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Abstract In 1999, economic losses that were initially
predicted to be only 600 million USD turned into 10 to 12
billion USD due to damage to high-voltage line
transmission towers caused by the Chi-Chi earthquake in
Taiwan. Damage of electricity transmission towers were
observed due to earthquake in Lushan, 2013. As this
infrastructure is essential for productivity and economic
growth of modern society, therefore it is important to study
the seismic risk of transmission tower so that later
mitigation can be carried out and losses can be minimized.
This paper aims to evaluate transmission tower seismic risk
by developing its fragility curves. An existing transmission
tower was 3D modelled using finite element software. An
adaptive pushover analysis was employed to determine the
nonlinear global behaviour of the tower structure and
obtain its capacity curve. Damage states were then
identified and determined namely slight, moderate, and
extensive damage. Fragility curve was then developed
describing the exceedance probability of different damage
states as a function of earthquake intensity. This
quantitative value provides rational basis for evaluating
seismic risk of transmission tower.

Keywords High Voltage Transmission Tower,
Fragility Curve, Seismic Risk, Adaptive Pushover

1. Introduction

In 1994, about 2 million electric utility users in Los
Angeles were without power transmission due to damage
to the utility grid system caused by the Northridge
earthquake [1]. In 1999, the economic loss that was initially
predicted to be only 600 million USD turned into 10 to 12
billion USD due to damage to high voltage line
transmission towers caused by the earthquake in Chi-Chi
[2]. There was also damage to a power transmission tower
due to the earthquake that occurred in Lushan in 2013 [3]
and in 2010 the Haiti earthquake caused damage to
transmission towers [4]. The reason for conducting further
research on the evaluation of structural failure of
transmission towers due to earthquakes is that it can be
predicted how much seismic capacity the transmission
towers can support. So that the economic losses that occur
can be minimized.

Li Tian et al [5] conducted some examples of previous
research with a discussion of the seismic capacity of
electricity transmission towers against near-field ground
motion using incremental dynamic analysis. Liu XIE et al
[6] had a discussion evaluating the reliability of electricity
transmission towers using capacity curves against random
ground motion using Performance-Based analysis. Xing Fu
et al [7] discussed the fragility curve and prediction of
collapse electricity transmission towers due to rain and
wind loads. While currently there is still no one who uses
the adaptive pushover method to evaluate the transmission
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tower.

Several methods can be used to evaluate the performance
of structures against lateral loads, one of which uses
pushover analysis. Pushover analysis is classified as a
nonlinear static analysis that can be used to evaluate the
behavior of structures against earthquake loads by applying
a monotonic horizontal push force, each step of which is
gradually increased based on a multiplier factor until the
target lateral displacement of a reference point is reached.
However, over time, pushover analysis has been updated to
obtain more accurate results, which are then known as an
adaptive pushover, where the loading pattern will always
be updated at each stage of the analysis [8].

Finite element method is a very versatile numerical
technique and is a general purpose tool to solve any type of
physical problems and the most important advantage is that
FEM is well suited for problem with complex geometries,
because no special difficulties are encountered when the
physical domain has a complex geometry [9]. Since the
transmission tower geometry is very complex, finite
element method is used to solve this problem with high
accuracy. An existing transmission tower was 3D modelled
using finite element software.

The result of this research will be a fragility curve, which
in the curve will show the probability of the level of
damage to the transmission tower structure during an
earthquake with a certain intensity.
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2. Research Methodology

2.1. Finite Element Modeling

The structural data used is the existing data of the 230Kv
transmission tower structure that crosses the Pekanbaru-
Dumai highway with a height of 49 m which is divided into
7 segments (Table 1). In this study, the transmission tower
that will be used is transmission tower P3, which has a
distance of 91.97 m from transmission tower P2 and
147.030 m to transmission tower P4, with elevations P2
+25.939, P3 +26.181, and P4 +24.051 (Figure 1).

Finite element modeling was performed using
seismostruct. The material used in performing finite
element modeling is steel with a modulus of elasticity of
200000 Mpa, yield stress of 345 Mpa and 235 Mpa. While
the characteristics of material modeling using modeling
from Menegotto-Pinto (1973), namely with isotropic
hardening Filippou (1983). The dead load calculation of the
structure is calculated automatically by seismostruct, while
the dead load and wind load of the cable are calculated
separately outside the seismostruct software. The finite
element modeling consists of 801 nodes and 2014 elbow-
shaped members (Figure 2).

Table 1. Segment and Structure Height

Segment Segment Height (m) Segment Elevation (m)

Segment 1 7,6 7,6

Segment 2 72 14,8

Segment 3 5,52 20,32

Segment 4 4,18 24,5

Segment 5 4 28,5

Segment 6 7,45 35,95

Segment 7 7,45 43,4

’ 113.74 ‘ 94.97 147.03
22}-3 /E@(
B Ko,
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Figure 1. Transmission Tower Configuration
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Figure 2. Finite Element Modeling

The analysis process in finite element uses an adaptive
pushover method. The basis of the adaptive pushover
analysis is the change in force distribution at each story
based on the modal properties at each step. During the
adaptive pushover process, when the structure has passed
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its elastic limit, the period increases in length (up to 10
times the elastic value in some cases). This typical pattern
will be followed by all in a large and rapid increase in the
period can significantly affect the spectral amplification,
resulting in different spectral responses at the beginning
and end of the analysis. These changes in mode shapes and
spectral amplification directly reflect the distribution of
applied forces. In general, the force distribution starts from
a triangular or trapezoidal shape, according to the elastic
characteristics of the system. When still in the elastic
region, the stiffness matrix will be essentially constant and
the load shape will be relatively the same. When the
structure has incurred significant damage, the stiffness will
change and the shape of the forces will change as a result.
As the deformation of the structure increases, the stiffness
matrix changes, and the loading distribution shifts to a
more uniform pattern which means that the damage has
been concentrated at a certain location [5].

Target displacement is determined as the final target
displacement that will be achieved by seismostruct when
performing adaptive pushover analysis. The target
displacement is determined until the collapse of the
structure is reached so that the capacity curve can be known
from the elastic area to reach the collapse area. In
seismostruct, the target displacement can be set in the
"Loading Phases", with the target displacement by Hazus
MH-MR 5 [10] of 2% of the structure height.

Incremental adaptive pushover loads are imposed on the
structure in the X-direction and Y-direction to evaluate the
influence of earthquakes from the longitudinal direction
and transverse direction of the transmission tower structure.
The output of the finite element modeling is the capacity
curve, which describes the relationship between base shear
force and roof displacement (Figure 3.).

Capacity Curve
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Figure 3. Capacity Curve
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2.2. Acceleration-Displacement Response Spectrum
(ADRS) and Fragility Curve

2.2.1. Define Damage Limits

Determination of structural damage limits based on the
results of research from Li Tian (2019) [5] using the inter-
segment drift ratio (ISDR) as a value of structural damage
limits that will be converted into acceleration spectra and
displacement spectra. This is related to the purpose of
developing fragility curves which are probability functions
of the various structural damage limits required. There are
a total of three damage limits that will be referenced in this
study. The first damage limit is serviceability (SA), which
is the condition that the transmission tower structure can
still work with or without repairs after being affected by an
earthquake. This occurs when the structure is still within
the elastic area range when an earthquake occurs with a
limit value of 0.8% ISDR. The second damage limit is
damage control (DC), which is the condition of the
transmission tower structure that is severely damaged
during an earthquake but can still withstand the load. The
third damage limit is collapse prevention (CP), which is a
condition where the transmission tower structure is no
longer able to withstand the load and has begun to collapse
when an earthquake occurs. The collapse prevention (CP)
damage limit is at 4% ISDR.

Table 2. Damage State and Displacement-Acceleration Spectra Values

Damage | Drift | Spectra Displacement | Spectra Acceleration
State Ratio (m) (9)
(%6) X Y X Y
Direction | Direction | Direction | Direction
SA 0,8 0,107 0,081 5.76 4.14
DC 0,261 0.221 6.47 5.29
CcpP 4 0,503 0.488 3.66 2,77

The Collapse Prevention limitation if using the reference
of Li Tian's research results [5] occurs when the structure
is indicated to have collapsed, this is evidenced by the area
blocked in red in Figure 4, which shows the ability of the
structure to accept earthquakes to decrease drastically.

Seismic Fragility of High Voltage Transmission Tower Due to Earthquake by Using Adaptive Pushover Method

Therefore, the Collapse Prevention threshold should occur
before a drastic decrease in capacity and after the Damage
Control threshold. When passing the Damage Control limit
the structure slowly increases in capacity, but at a certain
point, the capacity of the structure gradually decreases and
eventually drops drastically. The Collapse Prevention limit
is matched to the area where the structural capacity slowly
increases after the Damage Control limit and before the
structural capacity gradually decreases. In Table 3. are the
results of the adjusted damage limits and the results of the
damage limit plot against the capacity spectrum curve can
be seen in Figure 4.

Table 3. Damage State and Adapted Acceleration-Displacement
Response Spectra Values

Damage | Drift | Spectra Displacement | Spectra Acceleration
State Ratio (m) (9)
(%6) X Y X Y
Direction | Direction | Direction | Direction
SA 0.8 0.107 0.081 5.76 4.14
DC 2 0.261 0.221 6.47 5.29
CcpP 2.55 0.32 0.28 6.59 5.51

2.2.2. Acceleration-Displacement Response Spectrum
(ADRS)

The capacity spectrum curve is obtained from the
conversion of the capacity curve resulting from the
pushover analysis. This curve has the ADRS (Acceleration
Displacement Response  Spectrum) format which
according to ATC-40 can be obtained by equations (1) and

):

v
Sa=ﬂ

” 1)
With the spectra displacement formula:
_ Aroof
Sd = PF1.0r00f1 ©

Where Sa is spectra acceleration (g), V is base shear (N),
W is structural weight (N), al is modal mass coefficient,
Aroof is roof displacement (m) and PF1 is modal
participation.
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Figure 4. Acceleration-Displacement Response Spectrum and Damage State
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2.2.3. Fragility Curve

Fragility curves are used to determine the probability
that a structure will experience a certain damage limit based
on spectral acceleration, spectral displacement, or peak
ground acceleration. In this study, researchers used the
acceleration spectra value as a reference to determine the
damage limit.

P(ds|S,) = ® (é) In 3)

Sa or Sd )
Sa.ds or 3d.ds
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Where @ is the cumulative probability function, S is
the standard deviation of the total uncertainty of each
damage state, Sa or ds is the acceleration (g) or
displacement (m) required to obtain a certain damage state,
s7a.ds or s5d.ds is the mean value of the acceleration spectra
when the structure is damaged. Table 4 and Figure 5 show
the fragility curves of the transmission tower when an
earthquake strikes in the longitudinal (X) and transverse (YY)
directions.

Table 4. Spectral Acceleration and Probability Each Damage State

Sa Probability (%) Probability (%6) Probability (%)
SA DC Cp
X (102 Y (103 X (10%) Y (102 X (103 Y (103
0.1 0 0 0 0 0 0
0.2 0 0 0 0 0 0
0.3 0 0.0027 0 0 0 0
0.4 0.001 0.04 0.0005 0.004 0 0.003
05 0.0145 0.27 0.0048 0.032 0.0004 0.02
0.6 0.075 112 0.026 0.16 0.0023 0.11
0.7 0.274 3.42 0.104 0.55 0.089 0.40
0.8 0.79 8.42 0.316 151 0.273 1.13
0.9 1,90 17.74 0.799 353 0.69 2.67
1.0 4,02 33.18 1.76 7.21 1.54 5.53
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Figure 5. Fragility Curve
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2.3. Compressive Member Analysis

Analysis of compressive members is carried out to
determine the mechanism of structural failure in
compressive members occurs because it has passed the
yield limit or occurs due to buckling in the compressive
member. Since the software used does not consider the
buckling effect when using adaptive pushover analysis, the
analysis process on the compressive member is carried out
separately. When the members are stressed, two possible
failures can occur, which the members failing after the
yield limit is reached or even the members has buckled
before the yield limit is reached. To find out this, it is
necessary to know the critical compressive force that can
cause the members to buckle based on Euler's buckling
formula.
m2El
KI1? “)

Then, to get the critical stress equation, equation (4) is
divided by the cross-sectional area (A) so that it becomes;

Pcr =

2E
) ®
Where Pcr is the critical compressive force (N), E is the
modulus of elasticity (MPa), K is the members length
constant, L is the members length (mm), and A is the cross-
sectional area (mm=.

ocr =
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It needs to be calculated if the L / R value starts from one
to 250 so that it can be plotted on a graph with the L / R
value on the X axis and the critical stress value ocr on the
Y axis like the red line in Figure 6. As for each compressive
members, the stress that occurs in the members is
calculated and the slenderness ratio is calculated, then
plotted into a graph like the black dots in Figure 6. The
review is carried out when the structure is before being
loaded with incremental adaptive pushover and when the
structure is loaded with incremental adaptive pushover in
the Y or transverse direction at the serviceability, Damage
Control and Collapse Prevention damage levels.

When the structure is at the serviceability damage limit,
Figure 6 shows that none of the compression members have
passed the elastic limit nor has there been buckling.
However, when the damage control limit is reached,
several members have reached the elastic limit and a small
numbers of compression members have buckled. At the
Collapse Prevention damage limit, the number of
compression members that reached the elastic limit
increased, while very few compression members buckled.
Thus the failure of the transmission tower structure when
subjected to incremental adaptive pushover loads is
dominated by failure because it has reached its elastic limit
compared to failure due to buckling, this happens because
almost all the members in the transmission tower structure
have a small slenderness.

(=]

Compressive Members Before Incremental Load Accurs

i ’;#Ehilln-nun-- e - .
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Compressive Members During Serviceability Condition
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Figure 6. Compressive Members Condition (a) Before Adaptive Pushover (b) During Serviceability Condition (c) During Damage Control Condition
(d) During Collapse Prevention Condition
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Transmittion Tower Location Response Spectra
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Figure 7. Response Spectra Graph

2.4. Response Spectra

The response spectra were designed based on the
Indonesian National Standard (SNI 1726:2012) with the
existing location of the transmission tower in the area of
the Trans Sumatra highway Pekanbaru Dumai section 5
with coordinates -1.259619 and 101.21309. The existing
structure is located on a soft soil (SE) site. By using the
software of response spectra Puskim 2019, the response
spectra curve is obtained as shown in Figure 7.

In the eigenvalue analysis, the first period of the
transmission tower structure is 0.466 seconds, thus
according to Figure 7, the spectral acceleration that occurs
is 0.7513g. Based on the fragility curve in Figure 5 and
Table 4, with the spectra response that occurs at the
transmission tower location in the event of an earthquake
wave from the X or longitudinal direction, the probability
of the structure occurring serviceability, damage control
and collapse prevention is 0.005%, 0.0018% and 0.0016%
respectively. Meanwhile, if the earthquake wave occurs
from the Y or transverse direction, the probability of the
structure to occur serviceability, damage control and
collapse prevention is 0.055%, 0.009% and 0.007%
respectively. Thus, it can be seen that the transmission
tower structure is more resistant to earthquake propagation
from the X or longitudinal direction than earthquake
propagation from the Y or transverse direction. However,
both earthquakes from the longitudinal direction and the
transverse direction of the SUTT structure are both
resistant to the earthquakes because the probability of
damage is very small.

3. Conclusions

Using adaptive pushover analysis on the seismic
evaluation of the transmission tower, it can be concluded
that the P3 transmission tower is more resistant to
earthquake propagation from the X or longitudinal
direction than the Y or transverse direction earthquake
propagation, however, the probability of damage is very
small. If an earthquake wave occurs from the X or
longitudinal direction, the probability of the structure
occurring serviceability, damage control, and collapse
prevention is 0.005%, 0.0018% and 0.0016% respectively.
Meanwhile, if the earthquake wave occurs from the Y or
transverse direction, the probability of the structure
occurring serviceability, damage control, and collapse
prevention is 0.05%, 0.009% and 0.007% respectively.

Based on buckling analysis, the damage that occurs is
dominated because the stress that occurs has reached the
yield stress of the material rather than because buckling
occurs before the yield of the material.
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