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Abstract.  Seismic performance is particularly important for life-line structures, especially for long-span transmission tower
line system subjected to multi-component ground motions. However, the influence of multi-component seismic loads and the
coupling effect between supporting towers and transmission lines are not taken into consideration in the current seismic design
specifications. In this research, shake table tests are conducted to investigate the performance of long-span transmission tower-
line system under multi-component seismic excitations. For reproducing the genuine structural responses, the reduced-scale
experimental model of the prototype is designed and constructed based on the Buckingham's theorem. And three commonly
used seismic records are selected as the input ground motions according to the site soil condition of supporting towers. In order
to compare the experimental results, the dynamic responses of transmission tower-line system subjected to single-component
and two-component ground motions are also studied using shake table tests. Furthermore, an empirical model is proposed to
evaluate the acceleration and member stress responses of transmission tower-line system subjected to multi-component ground
motions. The results demonstrate that the ground motions with multi-components can amplify the dynamic response of
transmission tower-line system, and transmission lines have a significant influence on the structural response and should not be
neglected in seismic analysis. The experimental results can provide a reference for the seismic design and analysis of long-span
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transmission tower-line system subjected to multi-component ground motions.
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1. Introduction

It is widely acknowledged that power transmission
tower-line system is categorized as a life-line structure
which plays a significant role in the modern society. Unlike
conventional civil structures, electricity transmission system
consists of a group of supporting towers and transmission
lines. Due to the long-distance transport of electricity,
power transmission tower-line systems are required to cover
almost all kinds of regions (unavoidably, the areas with
seismicity). However, observations from past earthquakes
have revealed that electricity transmission systems are more
vulnerable to seismic excitation. For example, serious
damages of transmission lines and collapses of transmission
towers were both observed in the 1992 Landers earthquake,
1994 Northridge earthquake and 1995 Kobe earthquake
(Hall et al. 1994, Shinozuka 1995). In 1999, the Chi-Chi
earthquake (NCREE 1999) had a serious impact on the
electricity transmission system with 69 transmission lines
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Fig. 1 Failure of transmission towers in earthquakes

destroyed, 15 towers collapsed and 26 towers tilted. During
the 2008 Wenchuan earthquake, a wide range of electricity
supply was disrupted due to the fact that more than 20
towers (110 kV) were completely collapsed and 10 towers
(220 kV and 500 kV) were damaged severely. In 2012, the
Yushu earthquake also caused serious damage to 35 kV
electricity transmission systems. Fig. 1 illustrates the failure
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Fig. 2 Sketch of long-span transmission tower-line system

of transmission towers in earthquakes. Therefore, it is of
great significance to improve the seismic capacity of long-
span transmission tower-line system, and guarantee its
safety and function during and after earthquake.

There are many research efforts dedicated to study the
dynamic responses and ultimate capacity of power
transmission  tower-line  system under earthquake
excitations. Li et al. (2004, 2005) carried out a series of
studies to investigate the seismic performance of power
transmission tower-line system, and proposed a simplified
method to calculate its structural responses. It was found
that the influence of transmission line should not be ignored
in seismic analysis. Lei and Chien (2009) investigated the
structural behavior of electricity transmission system
subjected to strong ground motions. The results showed that
the contribution of transmission lines to the total seismic
responses of structure was huge, and neglecting the effect of
the wires would overestimate the ultimate strength of tower
members. Besides these uniform earthquake excitations,
some researchers also study the dynamic responses of
electricity transmission system subjected to spatially
varying ground motions. Ghobarah et al. (1996)
investigated the effect of multi-support excitations on the
lateral responses of transmission lines, which revealed that
the assumption of uniform ground motions at all supports of
a transmission line couldn’t provide the most critical case
for the response calculations. Bai et al. (2011) presented an
investigation into the nonlinear responses of a coupled
transmission tower-line system subjected to multi-
component spatially varying ground motions. It was found
that the spatially varying ground motions should be
considered for a reliable seismic analysis and reasonable
design. The influence of the spatial variation of seismic
waves on dynamic responses of electricity transmission
systems (straight line type and broken line type) were
studied by Tian et al. (2012, 2014). The results indicated
that the spatially varying seismic waves had a significant
effect on the response of long-span transmission tower-line
system, which was consistent with the above-mentioned
conclusions. Wang et al. (2013), Tian et al. (2017a) further
carried out the collapse analysis to study the ultimate
capacity of power transmission tower-line system under
earthquake excitations. In order to evaluate the seismic
resistant design, Park et al. (2016) developed the seismic
fragility curves of high voltage transmission towers in

South Korea based on the limit states that were defined in
terms of yielding and buckling of the structural members of
supporting towers. Certainly, many research efforts have
been made to study the dynamic responses of transmission
tower-line system subjected to ground motions. However,
quite limited experimental work has been completed for
power transmission tower-line system, especially for long-
span transmission tower-line system.

As a complement of previous works (Tian et al. 2016,
Tian et al. 2017b), shake table tests are performed to
investigate the dynamic responses of long-span
transmission tower-line  system subjected to multi-
component in this paper. A reduced-scale model consisting
of three spans of transmission lines and four supporting
towers is designed and tested using an array of shake tables.
Three commonly used seismic records are selected as the
input ground motions of structure based on site soil
condition. The structural responses of power transmission
tower-line system subjected to single-component, two-
component and multi-component ground motions are
investigated and compared, respectively. To assess the
acceleration and member stress responses of structure, an
empirical model is further proposed based on the
experimental results. The results obtained from this research
can provide a basic database for the seismic analysis and
design of long-span electricity transmission tower-line
system.

2. Prototype transmission tower-line

A long-span transmission tower-line system across the
Yellow River (the sixth longest river in the world) in the
North of China is selected as a prototype for shake table
test. Most of this transmission line is located in the 8-degree
seismic design zone specified in the Seismic Ground Motion
Parameters Zonation Map of China (GB 18306-2015
2015). Based on Code for Seismic Design of Electrical
Installations (GB 50260-2013 2013), the Peak Ground
Acceleration (PGA) adopted for the seismic design of this
system is 0.2 g.

Fig. 2 illustrates the schematic diagram of the long-span
transmission tower-line system. The prototype system
includes four transmission towers (which are designated as
Towers 1-4) and three spans of transmission line (which are
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Fig. 3 Field picture of suspension-type tower (Towers
2 and 3)

294, 1118 and 285 m long, respectively). As shown in Fig.
2, Towers 1 and 4 are tension-type tower which provides the
transmission lines with tension force, while Towers 2 and 3
are suspension-type tower which just applies vertical force
to transmission lines.

Fig. 3 gives the field picture of the suspension-type
towers (i.e., Towers 2 and 3), which are the primary
objective of this research. This kind of transmission tower
consists of main members and diagonal members which are
manufactured by Q345 and Q235 steel tubes, respectively.
The elevations of two kinds of supporting tower are shown
in Fig. 4. The total height of the suspension-type tower
(Towers 2 and 3) is 122m, and each tower possesses two
crossarms which are named as upper and lower crossarms
respectively at the elevations of 112.5 m and 102 m (see
Fig. 4). Two ground lines and conductor lines are supported
at the upper crossarm, while four conductor lines are
supported at the lower crossarm of structure. The ground
line and conductor line are OPGW-180 and LHBGJ-400/95,
respectively. Table 1 tabulates the detailed properties of
conductor and ground lines.

3. Design of experimental model and instrumentation

The reduced-scale model of long-span transmission
tower-line system is expected to be tested in the shake table
laboratory of Central South University of China. This
laboratory has an array of three 6-DOF shake tables which
is suitable for the test of long-span structures. Each shake
table has a payload of 30 ton, the size of 4 mx4 m, the
maximum stroke of 250 mm, the maximum velocity of 1
m/s, the output frequency ranging from 0.1 Hz to 50 Hz,
and the output acceleration up to 1.0 g along the horizontal
directions. Moreover, the maximum permissible height for
specimens is 15 m. Additionally, there are four towers in the
reduced-scale model of the prototype, and only three
shaking tables are available in the laboratory. Actually, this
research primarily focuses on the responses of the towers
supporting the long-span transmission lines. Thus, the
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(a) Towers 2 and 3

115
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Fig. 4 Elevation of transmission towers (m)

Table 1 Properties of conductor and ground line

Category Conductor line  Ground line
Designation LHBGJ-400/95 OPGW-180
Outside diameter (mm) 29.14 17.85

Modulus of Elasticity (GPa) 78000 170100
Cross-section area (mm?) 501.02 175.2
Mass per unit length (kg/km) 1856.7 1286

Thermal expansion 18.0E-6 12 0E-6

coefficient (1/°C)

Towers 2 and 3 are placed on the shake tables while Towers
1 and 4 are mounted on the floor of the laboratory.

Considering these limitations, a reduced-scale
experimental model of long-span transmission tower is
established. Since the same material (i.e., steel) is utilized to
construct the experimental model, the scale factor for
modulus of elasticity, Sg, is thus taken as 1.0. The scale
factor for geometry, S, is assumed to be 1/20 due to the
height limitation of the laboratory. As such, the heights of
the experimental model of suspension-type (i.e., Towers 2
and 3) and tension-type (i.e., Towers 1 and 4) towers are
scaled to 6.1 m and 2.28 m, respectively. Then, the scale
factor for equivalent mass density of the transmission tower,
S,, is assumed to be 20. The scale factor for mass, Sy, can
be therefore calculated by the following equation

Sw =SS! (1)

It should be noted that artificial masses are added to the
experimental models to satisfy the requirement from mass
similarity (i.e., 1/400). Similarly, the scale factor for time
(Sy), frequency (Sy), velocity (Sy) and acceleration (S;) can
be calculated by the following formulas

Sp
St =S, S_ (23)
E

S, =1/§, (2b)
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Table 2 Key scale factors of transmission towers

Table 3 Mass per unit length of transmission lines

Quantity Symbol Value
Length SL 1/20
Modulus of elasticity Se 1
Poisson’s Ratio S, 1
Equivalent mass density Sy 20
Equivalent mass Sm 1/400
Stress So 1
Time S 0.22
Displacement S, 1/20
Velocity Sv 0.22
Acceleration Sa 1
Frequency St 4.47
Damping Se 1/89.4
S, = [ (20
P
SE
575 (2d)

Additionally, the scale factor for damping of the
transmission towers can be expressed as follows (Zhou and
Lu 2012)

S, =8,8.°S,” ©)

in which, S, is the scale factor of stress of the transmission
towers. One can solve S¢ as 1/89.4 from Eg. (3). Table 2
tabulates the key scale factors of the transmission towers.

As for the transmission lines, the same scale factor (i.e.,
1/20) as that of the transmission towers is preferably
chosen. Designate such a design of experimental model as
Scheme I. In this scheme, the middle span of the
transmission lines reaches 55.9 m, which exceeds the space
limitation of the laboratory. Considering this fact, an
alternative scheme, denoted with Scheme Il, is proposed for
this research. A different scale factor will be utilized to help
reduce the span length.

To quantify the differences between the Schemes | and
I1, the following modification factor A is introduced

SIII = /ISL 4)

in which, S|, is the scale factor for span of transmission

lines in Scheme 1, which is equal to 1/20; S|, is the scale

factor for span of transmission lines in Scheme Il. 4 is the
modification factor, which is assumed to 0.5 in this
research. According to Eq. (4), the scale factor for span of
the transmission lines in Scheme 11 can be calculated, and it
is equal to 1/40. Consequently, the length of Spans 1, 2 and
3 are scaled to 7.35 m, 27.95 m and 7.125 m, respectively.
Therefore, the entire experimental model can be
accommodated in the laboratory.

To realize the same stiffness of the transmission lines in
Schemes | and Il, the following requirement should be
satisfied

Acrtificial mass to
prototype transmission line transmission line

Mass in Mass in

Transmission

lines (g/m) model (g/m) model (g/m)
Conductor 3713.4 64 307.34
Ground wire 1286 25 103.6
SEIIS;II — S;ISZI (5)
S[ I SII

in which, S{, and S;, are the scale factors for modulus
of elasticity of the transmission lines in Scheme | and II,
respectively; S, and S,, are the scale factors for cross-

section area of the transmission lines in Scheme | and II,
respectively.
For the Scheme I, the following relations hold

Sa =57 (6a)

SEI = SE (6b)

Substituting Egs. (4), 6(a) and (b) into Eg. (6), one
obtains

AS?
San === 7
All S;“ ( )
According to the Eq. (7), the diameters of conductor and
ground wires can be calculated, which are equal to 3.56 mm
and 2.19 mm, respectively. Moreover, to achieve same mass
similarity in Schemes I and Il, the following requirement
should be satisfied

SI\T/H = S:/l I S[II (8)

in which, S, and S;,, are the scale factors for mass of

the transmission lines in Scheme | and I, respectively.
Table 3 tabulates the artificial mass added to the
experimental model of transmission lines.

For transmission lines, the vibration frequencies
primarily depend upon its sag, which can be expressed as
follows

SIII =1/ SJ“ (9)

in which, S, is the scale factor for vibration frequency

of the transmission lines in Scheme II; and Sj, is the
scale factor for the sag of the transmission lines in Scheme
1. According to Eq. (9), S;, is calculated and its value is

equal to 4.47.

Moreover, the scale factors for damping of the
transmission line in Scheme | and Il can be calculated
according to Eq. (3), and they are equal to 1/89.4 and 1/253,
respectively. Obviously, Scheme 1 is a good choice from the
point of scaled damping. However, as mentioned above, the
middle span length of the transmission lines in Scheme |
reaches 55.9 m, which exceeds the space limitation of the
laboratory. This means that Scheme 1 is not feasible for the
long-span transmission tower-line system. In Scheme Il, the



Influence of multi-component ground motions on seismic responses of long-span transmission tower-line system... 587

Table 4 Key scale factors of transmission lines

Quantity Symbol Value
Length S/ 1/40
Acceleration S, 1
Mass of transmission lines Su 1/400
Frequency of transmission lines SfT 4.47
Modulus c_Jf t_elasti_city of gT 1
transmission lines E
Mass densit;l/_ of transmission S; 1/10
ines
Damping in Scheme | Sy, 1/89.4
Damping in Scheme II St 1/253
Sag SJ I 4.47

(a) Tower 2 of the experimental model

N &,

(b)Transmission lines of the experimental model

Fig. 5 Experimental model of the transmission tower-line
system

length of middle span is 27.95 m which can satisfy the
space limitation of laboratory. Considering these facts
comprehensively, Scheme Il is finally adopted for the
experimental model of the transmission lines by sacrificing
the damping to some extent. Key scale factors of
transmission lines are tabulated in Table 4.

As shown in Fig. 5, the experimental model of the long-
span transmission tower-line system is given. The wall
thickness and diameter of the steel tubes used in the
experimental models of Towers 2 and 3 vary from 0.25 mm
to 0.6 mm and from 4 mm to 31 mm, respectively. To
satisfy the requirement from mass similarity, iron rings are
fixed on the main members of the experimental models of

TV NN S
A Accelerometer
® Strain gauge
M6 M5 M5 (M6)
M4 M3 M3 (M4)
M2 ML M1(M2) ’

(a) Elevation (b) Sideview
Fig. 6 Instrumentation of Towers 2 and 3

Towers 2 and 3 (see in Fig. 5(a)). Steel wires with the
diameters of 3.56 mm and 2.19 mm are utilized for the
ground lines and conductor lines in the experimental model,
respectively. Stainless steel chains are installed along each
steel wire to reach the target artificial mass (see in Fig.
5(b)).

As described above, Towers 2 and 3 supporting the
long-span transmission lines are the primary research
objective in this paper. Therefore, these two towers are
chosen for instrumentation. The acceleration and stress
responses of the transmission towers are recorded. Fig. 6
shows the instrumentations of Towers 2 and 3. It can be
seen that the accelerometers are installed along the height of
the transmission tower, and both longitudinal and transverse
acceleration responses are recorded. The strain gauges are
attached on the selected main members of the towers. Note
that the same instrumentations are adopted for Towers 2 and
3.

4. Selection of ground motions and test condition

The site of the transmission tower-line system is
classified as class Il. Based on the Code for Seismic Design
of Electrical Installations (GB 18306-2015 2015), three
typical natural seismic records are selected in this section.
Table 5 lists the detailed information of these seismic
records. It can be found that each seismic record has two
horizontal components and one vertical component.
Compared with its transverse direction, the longitudinal
direction of the transmission tower-line system is more
adverse. Therefore, for each seismic record, the horizontal
component with larger PGA (such as, the SOOE component
of 1940 Imperial Valley seismic record) is input along the
longitudinal direction (see Fig. 2) of the long-span
transmission tower-line system, and another horizontal
component, i.e., the one with smaller PGA, is applied along
the transverse direction of the system (see Fig. 2).
Moreover, the vertical component of seismic wave (such as,
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Table 5 Summary of shake table tests

Test Longitudinal Transverse Vertical
ID Structure Earthquake direction  direction direction
Tower- 1940
1 li Imperial SO00E S90W VERT
ine
Valley
p Tower 1952KeM  rapi)) TAFO2L  TAF-UP
line County
g rower 1994 g noe0  BLD360 BLD-UP
line Northridge
Tower- 1940
4 I Imperial SO0E S90W --2
ine
Valley
5 Tower 192Kem ey tAFO21 -0
line County
Tower- 1994 a
6 line  Northridge BLD090  BLD360 --
Tower- 1940
7 ; Imperial SO00E -2 --2
line
Valley
8 To_vver- 1952 Kern TAE111 _a _a
line County
Tower- 1994 a a
9 line  Northridge BLD090 - -
Single 1940
10 g Imperial SO0E Soo0w VERT
tower
Valley
g Sindle I9S2Kem papiy apop1  TAF-UP
tower County
12 Single 1994 BLDO90 BLD360 BLD-UP
tower  Northridge

®Not applicable.

the VERT component of 1940 Imperial Valley seismic
record) is input along the vertical direction of this system.
Note that the maximum PGA of each seismic record is
adjusted to 0.2 g, and the accelerations of the other two
components are scaled using the same proportion.

As summarized in Table 5, a total of twelve shake table
tests are conducted. For each seismic record, single-
component (No 7-9), two-component (No 4-6) and multi-
component (No 1-3) ground motions are applied to test the
responses of long-span transmission tower-line system,
respectively. To compare with the responses of the coupled
system, the dynamic responses of single supporting tower
subjected to multi-component ground motions are also
investigated in shake table tests (No 10-12). As shown in
Fig. 7, the responses spectra of these seismic records with

=
N
[y
N

the damping ratio of 2% are also generated to realize its
energy distribution in frequency domain.

5. Results and discussions

According to the above-mentioned test plan, the shake
table tests of the experimental model are performed. Before
each test, the white noise excitations are utilized to obtain
the fundamental frequencies of the experimental model in
the longitudinal and transverse directions. The fundamental
frequencies of the system along longitudinal and transverse
direction are 6.63 Hz and 6.67 Hz, respectively. It is found
that the fundamental frequencies of the experimental model
in the longitudinal and transverse directions remain constant
during the tests, suggesting that the system remains fully
elastic throughout the shake table tests. Note that the scale
factors of acceleration and stress response of the
transmission tower are equal to 1.0 (see Table 3), thus the
acceleration and stress responses obtained in shake table
tests are the same as the actual responses of the prototype.

5.1 Transmission tower-line system under multi-
component ground motions

As listed in Table 5, Tests 1-3 are conducted to
investigate the responses of the long-span transmission
tower-line system subjected to multi-component ground
motions. Fig. 8 shows the comparison between the peak
acceleration responses of Towers 2 and 3. It is observed that
the longitudinal acceleration responses of these two towers
are different, while the transverse acceleration responses are
similar. This phenomenon can be attributed to the fact that
the coupling effect between the transmission towers and
transmission lines is strong in the longitudinal direction, but
this coupling effect is weak in the transverse direction.
Owing to the influence of the transmission lines, the
longitudinal acceleration responses of both towers at the
upper crossarm (see in Fig. 4) are significantly different.
The comparison between the stress responses of the selected
main member of Towers 2 and 3 is illustrated in Fig. 9. It
can be found that the stress responses of Towers 2 and 3 are
not identical. This is primarily due to the fact that the
transmission lines are quite flexible and cannot generate
compatible deformations between the two towers.

The test results from Tests 1-3 suggest that it is
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Fig. 9 Comparison of main member stresses of Towers 2 and 3

and design of power transmission tower-line system.

5.2 Transmission tower-line system under two-

component ground motions

Tests 4-6 (listed in Table 5) are carried out to investigate
the responses of Towers 2 and 3 subjected to two-
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component ground motions. To quantify the response
difference, the response comparison factor fgjj is used

hereinafter, which defined as the ratio of the response from
test i to that of test j. The subscript R represents a response

quantity of interest (which can be replaced by A and ¢ for

the peak acceleration value and member stress value,
respectively), and the subscripts of i and j represent the 1Ds

of the two tests considered in the comparison. As defined, a
Prij value larger than 1.0 indicates that the response from
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test i is higher than that of test j and vice versa.

Fig. 10 shows the comparison of fajj (i=1-3, j=4-6).
Compared with two-component seismic excitations, larger
acceleration responses are found for the system subjected to
multi-component ground motions. It can be found that the
Paj (i=1-3, j=4-6) vary along the height of the towers and
are different between the longitudinal and transverse
directions. Both the longitudinal and transverse fa jj values
(i=1-3, j=4-6) are not identical for the system subjected to
different seismic ground motions. The Saj (i=1-3, j=4-6)
along the structural height are amplified except for
individual measuring points in the longitudinal direction.
However, the Saj (i=1-3, j=4-6) along the structural height
may be amplified or reduced with the change of seismic
wave in the transverse direction. The upper bound values of
the faj (i=1-3, j=4-6) are 1.4 and 1.3 in the longitudinal
and transverse directions, respectively.

Fig. 11 illustrates the comparison of S, (i=1-3, j=4-6).
Similar with the acceleration response, the stress response
comparison factor S, (i=1-3, j=4-6) are different between
the longitudinal and transverse directions. As shown in Fig.
11, the factor S, can be either amplified or reduced when
the system subjected to different ground motions.
Compared with the g, ;; (i=1-3, j=4-6) of Tower 2, Tower 3
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Fig. 11 Comparison of f3,;; (i=1-3, j=4-6)

has higher values. However, the upper bound value of S
(i=1-3, j=4-6) is 1.2 for both towers.

The above observations demonstrate that the responses
of the experimental model under two-component ground
motions may be larger or smaller than those under multi-
component ground motions, but the upper bound values of
the response comparison factors are always larger than 1.0.
Therefore, it is of great importance to consider the multi-
component ground motions in the seismic design and
analysis of long-span transmission tower-line system.

5.3 Transmission tower-line system under single-
component ground motion

As tabulated in Table 5, Tests 7-9 are conducted to study
the responses of the experimental model subjected to single-
component ground motion. Note that the single-component
ground motions are applied along the longitudinal direction
of the system as described above. The comparisons of fa
are illustrated in Fig. 12. As shown, both acceleration
responses of Towers 2 and 3 subjected to multi-component
ground motions are larger than those of the system
subjected to single-component ground motions. Moreover,
the acceleration response comparison factors S of Tower
3 are higher than those of Tower 2. The maximum
amplification are found at the top of Tower 3 and the upper
bounds of the gajj (i=1-3, j=7-9) are identified to be 1.5 for
both the longitudinal and transverse directions.

Fig. 13 shows the stress response comparison factors,
Bsi (i=1-3, j=7-9). Compared with single-component
seismic excitation, the stress responses of the system
subjected to multi-component ground motions are amplified
significantly. Due to the difference of seismic records, the
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amplification factors of each seismic record are not
identical. And the amplification factors of Towers 2 and 3
subjected to the same ground motion are also different.
However, the upper bounds of Towers 2 and 3 are very
approximate, and the upper bound of the g, (i=1-3, j=7-9)
can be identified as 1.9.

The results from Tests 7-9 indicate that the responses of
the experimental model under multi-component ground
motions are great larger than those under single-component
ground motion. Therefore, the responses of the transmission
towers will be severely underestimated if only single-
component ground motion is considered.

5.4 Transmission tower-line system vs single tower
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To compare with the responses of transmission tower-
line system, Tests 10-12 (listed in Table 5) are conducted to
investigate the responses of transmission tower subjected to
multi-component ground motions. The acceleration
response comparison factors S are shown in Fig. 14. It
can be observed that the acceleration responses of
transmission tower can be either increased or decreased
compared with those of power transmission tower-line
system. However, most comparison factors fa jjare less than
1.0, indicating that the acceleration responses of the
transmission tower are larger than those of the transmission
tower-line system and transmission lines have a significant
influence on the dynamic responses of the system. In other
words, the transmission lines have a function of reducing
dynamic responses of the transmission towers. Another
reason is that the transmission line increases the damping of
the system, so the effect of transmission lines would
decrease the response of the tower. Moreover, the
acceleration response comparison factors Sa;; of Tower 3
along longitudinal direction are much more remarkable than
those of Tower 2 while the comparison factors of both
towers along the transverse direction are very approximate.
The upper bound values of S, (i=1-3, j=10-12) are taken
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as 1.3 and 1.2 in the longitudinal and transverse direction,
respectively.

Fig. 15 illustrates the stress response comparison factor
P OF the selected main members of Towers 2 and 3. As
shown in Fig. 15, all values of g, ;; are below 1.0, suggesting
that the stress responses of transmission tower-line system
are smaller than those of the transmission tower. This
phenomenon further verified the vibration reduction
function of the transmission lines. The maximum
amplification of Towers 2 and 3 are similar and close to 1.0,
thus the upper bound values of f,; (i=1-3, j=10-12) are
identified to be 1.0.

Based on the above discussion, the transmission lines
have a significant influence on the acceleration and stress
responses of the transmission towers subjected to multi-
component ground motions. Neglecting the effect of
transmission lines, the seismic resistant capacity of
transmission tower may be underestimated in the seismic
design and analysis.

6. Empirical model for design recommendation

As discussed in Section 5, the responses of the
transmission tower-line system are quite different when the
system is subjected to multi-component, two-component
and single-component ground motions. For the convenience
of design, an empirical model is established to obtain the
responses of power transmission tower-line system
subjected to multi-component ground motions, which can
be expressed as follows

R=aR, (10)

Table 6 Recommended values for amplification factor

Amplification factor

o Acceleration response
— Member stress
Longitudinal Transverse
o 14 1.3 1.2
a 15 -2 1.9
s 1.3 1.2 1.0

#Not applicable.

where, R is the response of transmission tower-line system
under multi-component ground motions; Ry is the response
of transmission tower-line system subjected to two-
component or single ground motions, or the responses of
transmission tower subjected to multi-component ground
motions. ¢; is the amplification factor according to different
test conditions.

The amplification factor «; can be obtained from the
upper bound values shown in Figs. 10-15. Table 6 presents
the recommended values for the amplification factor. It can
be seen from Table 6 that o4 and «, are the amplification
factor for the responses of transmission tower-line system
subjected to two-component and single-component ground
motions, respectively. And «; is the amplification factor for
the responses of single transmission tower subjected to
multi-component ground motions. The amplification factor
can provide a simple method for the seismic design and
analysis of transmission tower-line system subjected to
multi-component ground motions.

7. Conclusions

This research focuses on the responses of long-span
transmission tower-line system subjected to multi-
component ground motions. A reduced-scale experimental
model of the prototype is tested using an array of shake
tables. The responses of experimental model subjected to
multi-component, two-component and single-component
ground motions are investigated, respectively. To study the
influence of transmission lines, the responses of the
transmission tower are also investigated using shake table
tests. Furthermore, an empirical model is proposed to
evaluate the acceleration and member stress responses of
the power transmission tower-line system subjected to
multi-component ground motions. Based on the
experimental database analysis, the following conclusions
are drawn:

* The coupling effect between the supporting towers and
transmission lines is significant and has a great
influence on the responses of the supporting towers. The
influence of the coupling effect is more remarkable
along longitudinal direction than the transverse direction
of the system. This coupling effect should be considered
in the seismic design of long-span transmission tower-
line system.

» For two-component and single-component ground

motions, most upper bound values of the response

comparison factors are larger than 1.0. In other words,
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the responses of the transmission tower-line system
subjected to multi-component are generally larger than
those of the system subjected to two-component or
single-component ground motions. Therefore, multi-
component seismic excitation should be adopted to
evaluate the seismic performance of long-span
transmission tower-line system.

« The transmission lines have a significant influence on
the acceleration and stress responses of the transmission
towers subjected to multi-component ground motions.
Neglecting the effect of transmission lines, the seismic
resistant capacity of transmission tower may be
underestimated in the seismic design and analysis.

» The proposed empirical model provides a simple
method to evaluate the performance of power
transmission tower-line system subjected to multi-
component ground motions. The recommended values
of the amplification factor are determined based on the
experimental results and can serve as a practical
reference for the seismic design and analysis of long-
span transmission tower-line system.

Acknowledgements

This research was financially supported by the National
Natural Science Foundation of China under Awards No.
51208285 and 51778347 and the Young Scholars Program
of Shandong University under Award No. 2017WLJH33.
The supports for this research are greatly appreciated.
Finally, the authors wish to thank the anonymous reviewers
for their careful evaluations and insightful comments that
helped improve the paper.

References

Bai, FL., Hao, H., Bi, KM. and Li, H.N. (2011), “Seismic
response analysis of transmission tower-line system on a
heterogeneous site to multi-component spatial ground motions”,
Adv. Struct. Eng., 286(3), 565-585.

GB 18306-2015 (2015), Seismic Ground Motion Parameters
Zonation Map of China, Standardization Administration of
China Press, Beijing, China.

GB 50260-2013 (2013), Code for Seismic Design of Electrical
Installations, China Architecture & Building Press, Beijing,
China.

Ghobarah, A. and Aziz, T.S. (1996), “El-Attar M. response of
transmission lines to multiple support excitation”, Eng. Struct.,
18(12), 936-946.

Hall, J.F., Holmes, W.T. and Somers, P. (1996), “Northridge
earthquake of January 17, 1994”, Earthquake Engineering
Research Institute, California, USA.

Lei, Y.H. and Chien, Y.L. (2009), “Seismic analysis of
transmission towers under various line configurations”, Struct.
Eng. Mech., 31(3), 241-264

Li, H.N., Shi, W.L. and Jia, L.G. (2004), “Limitations of effects of
lines on in-plane vibration of transmission towers and simplified
seismic calculation method”, J. Vib. Control., 23(2), 1-7.

Li, H.N., Shi, W.L., Wang, G.X. and Jia, L.G. (2005), “Simplified
models and experimental verification for coupled transmission
tower-line system to seismic excitations”, J. Sound. Vib., 286(3),
565-585.

Lu, X.L., Chen, Y. and Mao, Y.J. (2012), “Shaking table model test
and numerical analysis of a super tall building with high-level
transfer storey”, Struct. Des. Tall Spec. Build., 21(10), 699-723.

NCREE (1999), Investigation Report of Chi-Chi Earthquake,
National Center for Research on Earthquake Engineering,
Taiwan.

Park, H.S., Choi, B.H., Kim, J.J. and Lee, T.H. (2016), “Seismic
performance evaluation of high voltage transmission towers in
South Korea”, KSCE J. Civil Eng., 20(6), 2499-2505.

Sedov, L. (1959), Similarity and Dimensional Methods in
Mechanics, CRC Press.

Shinozuka, M. (1995), “The Hanshin-Awaji earthquake of January
17, 1995 Performance of life lines”, Report NCEER-95-0015,
NCEER.

Tian, L., Gai, X. and Qu, B. (2017b), “Shake table tests of steel
towers supporting extremely long-span electricity transmission
lines under spatially correlated ground motions”, Eng. Struct.,
132, 791-807.

Tian, L., Gai, X, Qu, B., Li, HN. and Zhang, P. (2016),
“Influence of spatial variation of ground motions on dynamic
responses of supporting towers of overhead electricity
transmission systems: an experimental study”, Eng. Struct., 128,
67-81.

Tian, L., Li, H.N. and Liu, G.H. (2012), “Seismic response of
power transmission tower-line system under multi-component
multi-support excitations”, J. Earthg. Tsunami, 6(4), 1250025-
1-21.

Tian, L., Ma, R.S., Li, HN. and Zhang, P. (2014), “Seismic
Response of straight line type and broken line type transmission
lines subjected to non-uniform seismic excitations”, Adv. Steel.
Constr., 10(1), 85-98.

Tian, L., Niu, Y.H., Ma, R.S., Li, X.J,, Yi, S.Y,, Xin, A.Q. and
Guo, W. (2017c¢), “Design study on shaking table test model of a
long span transmission tower-line system coupling system”,
World Earthg. Eng., 33(3), 42-50.

Tian, L., Pan, H.Y., Ma, R.S. and Qiu C.X. (2017a), “Collapse
simulations of a long span transmission tower-line system
subjected to near-fault ground motions”, Earthg. Struct., 13(2),
211-220.

Wang, W.M., Li, H.N. and Tian, L. (2013), “Progressive collapse
analysis of transmission tower-line system under earthquake”,
Adv. Steel. Constr., 9(2), 161-174.

Zhang, M.Z. (1997), “Study on similitude laws for shaking table
tests”, Earthg. Eng. Eng. Vib., 17(2), 52-58.

Zhou, Y. and Lu, X.L. (2012), Method and Technology for Shaking
Table Model Test of Building Structures, Science Press, Beijing,
China.

AT


http://www.pindex.cn/14861.html
http://www.pindex.cn/11770.html



