ mm?*.

(2)

{3)

The transformation from local to global coordinate systems is carried out using
the transformation matrix G. Thus, the clement stifflness and consistent mass ma-
trices, A and M, are obtainable through the relations:

K

N

and

M

GTKG

MG

The geomeiric transformation matrix, G. is defined as follows:

cos flzz cos oy cosfzz
cos Byz  cos fyy  cosfyz
cos fzz  cos fzy cosfzz

G =1y 0 0
0 0 0
0 0 0

0
0
0
cos fzx
cos Byx

cos fzz

0
0
0
cos 8zy

cos Byy

cos #zy

]
0
0
cos 0z 2
cos fyz

cos Bzz

{4)

(5)

{6)

The contribution of each element to the relevant joint is done through the allo-
cation vector. The total mass matrix is obtained through the cxeation of a diagonal
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mass matrix to account for the lumped masses of the insulators, conductors . .. elc.

The computer program ASAS *® which is implemented on the computer network
of the University of Jordan is utilized to solve for the eigenvalues and eigenvectors
assocated with free vibration of the towers. The program is invoked by creating
a data file which includes: nodal coordinates; pertinent physical properties of all
elements comprising the tower; wumped masses; and constrained joints.

4,2 Analysis of Results

The standard towers designated as 4DL comprise about 85% of the totally con-
structed towers between Amman snd Agaba, see table (2). Thus, it was decided to
pursne the dynamic analysis of this type of towers. Their geographical orientations
together with the functional purposes dictate the increasing of the tower height by
multiples of 3 m. This resulted in 4 different configurations of the basic 4DL towers.
These towers are designated as 4DL-+ 0, 4DL+3, 4DL+46 and 4DL+9, Fig. 4 .

For each tower, two sels of the frequency analysis were carried out uiilizing
the ASAS " computer program. In the first set, the tower is set into [ree vibra-
tion under its selfweight as well a3 the weight of permanently attached elements.
Wherens, in the second set the locally anticipated snow loading on the conductors
was added. The calculated frequences of the first fiva modes for the four tower types
ate summarized in table {3}. At this stage, however, caiculations are restricted to
the first five modes only as firstly, the atienuation of seismic waves is proportional
to their frequency. Thus, seismic frequencies greater than 10 Hz are highly atten-
uated and/or sbsorbed during their passage. This is documented on UNJ, see also
table (2); secondly, the calculated frequencies of higher mode of all tower types are
greater thap or equal to 9-10 Hz; thirdly, it is well-known fact that the first few
modes of vibration accommodate ir general more than 90% of the total response of |
a tower-type of structures *7. .

The low frequencies of the free csallation of the towers can be easily detected
from table (3). Accordingly and in the event of severe excitation, the towers are
expected to exhibit large lateral deformations. This means that even if the towers
survive such large deformations, the integrity of the system will be questionable as
the possibility of breskage in the conductiors becomes feasible.

The fundamental [requencies of the towers are displayed in Fig. 5. This indicaies
that as the tower height incresses, the tundamental frequency shows a compatible
decrease. However, the 4DL 43 tower shows an abrupt decrezse when compared to
the rest of the towers. In order to justify such an observation, the relative stiffnesses
and masses for all the towers are estimated as listed in Table 4. It is worth noting
that the relative stiffncss is defined  herein jms the force needed to force the top
of the tower to displace a unit horizontally. [t is cleacly seen from table (4) that
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the stiffiness of both the 4DL+0 and 4DL+3 towers are almost identical. This
could be attributed 1o the slenderness of the exira elements added to the structure.
Meanwhile, the mass of the 4DL+3 tower is considerably greater than that of the
4DL+0 tower. Thus, the stiffness mass ratio of the 4DL+3 tower is getting smaller
which in turn decreases the frequency value.

1t is generally agreed that the frequency content of seismic waves resulting from
an earthquake is important as much as their peak ground motions they cause.. This
was illustrated by a rumber of recent catasirophic earthquakes, particularly the
1985 Mexico city earthquake 8. Therefore, the calculated irequencies of the towers
and the observed frequencies of the seisruic phases as recorded on UNJ from local
earthquakes are plotted on the frequency spectra of Fig. § . The frequency band of
the surface waves rather than the average velues is displaved in Fig. 6. It can be
casily depicted from this spectra that the ground shaking at distances greater than
200 K away from the epicenter has a predominant frequency that is coincided with
that of the fundamental mode of all the tower types. This coincidence may result in
a resonent response which will lead to disastrous consequences. It should be men-
tioned that such coincidence was the sole cause of the sericus damage of the medium
height range buildings in the Mexico city 1®. For shorter epicentral distances, the fre-
quency of the second mode of vibration falls within the frequency content of nearly
the body and surface waves. At distances less than 50 km, the [requencies of the
fourth and possibly the filth modes coincide with the predominant, frequencies of
all phases. This indicates that{ any rational analysis should not preclude the con-
tribution of, al least, the second or even higher modes. This is particularly trie
due to the fact that the epicenter of possible future earthquakes should be expected
anywhere all along the Jordan transform. As the power line runs almost parallel
to the transform and a few tens of kilometers to the east, then one should expect
epicentral distences to the towers that range from a few 10s of kms up to more than
300 km. It is worth poting that the design end analysis by Preece et al ? were based
on the equivalent static load technique. The latter technique, in general, capitalizes
only on tie first mode In estimating and distributing the laieral earthquake forces.
The results of the frequency analysis as presented in this paper represent a first step
toward a comprehensive dynamic analysis. Seismic risk eveluation, assessment of
lateral forces and their diséribuiion and the contribution of individual modes are in
progress. This project will be ultimately concluded by providing a response-spectra
chart that can be utilized in the design of similar structures.

5. Ceonclusions

Studies on the seiamicity of the region and the dynamic characteristic of the 400
KV Aqaba-Amman line revealed the following conclusicns:

1. Instrumental and historical seismicity information indicate the possibility of
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the occurrence of severe earthquakes (M > §) io the scuthern Dead Sea irans-
form region m the fature.

The egenvalue analysis shows that the towers are flexible in the sense that the
fundamental frequency for all the analyzed towers is too low. This criterion
may jeopardize the integrity of the sysiem.

Comparison of the struciures and their supporting ground frequencies friggers
out the possibility of resonant response in the event of desiructive earthquakes.

The design of such essential facilities should include the effect of higher modes
of vibration, up to at least mode 5.

. The anticipated resonant response need to be explored further with the view

of proposing a remedy for this serious probiem.
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Table 1: The Towers Classification and Their Numbers

Location 4DT 4D1 | 4D2 4003 | 4DL | 4D6 | 4D9
‘Aqaba - Maa'n | 2 40 10 5 250 |10 1
Maa'n - Qtran || 3 2 |3 3 %3 |- -

Qatran - Amman || 1 18 |2 1 168 |6 | -

Table 2: The Dominant Frequencies of Seismic Phases as Recorded on UNJ

Epicentral Area | Epicent. Dist. Dominant Frequendes in Hz
from UNJ in KM | P-Waves ] S-Waves | Surface Waves
Northern D.Sea 50 8-10 6-8 35
Dead Sea 70 | 59 4-7 3-4
Tiberias 110 6-7 3-6 2-3
Beasan 120 6-7 5-6 >4
Dead Sea 120 5-6 45 34
Southern D. Sea 150 | 56 45 34
.Syria/Palestine 150 [ 5-6 45 45
NNW of Amman
NE Amman 180 4-5 3.4 1-2
Synia 190 4-5 3-4 -2
Sytia 200 5-0 3-4 1-2
Araba 200 5-7 4-5 2-3
Azraq 220 3-4 4-5 1-3
Palesline/Lebancon 240 5-6 35 1-2
Aqaha 380 1-5 0.5-3 3-1
Cyprus 450 84 0.4-3 4-1.5
Gulf of Suez 480 1-4 2-3 1-2
N.Red Sea 800 1.3-3 3-2 4-1
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Table 3: A summary of The Calculated Towers Frequencies

Tower | Load | Freq. of Mode No. in Hz
1 2 3 4 5
W/QO Spow | 1.2 |43 |9.2]10.|125

4DL40
W. Snow 1.0 (3.7 | 78|91 10.7
W/O Snow | 79 |13 |51 |83 9.2

4DL4+3
W. Snow 76 | 107 |44 78| 84
W/O Snow | 10 |38 | 7683130

4DL+6
W. Snow 084132 [66|79]10.7
W/O Snow j 1.1 |37 |65]83) 120

4DL+9
W. Snow 09132 |63|71]108

Table 4: Relative Stiffnesses and Masses as Estimated for the dDL-Type Towers

Tower | K .. M, First Mode
N/mm | N-s/mm? | Freq. in Hz

4DL+0 {f 220.8 | 14.00 1.20
4DL+3 || 224.0 | 18.40 79 |
4DL-+6 | 168.3 | 15.64 1.00

|

4DL+9 | 188.1 | 15.70 1.10
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Pig. 20 A tectonic Map of The Tordan-Dead Sea Transform Region showing the
seismicity for the Period 1903-1987.
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fig. 30 Member of A space Truss Showing Nodal coordinates.a) fa The Local
Swstem. b) In the Global System.
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Fig. 2: Calculsted [undamental Frequencies of the 4DL types.
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Fig. 6: Calculated and Observed frequency spectra for the
tower-types and seismic phases.



