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Abstract: Transmission towers are a vital lifeline for modern living and are crucial structures that
must remain operational even after a seismic event. However, the towers are largely designed
to withstand the effects of wind alone and not earthquakes, and the seismic influences on tower
design and construction have hitherto been ignored. The purpose of this study was to evaluate the
seismic performance of a latticed steel transmission tower-line system that is subjected to a variety of
seismic situations (Far-Field, Near-Field and Repeated Earthquakes) using probabilistic vulnerability
functions and Collapse Margin Ratios in accordance with FEMA-P695. Nonlinear Time History
Analyses were performed by incorporating an array of 36 strong ground motions to develop the
Incremental Dynamic Analysis and to generate the fragility functions for three performance limit
states as referenced in FEMA 356. The results showed that the single event seismic performance of
the tower is better than its performance after multiple ground motions owing to aftershock impact,
while near-field excitations led to greater susceptibility and fragility than far-field scenarios. Thus,
near-field ground motion is more harmful to the tower and could result in its failure or collapse with
only a small reduction in damage relative to the impact of the aftershock.

Keywords: repeated earthquakes; vulnerability function; collapse margin ratio; incremental dynamic
analysis; fragility curve

1. Introduction

Modern societies rely on tower-based transmission systems to provide electricity,
the vital lifeline, to their citizens. When an earthquake strikes, damage and failure of
transmission towers can result in significant economic losses, as well as delays in post-
seismic rehabilitation. To withstand seismic shocks, transmission towers, which are the
most critical load-bearing structures in this system, must have exceptional earthquake
resistance to ensure their continued operation. Despite this, seismic loads are not taken
into consideration in design codes and guidelines and many transmission towers have
historically failed and even collapsed during earthquakes [1,2].

An important example of an earthquake-induced failed transmission line was dur-
ing the Landers earthquake of 1992, in which about 100 transmission lines and several
transmission towers failed in the city of Los Angeles [3]. The 1995 Kobe earthquake in
Japan destroyed half the transmission lines in the area and about 20 transmission towers
were rendered tilted due to the movement of the earthquake’s epicentre [4]. Similarly,
the Chi—Chi earthquake of 1999 in Taiwan caused significant damage to electric power
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systems. A total of 69 transmission lines were destroyed, 15 transmission towers collapsed,
and 26 transmission towers tilted. The Wenchuan earthquake of 2008 in China caused
the collapse of more than 20 transmission towers in the Mao County area, as well as the
destruction of a 220 kV transmission line in the region [5-7]. The Kocaeli earthquake in
Turkey in 1999 induced landslides, faulting, and surface ruptures, thus damaging many of
the transmission towers [4]. Figure 1 shows the collapsed transmission towers caused by
the Wenchuan earthquake in 2008.

The transmission steel tower is typically designed by considering the wind effects as
the primary source of the lateral loads with no attention paid to seismic effects. This is
because wind lateral loads are thought to be much greater than seismic lateral loads on
high-rise transmission towers, particularly in open areas. However, earthquake effects on
towers may be more severe than wind effects and seismic lateral load cannot be ignored,
particularly in high-seismic zones, because seismic lateral loads can also cause significant
damage to the transmission and telecommunication steel towers. Thus, design checks, even
if simple ones, must be incorporated to account for seismic-event induced lateral load [8].
It is also imperative to perform a vulnerability assessment on transmission steel towers
that have been subjected to earthquakes.

There have been few studies on the evaluation of earthquake-related tower perfor-
mance [9-15]. Fernandez Lorenzo et al. [16] used static equivalent and dynamic time
history methods to compare the structural response of a self-supported communication
tower in terms of internal forces and displacements under hurricane wind conditions.
Rezayibana [17] studied the effect of soil type on seismic response of the stiff and ductile
part of tall telecommunication towers with random vibration analysis. In the modelling
and analysis, various conditions of the soil under the tower and various damping condi-
tions were used. Tsavdaridis, et al. [18] proposed using structural topology optimization to
develop solutions for lattice self-supported telecommunication towers in terms of weight-to-
stiffness ratio. Chandra and Sengupta [19] presented a comparative study of self-supporting
telecommunication towers using dynamic analysis for optimum modal combination and
discretization. Szafran et al. [20] used tensioned joint reliability to estimate the reliability of
slender steel lattice telecommunication towers by a full-scaled pushover test of a 40 m tall
lattice tower.

Several codes, standards and design provisions have proposed simplified static meth-
ods for the seismic estimation for transmission steel towers [21-23], but none of the norms
have suggested using the non-linear dynamic analysis (NL-DA) approach. This provision
demonstrates the gaps and limitations in estimating seismic design capability. Furthermore,
since the transmission lines spans are large in modern civil engineering construction, the
effects of multiple excitations must be carefully considered, and the frequent failures of
transmission line tower systems show that the load pattern defined in the codes does not
accurately reflect realistic load conditions [24].

Due to the aforementioned limitation gap in the proposed provisions, this research is
undertaken to conduct a non-linear dynamic analysis to understand and estimate the load
pattern in transmission line towers. A non-linear time history analysis (NL-THA) technique
is used to estimate the tower Collapse Margin Ratio (CMR) and the probability of damages
is calculated using vulnerability functions. The CMR was originally proposed by FEMA
P-695, as one of the best structural collapse indicators established in the last decade [25].
According to FEMA P-695, various factors influence the CMR, including ground motion
variability and uncertainty in the structure’s design, analysis, and construction. These
variables are combined in a collapse fragility curve, which describes the likelihood of the
seismic-force-resisting system collapsing as a function of ground motion intensity related to
FEMA P-695 [26]. The CMR is an effective tool for determining the capability of a structure
to withstand structural collapse.

Thirty-six ground motion records comprising 18 far-field (FF) and 18 near-field (NF)
earthquakes are used to simulate two types of earthquakes that have different characteristics
and involve different behaviours in structures [27]. Near-field earthquakes occur in fields
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close to the fault, while far-field earthquakes occur in fields far from the fault. For instance,
some researchers propose a near-field range of 10 to 60 km around the fault [28]. On the
other hand, some international code standards define the site-to-source distance less than
15 km as the near-field, while the far-field range can be described as a distance greater than
15 km from the epicentre of an earthquake.

The properties of far-field ground motions are different from near-field ground mo-
tions. When compared to higher frequencies of far-field ground motions, near-field ground
motions have higher acceleration and more restricted frequency range [28]. Furthermore,
far-field ground motion is less disruptive and devastating than near-field ground mo-
tion [29]. This could imply that far-fault ground motions are less likely than near-field
ground motions to cause transmission steel tower failure or even collapse. Consequently,
it is critical to assess the vulnerability of transmission steel towers in both far-field and
near-field ground motions, in order to reduce the risk of tower failure or collapse during an
earthquake and keep the tower operational after the event. Furthermore, the collapse of
a tower can be avoided by ensuring better seismic code compliance in new constructions
and rehabilitating existing structures.

Figure 1. Collapsed transmission towers in China caused by the Wenchuan earthquake [30].

To date, there have been few studies that have evaluated the vulnerability of lattice
transmission steel towers under the influence of the Far-Field (FF), Near-Field (NF), and
repeated ground motions. In this study, the seismic performance of a steel transmission
tower is evaluated for three different seismic scenarios; such analysis will be useful in
updating the code regulations and demonstrating that it is dangerous to ignore seismic
effects on transmission towers.

2. Structure Prototype and Finite Element Model
2.1. Description of the Structural Prototype Layout

A typical 220 kV transmission tower is assumed to be located in Lebanon, which is
designed for seismic hazard with Peak Ground Acceleration (PGA) of 0.25 g corresponding
to the exceeding probability of 10% in 50 years. It can be observed from the contour map in
Figure 2a that the PGA in the Lebanese territory has fluctuated during a 50-year period,
ranging from 0.2 g in the eastern part of the nation to 0.30 g in the western part of the
country near the coastal districts in the east [31]. Several surrounding seismic sources can
increase the seismic vulnerability of Lebanon structures and infrastructures facilities as
shown in Figure 2b; (1): The Dead Sea fault (2): Ghab- fault: A line source is also modelled
stretching from the northern Lebanese border into the North of Syria, with a total length
of 124 km. (3): The Karasu area source, covering 29,000 km?. This mostly comprises



Appl. Sci. 2022,12,1984

4 of 24

earthquakes along the eastern branch of the Anatolian fault system in Turkey, (4): The
Eastern Syrian regions comprise a total size of around 4300 km?, (5): Cyprus region is an
area source with a surface size of approximately 70,000 km?. It comprises seismic activity
on and around the island of Cyprus [32].
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Figure 2. Lebanese seismic norm, (a): Contour map of PGA with 10% possibility of occurrence in
50 years, (b): Lebanon border by seismically active sources.

The selected tower is designed as a Diamond Lattice Bracing system with an angle
tower “Type A” denoted by a suspension tower with a line deviation of 0° to 2° according to
ASTM standards. This particular tower was chosen because it is one of the most frequently
encountered forms. The geometrical cross-sectional used for the tower are steel angles
made from A 992/A 992M, according to ASTM standard specification for structural steel
alloy [33].

The finite element computer program SAP2000 is utilised to model the investigated
TL system, which consists of three transmission towers. The two transmission line spans
are assumed to have the same height of 42.95 m with a 300 m span distancing between
each tower and the tower is assumed to weigh approximately 20 t. In addition, it consists
of three crossarms at elevations of 29.85 m, 33.95 m, and 38.05 m, denoted as the bottom,
middle and top crossarms, respectively, and the lengths of the three crossarms are 6.20 m,
8.30 m and 5.70 m, respectively. The model is composed of 922 members (beam, bracing
and columns) and 568 nodes with rigid connections between members. The base of the
tower is permanently fastened to the ground and is 4.0 m wide at the base. There are
14 transmission lines, including two ground lines that are connected at the top tower, and
12 transmission conductors are suspended at the cantilever crossarms’ ends as shown in
Figures 3 and 4. Table 1 lists the characteristics of the conductors and ground wires. There
is also comprehensive information regarding the sizes of the component steel members
in the towers, in which the transmission tower’s geometry and cross-sectional details are
shown in Table 2 and labelled in Figure 4. The transmission steel tower material is designed
according to the ASTM A 992/ A 992M for each frame member as shown in Table 3.
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Figure 3. Sketch of 3D- finite element model of the symmetrical selected transmission tower line in
Beirut.
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Figure 4. The geometrical design of lattice tower with a voltage of 220 kV.
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Table 1. Mechanical characteristics of the conductor lines and ground wires.

Items Conductor Lines Overhead Ground Wires
AAC (Aluminum Alloy .
Type Conductor) ACS (Aluminum Clad Steel)
Name Aster 570 ASTM
Section (mm?) 570.22 77.55
Overall diameter (mm) 31.05 11.5
Unit weight (kg/m) 1.574 0.472
Modulus of elasticity (GPa) 56 140
Coefficient of linear 23.0 x 106 13.9 x 10~
expansion/°C

Table 2. List of member profiles used in this study.

Section Profile Size (mm) Unit Weight (N/m) Area (mm?)
Peak Legs 160 x 60 x 5 44.83 581.9
Case Leos 1120 x 120 x 11 195.22 2537

ge Leg L150 x 150 x 14 310 4004

150 x 50 x 5 36.99 480.3

Cage Primary L70 x 70 x 7 72.50 939.7
Bracing L80 x 80 x 7 83.28 1082
1100 x 100 x 10 147.54 1900

160 x 60 x 5 44.83 581.9

Cage Horizontal L70 x 70 x 7 72.50 939.7
Bracing 180 x 80 x 7 83.28 1082
L100 x 100 x 8 119.49 1551

Too Cross Arm 160 x 60 x 5 44.83 581.9
P 180 x 80 x 10 116.35 1511

] L70 x 70 x 6 62.69 812.7
Middle Cross Arm 1100 x 100 x 10 147,54 1915
5 Cross A 160 x 60 x 6 53.17 684
ottom Cross Arm 180 x 80 x 7 83.28 1082
L150 x 150 x 14 310.00 4004

1180 x 180 x 16 426.74 5504

Main Legs 1180 x 180 x 18 476.77 6191
1.200 x 200 x 18 531.70 6911

1.200 x 200 x 20 587.91 7635

L100 x 100 x 8 119.49 1551

Leg Primary L1100 x 100 x 10 147.54 1900
Bracings 1100 x 100 x 12 174.91 2271
1120 x 120 x 11 195.22 2537

Les Horizontal 160 x 60 x 5 44.83 625
gBmcin . 170 x 70 x 6 62.69 812.7

8 180 x 80 x 7 83.28 1082

135 x 35 x 3 15.70 203.7

Secondary Bracings 140 x 40 x 4 23.74 307.9
Yy 8 145 x 45 x 4 26.98 3493

L60 x 60 x 5 44.83 581.9
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Table 3. Material Properties of ASTM A 992/A 992M.

Property Symbol Value
Modulus of Elasticity E 199,948 MPa
Shear Modulus G 76,903 MPa
Poisson’s Ratio \% 0.3
Tensile Yield Strength Fy 345 MPa
Tensile Ultimate Strength Fu 448 MPa

2.2. 220 kV Transmission Line Loading

Without proper tower loading, towers are worthless. The most critical aspect of
tower design is the loading on the tower. The transmission tower design in this study
considers the loading calculations on the tower, which are made in accordance with the
ASCE standard [34]. The loadings considered are dead load, wind load, and seismic load
(time history analysis). Figure 5 describes the structural loading terms and their directional
conventions.

V1
T1 l 10kN

V2 e
V2 l I # 21kN
T2 T2 13.52k 2 . 13.52kN

B A
'h‘-’!&‘i‘

V2 A AT
| AR
Iy W/ A
2 RLARIK

3

AP
YSHIE

&
Vzl V2 W
T2 e’ LTZ

V= Vertical Loads dueto

conductor and earth wire.

T= Transverse Loads dueto

Wind and Line changes

Figure 5. Convention of vertical and transversal structural loading direction.

The dead load is considered as vertical load and consists of the structural weight
members, ground wire, and conductor. The dead load of conductor and ground wire acts
on the tower cross arm, (V;,) and the top of the tower.

The following equation provides the vertical load of the wire:

Vw = wt of bare wire (kN/m) +1.24(d +1)I x L x 7y 1)

where,
d referred to diameter of wire in (m)
I denoted to ice thickness (m)
L, designed weight span (m)
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7 is the vertical load factor, and equal to 1.50.

The transverse loads are caused by wind pressure on wires and structures, and the
transverse component of the line tension at angles. The transverse load due to wind on the
wire is given by the following equations:

Wy, =p x % x Horizontal Span x OCF 2)

P = 0.6(0.00256)KzKztKd V> 3)

where,

W), is the transverse wind load on wire in (kN).

p is the wind pressure in (kN/m?).

d is the diameter on wire in (m).

OCF are the Overload Capacity Factor equals to 2.50.

V is the basic wind speed, 120 mph, and exposure B.

Kz is velocity pressure coefficient, 0.85.

Kzt is the topographic factor, 1.0.

Kd is the wind directionality factor, 0.55.

When a line changes direction, the overall transverse load on the structure is equivalent
to the sum of the transverse wind load and the transverse component of the wire tension in
the new direction. When calculating the total load, the wind direction should be chosen so
that the largest resultant load is obtained while considering the impacts on the wires and
structure.

The following equation is used to calculate the transverse component of wire tension

acting on the structure:
H =2Tsin0/2 4)

where,

H represents the transverse load caused by wire tension in kN

T is the wire tension in kN.

g is the angle of the line in degrees.

Table 4 describes the basic utilization limits for spotting on the 220 kV transmission
line:

Table 4. Basic properties of Tower type A-220 kV, and its vertical and transverse loading on the

structure.
Tower Type A
Utilization Suspension
Utilization limits Tangent (0-2°)
Wind span (m)—Max 420
Weight span (m)—Max 850
Weight span (m)—Min 50
Weight/Wind span ratio-Min 0.83 at 0°
Max single span (m) 700
Insulator Weight 70kg
Ground Wire Load (V1) 24 kN
Transverse Load on Ground Wire (T1) 10 kN
Conductor Wire Load (V2) 21 kN
Transverse Load on Conductor Wire (T2) 13.52 kN

2.3. Non-Linear Dynamic Analysis (NL-DA)

Incremental dynamic analyses were performed by using ground motion data with
progressively increasing intensity to the point of collapse. It is also important to record
the maximum structural drift, which can be obtained using IDA’s technique. This process
is repeated multiple times through dynamically adjusting the seismic loads, step-by-step
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(e.g., 0.10, 0.20, 0.30, and so on), until the point of collapse, denoted by Collapse Prevention
(CP) state. The IDA curve is derived and established. The IDA curve shows the interaction
among both Inter-Storey Drift Ratio (ISDR) as an Engineering Demand Parameter (EDP)
and Spectral acceleration Sa(T1) as an Intensity Measure (IM). The outcomes are compared
to the predetermined performance thresholds. According to the FEMA 356, there are three
performance levels to estimate tower structural performance, viz., 0.5%, 1.50%, and 2%,
corresponding to Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention
(CP), respectively [35]. Following this, the data is used to create the fragility curve.

When the structure becomes unsteady or approaches the collapse limit, the analysis is
terminated, since the finite element (FE) platform is used for all visualizations related to the
modelling and simulation process. This helps in gaining a comprehensive understanding
of the structures” dynamic behaviour. Indeed, it is possible to analyse the anticipated
structural response, defects, and monetary loss under earthquakes of varying intensities
using IDA. Thus, during seismic excitations, the results of the non-linear time history
analysis (NL-THA) are more credible than the results of the non-linear static analysis
(NL-SA) for the structural dynamic behaviour.

2.3.1. Intensity Measure

To define earthquake susceptibility and assess earthquake records in the IDAs, sci-
entists use the IM as an indicator to quantify the severity of each event. A structure’s
vulnerability to ground vibrations can be assessed by considering the quality of the IM.
Because the condition of the IM can have a direct impact on the precision and reliability
of the PSDM, the selection of the IM is critical in this process. The Peak Ground Accelera-
tion (PGA), Peak Ground Velocity (PGV), spectral acceleration at the fundamental period,
Sa(T1), and Arias Intensity (Al) are a few of the prospective IMs that have been offered
by researchers. When comparing various IMs, it has been demonstrated that Sa has a
strong correlation with structural demand in the development of PSDMs. Therefore, Sa is
employed as the IM in the current study.

2.3.2. Damage Measure

Generally, a Damage Measure (DM) is used to measure the extent of structural seismic
damage, and defining it is an essential work in the field of fragility analysis and design.
An effective DM is capable of accurately representing the structural dynamic response
induced by seismic action excitation. The maximum base shear, peak roof drift, peak floor
acceleration, and inter-story drift are the most frequently utilised DMs. Compared to other
DM, the inter-story drift correlates significantly with structural degradation. Inter-Storey
Drift Ratio (ISDR), the applicability of which has been demonstrated by Tian et al., is used
as the DM in this research.

2.3.3. Limit States

Several limit states known as performance levels are required to accurately depict
the structural damage condition during an earthquake in order to be effective. This paper
defines three limit states for the transmission tower, as described by [33]. These are:
Immediate Occupancy (I0), Life Safety (LS), and Collapse Prevention (CP). The associated
ranges of such distinct limit states are considered as 0.5%, 1.50%, and 2.0%, respectively,
as previously established [34] and are taken into consideration from FEMA 356. Figure 6
shows the comprehensive mapping relationship between the damage description and the
limit states used in this investigation.

2.4. Input Ground Motion Records

When performing nonlinear dynamic analysis, one of the most significant parameters
to consider is ground motion selection. Compiling appropriate ground motion records is
critical in the process of executing consistent dynamics analysis (NL-DA). For the purposes
of this study, and in order to properly account for the limitations of ground motions in
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ISDR (%)

Limit State

the seismic fragility analysis conducted in this study, a collection of 36 real far-field and
near-field seismic data are considered. The 36 strong ground motion records comprised
far-field (FF) and near-field (NF) seismic records. These records are evaluated in accordance
with the requirements of the basic standards of the international codes, downloaded from
the COSMOS database and are shown in Tables 5 and 6.

0.50%

Immediate
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Life Safety

Collapse
Prevention

(o] | [ty ey o e !
Descripton | | | The tranmission e e | (massee
tower is undamaged tower can operate i to fall when it
with little or no :ltt’l‘l‘gfl‘;‘”h’:td;nmsf;vl can no longer
e i et
weight.
Figure 6. The relationship between the damage description and the limit states.
Table 5. Far-Field ground motion records as an input for nonlinear dynamic analysis.

No Earthquake Year Station My PGA(g) PGV (cm/s) PGD (cm) V30 (m/s)
1 Kern County 1952 LA—Hollywood 6.91 0.450 117.79 30.79 308.94
2 Borrego Mtn 1968 El Centro Array #9 6.80 0.499 46.49 42.18 213.44
3 Friuli Italy 1976 Codroipo 5.04 0.554 61.53 7.15 249.28
4 Borrego 1942 El Centro Array #9 6.41 0.277 37.32 4.65 213.44
5 Kern County 1952 LA—Hollywood 6.19 0.446 29.12 9.31 316.46
6 Friuli Italy 1976 Codroipo 5.99 0.368 23.75 17.60 249.28
7 Imperial Valley 1979 Delta 5.61 0.294 65.45 53.12 242.05
8 San Fernando 1976 Buena Vista 6.96 0.486 105.9 93.85 298.68
9 Whittier Narrows-01 1987 Santa Fe Springs 5.99 0.398 23.75 1.76 288.78
10 Loma Prieta 1989 Gilroy Array # 6.74 0.310 64.50 25.65 221.78
11 Sierra Madre 1991 Cogswell Dam 5.61 0.297 15.01 2.050 236.84
12 Kobe 1995 KIMA 6.90 0.854 95.75 24.56 187.77
13 Northridge-0 1994 LA Dam 6.69 0.576 77.09 20.10 184.79
14 Chi-Chi 1999 TCU065 7.62 0.831 129.55 93.85 335.50
15 Morgan Hill 1984 Captiola 6.74 0.444 19.01 4.07 196.42
16 Borah Peak 1983 ETR Reactor Bldg 6.93 0.203 58.27 16.25 214.68
17 San Fernando 1971 Terminal Island 6.21 0.548 40.74 16.01 301.95
18 Imperial Valley 1979 Niland Fire Station 6.80 0.557 82.27 55.05 212.0
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Table 6. Near-Field ground motion records as an input for nonlinear dynamic analysis.

No. Earthquake Year Station Mw PGA(g) (Eﬁ/\s,) PGD (cm) V30 (m/s)
Kern Taft
1 € 1952 Lincoln 7.40 0.156 15.31 9.21 310.68
County
School
2 Tabas, Iran 1978 Ferdows 7.40 0.187 6.53 4.52 302.64
3 Victoria, 1980 SAHOP 6.30 0.101 777 245 242.05
Mexico Casa Flores
4 N. Palm 1986 Hesperia 6.10 0.412 2.32 0.71 198.77
Springs
Baker Fire
5 Landers 1992 . 7.30 0.124 17.34 228 316.46
Station
. Huntington
6 Nortgildge' 1994 Bch- 6.70 0.186 5.01 1.63 184.75
Waikiki
. Los
7 Whittier 1978 Angeles, 6.10 0.182 6321 2536 193.67
Narrows
CA
Imperial El Centro
8 Valley 1940 oA 6.90 0.341 33.14 101.69 213.44
9 Northridge 1994 Sun Valley 6.70 0.457 22.47 51.59 301.95
10 Loma 1999 Hollister, 6.94 0.252 45.14 33.23 221.78
Prieta CA
11 Coma 1992 Copa 7.01 1.400 11.36 95.23 192.05
Mendocina Mendocina ’ : : ’ ’
12 Landers 1992 Lucerne 7.28 0.650 52.29 44.60 208.91
13 Mineral 2011 Central 5.74 0.094 53.64 6.67 219.31
Town Verginia
14 Kocaeli 1999 Sakarya 7.40 0.230 55.83 184.60 249.28
15 Chi Chi 1999 TCU102 7.60 0.390 65.48 193.30 335.50
16 Coyote lake 1979 Gilroy 5.74 0333 27.14 448 202.85
Array
17 Morgan hill 1984 A“S;fson 6.19 0.276 29.52 6.44 192.26
Nahanni, .
18 1985 Sitel 6.76 1.170 36.53 4.66 317.45
Canada

In this study, the 32 seismic records considered are characterised as having site class D
within the Magnitude (Mw) ranges of 5.0 to 8.0, and are categorised as Far-Field (FF) records
with Epi-central Distance more than 20 km and Near-Field (NF) records with Epi-central
Distance less than 20 km. Since a majority of the structures are installed on soft soil in
Lebanon with features corresponding with soil type D, this is an appropriate classification.
Moreover, the classification track from the site to the source for the far-field and near-field
records is not completely stated, but the source-distance relationship associated with the
natural frequency has a significant impact on the near-field in which the structure is located.
However, according to FEMA P695, far-field records are determined whenever the distance
between stations surpasses or is equal to 10 kilometres from the geological fault move-
ment, but near-field records are described when the distance between stations is less than
10 kilometres from the split fault. There is no universally accepted rationale for a location
to be classified as near or far-field.
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Spectral Acceleration [g]

Several criteria recommended by [36—41], such as magnitude (Mw), Peak Ground
Acceleration (PGA), and distance from the source should be considered when choosing
ground motions. These include the near-field (<20 km) and far-field (>20 km) limits, as
well as the soil type. To fully comprehend these aspects, a spectrum of PGA is examined. A
full-range of the PGA record values is used, and all the records fall in the range of 0.09 g to
1.40 g with a mean of 0.386 g in the case of far-field records. The average PGA is 0.466 g
with a range of 0.20 g to 0.86 g for near-field seismic scenarios. Subsequently, the chosen
ground motion datasets for two seismic scenarios (FF and NF) are normalised or scaled by
utilising the Seismomatch program, according to the Lebanese seismic standard targeted
by its response spectrum as shown in Figures 7 and 8. Here, Z = 0.25 g, Ca = 0.32, Cv
= 0.47 according to UBC97 corresponding to Lebanese seismic norm, and with S1 = 0.4,
and S1 = 1.20, taking int account site coefficient (Fa = 1.0) and (Fv = 1.6) for site class D by
referring to 2009 IBC MCE spectral response acceleration.
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Figure 7. Far-field ground motion seismic records (a): Before matching with target spectrum,

(b) After matching with target spectrum.
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Figure 8. Near-field ground motion seismic records (a): Before matching with target spectrum,
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PGA,[g]

Due to the scarcity of true repeated earthquake data, this study relies solely on artificial
sequences to simulate earthquake activity. Hatzigeorgiou and Liolios [42], as well as other
researchers, such as Zahid, et al. [43], Fazli and Majid [44], and Faisal, et al. [45], have
earlier adopted the method that can be scaled up to produce a series earthquake, as shown
in the diagram below.

Every ground motion record is assigned two true seismic sequences. Each single
ground motion record for each event has a time interval of 15 s between them. A gap time
delay of 100 s is placed between the two successive earthquake incidents to compensate
for the timing difference. Hatzigeorgiou and Liolios [42] proposed the time gap, and it
is sufficient to restore the structure to its rest state after being shaken. Using the Pacific
Earthquake Engineering Research Center (PEER) database, three repeating incidents are
picked in this study. The selected range of magnitude (Mw) is 5-7 Richter scales. The PGA
intensity measure is taken between 0.113 g and 0.447 g, as illustrated in Figure 9.
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Figure 9. Selection of repeated ground motion successive seismic events.

2.5. Probabilistic Distribution Function Using Fragility Curve

Kennedy;, et al. [46] proposed the concept of seismic fragility analysis to evaluate the
probabilistic seismic performance of a nuclear power station, and it has since evolved
into a sophisticated analytical tool for analysing the seismic risk of various structures.
With a particular intensity measure of ground motions, seismic fragility is defined as
the conditional probability of attaining or exceeding a specified damage state. Fragility
assessment is a technique of estimating the risk of a seismic event on a structural model,
and it is a useful method for estimating the likelihood of structural damage. For far-field
and near-field ground movements, the fragility curve represents the probability of collapse
with regard to the IM. Along with the ISDR, it is used as a damage measure to detect serious
deterioration that could lead to structural collapse under seismic scenarios.

In seismic risk assessment, fragility functions are powerful statistical tools that can
be used to understand the dynamic response of transmission towers. They are the link
between a given seismic IM and the likelihood of reaching or exceeding a specific damage
state. In this study, Sa(T1) is used as the seismic IM to develop the fragility curves. There
are two processes involved in the formation of the fragility curves. The mean and standard
deviation of the collapse capacity is computed at the initial stage. The second stage involves
the development of the fragility curve from the obtained values of mean and standard
deviation using the lognormal Cumulative Distribution Function (CDF).
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Since Sa(T1) is used in this work as the seismic IM for the IDA, the same parameter
is also employed in the development of the fragility curves. Suppose the fragility curve
is being drawn for the Collapse Prevention (CP) state. The Sa(T1) values that lead to the
collapse state recorded from IDA would be used in the calculation of the fragility curve. In
this work, a variety of Sa(T1) values are recorded under a variety of various ground motion
records. Then, the mean and standard deviation of these values are calculated and used
in Equations (1) and (2). Using the established fragility curves for all permutations of the
transmission tower, the seismic performances of the structural models are evaluated in
terms of 10, LS, and CP performance limit states.

HDwmgv%mjﬂ:¢(m@4Tp—WM) -

where ¢ is the standard normal cumulative distribution function, # and ¢ are the mean and
standard deviation of logarithm Sa(T1).

2.6. Collapse Margin Ratio

Since its inception in FEMA P695, the Collapse Margin Ratio (CMR) has been com-
monly considered as one of the most accurate seismic indicators of a structure’s collapse
safety. It is defined by the Federal Emergency Management Agency (FEMA) as the pro-
portion of median collapse intensity determined from a fragility curve to intensity of the
Maximum Considered Earthquake (MCE) ground motion. Structure stability and collapse
proneness are two important parameters in seismic evaluation that must be considered. It
is a crucial metric in seismic evaluation since it describes structural stability and collapse
risk.

According to the Lebanese seismic norm, the PGA is associated with a 10% probability
of exceedance in 50 years. The collapse probability due to the MCE ground motions is
limited to 10% according to the FEMA P695 (FEMA, 2009). As a result, the PGA in Lebanon
associated with the 10% probability of exceedance in 50 years remains unchanged. CMR is
defined as the ratio of ground motion intensity corresponding to the 50% probability of
structural collapse to the ground motion intensity corresponding to the design MCE level,
as shown in Equation (6).

M50 collapse
IMpmcE

where M5, is the ground motion intensity corresponding to the 50% probability of
structural collapse; Iyick is the ground motion intensity corresponding to the MCE level for
the design. The MCE intensity used is 0.25 g according to the Lebanese seismic hazard map.
Figure 10 shows the framework of the seismic vulnerability assessment for the transmission
tower under the effect of three seismic scenarios.

CMR = (6)

2.7. Structural Dynamic Properties

Modal analysis is performed in this study to better understand and identify the dy-
namic behaviour of a mechanical structure. Modal analysis is the determination of natural
frequencies, mode shapes and modal damping of a system using Frequency Response Func-
tion (FRF) measurements. However, the study will focus on the mode shapes and natural
frequencies of the telecommunication steel tower. This is because the mode shapes and
natural frequencies of any mechanical system are likely the single most essential attribute.
As a result, the designer can well understand all the forms of vibrations that are feasible by
knowing each mode shape of the structure.
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Figure 10. Transmission tower assessment under the effect of three seismic scenarios ((1) far-field,
(2) near-field, and (3) repeated earthquakes).

Mode shape is defined as the structure deforming or vibrating in a given shape when
it is excited at a particular natural frequency. The transmission steel tower has many mode
shapes, which means that each mode shape has its own natural frequency. In any case,
the first three modes of the tower will be discussed. The first three mode shapes of the
tower are shown in Figure 11 and the natural frequency for the first three mode shape is
shown in Table 7. The tower is excited at its first frequency with 0.942 Hz, it deforms and
translates along the Y-axis as shown in Figure 11a. The second mode shape of the tower, as
shown in Figure 11b, translate along X-axis at 1.267 Hz. The tower is excited at the third
frequency with 1.536 Hz, and the third mode shape is on contrary with the first two mode
shape, which is rotated about the Z-axis as shown in Figure 11c. The natural frequency of
the tower increases as the mode number increases from the observation. The result also
demonstrates that as the number of modes increases, so will the node points.
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(b)

Figure 11. Mode shape for transmission steel tower, (a): 1st Mode shape, (b): 2nd Mode shape, and
(c): 3rd Mode shape.

Table 7. Natural Period and frequency of the first three mode deforming shapes.

Natural Frequency

Number of Mode Natural Period (s) (Hz) Deformed Shape
Translating in Y-axis
1 1.061 0.942 (Longitudinal)
2 0.789 1.067 Translating in X-axis
(Transversal)
3 0.651 1.536 Rotating abput Z-axis
(Torsion)

The natural frequency of the tower should never coincide with the excitation frequency.
This is to avoid the tower from exhibiting extremely high amplitude vibrations, which
could cause the tower to collapse and fail if the excitation frequency coincides with a natural
frequency of the tower. The tower can be redesigned or modified to move the natural
frequency of the tower away from the excitation frequency to avoid this issue, for example,
by enhancing the stiffness of the frame members. As a result, making sure that the tower’s
natural frequencies must be greater than any excitation frequency.

3. Results and Discussion
3.1. Incremental Dynamic Analysis (IDA)

It is critical to understand the structural performance of transmission steel tower
line systems during a variety of ground motions. Incremental dynamic analysis is a
quantitative technique that is used to evaluate the important elements that control structural
performance and its seismic capacity based on the performance limit states provided by
FEMA 356 and recommended by the Performance-Based Earthquake Engineering (PBEE)
framework. In this reported work, a simulation of Strong Ground Motions (SGM) is carried
out to predict the seismic performance of a structure utilising an array and variety of
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Performance Limit States (PLS)

ground motion records relating to far-field earthquakes as well as near-field and repetitive
earthquakes. The IDA curves are plotted with the IM of the Sa(T1, g) against the EDP of
the ISDR in order to provide an overview of the seismic performance of the tower under
three seismic scenarios (far-field, near-field, and repetitive) ground motions until collapse
point is reached as shown in Figure 12.
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Figure 12. IDA curves for three seismic scenarios; (a): Far-Field, (b): Near-Field, and (c): Repetitive
earthquakes.

The overall seismic capability performance towards the tower is similar for the three
seismic scenarios at the IO performance level, implying that the tower retains much of
its original strength and stiffness. This, in turn, means that the tower is in continuous
service with negligible tower damage. There may be minor cracking in the structural
frame elements of the tower. The far-field ground motion requires 0.25 g while near-field
and repetitive ground motions require 0.20 g and 0.196 g, respectively, to reach the 10
performance level. Furthermore, in order to achieve the LS performance level, the far-field,
near-field, and repetitive ground motions required 0.80 g, 0.60 g, and 0.57 g as the mean of
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mainshock and aftershock, respectively. In this level, the tower sustains severe damage, but
there is still some safety from a catastrophic tower collapse, resulting in moderate overall
damage. A certain amount of residual strength and stiffness continue to remain in all tower
levels, causing serious damage to a few tower frame components, although this may not
create substantial falling debris risks, either inside or outside the tower. Moreover, at the
CP performance level, the far-field, near-field, and repetitive seismic scenarios require
1.10 g, 0.80 g, and 0.78 g, respectively. The tower is at the point of total collapse due to
considerable degradation in the strength and stiffness of the lateral-force-resisting system
and massive permanent lateral deformation of the structure. As a result, it’s possible that
the tower may not be repairable and may not be safe to rebuild. The tower may fall if
an aftershock occurs that results in a CP state at spectral acceleration 0.71 g with a 50%
difference with the mainshock that was achieved the CP state at 1.41 g. This shows that
repetitive earthquakes are more damaging to the structure compared to single earthquakes
in both far-field and near-field; the far-field attains CP damage state at 1.10 g, and the
near-field at 0.80 g, which the aftershock reaches earlies at 0.71 g. However, in the case of
far-field ground motions, the transmission tower has better performance than for near-field
ground motions, with a mean difference of 27.3% between the two ground motions.

The findings for single seismic events show that the near-field ground motion is more
destructive than far-field ground motion as aforementioned by some researchers [29,47].
Similarly, repetitive earthquakes are more damaging and intense than both seismic scenarios
related to far-field and near-field. This can be shown by the fact that the gradient of the
mean of line in far-field ground motion is lower than the near-field ground motion. This
indicates that the tower frame components would be more severely damaged if they are
under near-field and repetitive ground motion excitations. For more clarification, Figure 13
shows the buckling, compression, and tensile failure during the three seismic scenarios at
the life safety stage, considering it as a repairable stage.
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Figure 13. Deformation and failure mode for three seismic scenarios at life safety /repairable stage;
(a): Far-Field, (b): Near-Field, and (c): Repetitive earthquakes.

3.2. Fragility and CMR Analysis

The seismic performances of the transmission steel tower under Far-Field (FF), Near-
Field (NF) and Repeated ground motion records were determined using fragility curves
by recording the damage for three performance limit states (IO, LS, and CP) in terms of
possibilities of damages at two different intensities of spectral acceleration Sa(T1, g), which
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were chosen at 1.0 g and exceeding 1.0 g for observing the dynamic behavior of the selected

tower as shown in Figure 14.
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Figure 14. Fragility curves for three seismic scenarios based on the relation between Sa(T1, g) and
P[Damage]; (a): Far-Field, (b): Near-Field, and (c): Repetitive earthquakes.
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At intensity measure 1.0 g, t the three performance levels, IO, LS and CP, for the three
seismic scenarios intersect at the Sa(T1, g) = 1.0 g, having the same possibility of damage
which roughly equals 30%. Nevertheless, before reaching the inflection point of 1.0 g, the
probabilities of damage in the case of far-field seismic scenarios for the three performance
levels are substantially greater than the near-field and repeated seismic scenarios. However,
beyond 1.0 g as the inflection point in this study, the probabilities of damage for the three
performance levels at the far-field ground motion become significantly lower than the
near-field and repetitive ground motions. For example, at intensity measure 2.0 g, the
possibilities of damage for reaching or exceeding the IO state are 70%, 90%, and 100% for far-
field, near-field, and repeated ground motions, respectively. However, at the same intensity
measure, the structure showed the possibility of damages during far-field 45%, and 40, for
LS and CP states, respectively. The possibility of damage becomes more significant when
near-field ground motion has impacted the tower by reaching (60%, and 50%), and during
repetitive events 80%, and 70% for LS and CP states, respectively.

The occupancies of structures are considered to be critical and must be monitored
during earthquake events. When considering near-field ground motions and multiple
scenarios, it can be seen that the structures rapidly lose their occupancies as the intensity
measures increase; in the case of near-field, the structure possibility of damage to be
complete in-occupant of 100% occurring at 2.50 g, which vanishes earlier compared to
the far-field events that achieved this stage at 5.0 g, and earlier at 2.0 g during repetitive
ground motions, which is clearly showing in the radar graph between Sa and probability
of damage as shown in Figure 14.

Furthermore, a structure’s life safety is threatened during seismic events, and it is
considered an important stage after the structure occupancy stage that could help in
estimating the need for repair. In this study, the three seismic scenarios have different life
safety states. However, considering the 50% possibility of damage as half-life threatening
structures is the key for monitoring the tower structural behaviour. Starting with the
far-field seismic events, the structure can be retrofitted if the intensity measure does not
exceed the 2.50 g spectral acceleration. On the other hand, during near-field seismic events,
the structures can be repaired if the intensity measure equals 1.50 or less, and 1.20 g in case
of multiple seismic scenarios.

According to the collapse margin ratio (CMR) initially proposed by FEMA P695, the
intensity measure (Isg9,) for reaching 50% of the structural collapse for the far-field, near-
field and repeated earthquakes are 3.50 g, 2.0 g, and 1.40 g, respectively. From these values
and the Maximum Considered Earthquake (MCE) value of 0.30 related to the Lebanese
seismic hazard map, the CMR is established. For the far-field seismic scenario, the CMR
equals 11.67, whereas, for near-field excitations, the CMR value drops to 6.67, which is 50%
less safe than the far-field events. However, for repetitive earthquakes, the CMR score is
4.67 which is more significant to obtain more vulnerable detections on the structures. As a
result, the collapse rate of the tower under far-field ground motion excitation is lower than
for the near-field and repetitive ground motion cases, since the CMR of the far-field ground
motion shows the highest value. Thus, the use of CMR as a seismic measure can be useful
for the evaluation of the tower during seismic events.

The outcomes from the IDA and fragility analysis are consistent with the CMR. Fur-
thermore, the analyses demonstrate that the transmission steel tower under near-field
ground motion excitation is more likely to collapse than a tower under far-field ground
motion excitation during a single event, and more likely to damage under multiple seismic
events, showing that the tower can withstand the desired seismic performance or MCE
of 0.30 g in keeping with the Lebanese seismic norm. Figure 15 shows the fragility curve
related to CMR values and their intensity measures and Table 8 shows the CMR values
obtained from the fragility curves.
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Figure 15. Collapse fragility curves, far-field, near-field, and repetitive earthquakes.

Table 8. CMR values for three seismic scenarios.

Seismic Scenarios Invce (g) Is00, (8) CMR
Far-Field 0.30 3.5 11.67
Near-Field 0.30 2.0 6.67
Repeated Earthquakes 0.30 1.4 4.67

Finally, the results show that the frame elements of the transmission steel tower would
suffer significant damages under near-field and repetitive ground motion than far-field
ground motion, despite the fact that the damage probability at far-field ground motion
is greater than near-field ground motion before achieving 1.0 g. As a result, the tower
damages caused by near-field ground motion as a single event and repetitive ground
motions as multiple events are extremely devastating, as the damage probabilities for the
three performance levels are much higher than the far-field ground motion.

4. Conclusions

This paper uses the probabilistic seismic demand model to investigate the seismic
vulnerability of transmission towers in terms of the maximum Inter-Storey Drift Ratio
(ISDR) and the intensity measure related to spectral acceleration. Incremental dynamic
analysis is performed to estimate the capacity limit state for the transmission tower, and
the IDAs are utilised to obtain the fragility functions and the Collapse Margin Ratio (CMR).
Finally, three seismic scenarios (Far-Field, Near-Field, and Repeated Earthquakes) are used
to estimate the tower seismic performance of multi-component seismic excitations using
NL-THA. Based on the results, the following significant conclusions are drawn:

(1) For the failure mechanism for the structures, the deformation and failure mode for
far-field is buckling failure in its frame members. For the near-field case, it is tensile
failure with fracture material, which becomes worse when subjected to repetitive
aftershock excitation that results in a combination of tensile failure with material
fracture and compression buckling at the base of the columns.

(2) From the IDA curves, for both far-field and near-field, repetitive earthquakes are more
damaging to the structure than single events; the far-field case results in CP damage
state at 1.10 g and the near-field at 0.80 g, while aftershock results in CP damage state
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at 0.71 g. However, the transmission tower performs far better in the case of far-field
ground motions than near-field. It can be concluded that the frame elements of the
transmission steel tower suffer significant damages under near-field and repetitive
ground motion than under far-field ground motion, despite the fact that the damage
probability at far-field ground motion is greater than near-field ground motion before
achieving 1.0 g.

(3) From the fragility curves, the occupancy and life safety limit states are considered
crucial in monitoring the seismic performance for the possibility of capacity recovery
post seismic events. The structure rapidly loses occupancy during near-field and
repetitive seismic events and is more life threatening compared to far-field excitations.
As long as the intensity does not exceed 2.50 g, the structure can be repaired. When
structures are subjected to near-field seismic occurrences, the structures can benefit
from repair attempts if the intensity measure is 1.50 or less, and 1.20 g or less in
the case of several seismic scenarios. The radar view provides a clear view of the
difference between the three seismic scenarios.

(4) From CMR, the rate of collapse for the transmission steel tower is lower under far-field
ground motion than under near-field and repetitive ground motions. This is because
the CMR for the far-field ground motion is greater than that of the near-field ground
motion; the CMR values are 11.67, 6.67, and 4.67 for the far-field, near-field, repetitive
ground motions, respectively. When considered as a single event, the analyses show
that the transmission steel tower is more likely to collapse than a tower under far-
field ground motion excitation and that the tower is more likely to damage during
multiple seismic events, demonstrating that the tower can withstand the desired
seismic performance or MCE of 0.30 g according to the Lebanese seismic norm. This
verifies the accuracy of the results of the IDA and fragility analyses.

This work shows the existence of research opportunities to determine the limit states
through incremental dynamic analysis and fragility curves. This method is expected to be
accurate since the high-order modes of the transmission tower can be considered for three
seismic scenarios that are necessary to be incorporated in the earthquake engineering field
which usually ignored the effect of seismic forces on the structures to be designed for wind
forces.
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