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Abstract. The author has developed a new method for evaluating the seismic performance of existing 
structures from measured accelerations based on the capacity spectrum method. This involves comparing the 
performance curve, which is the equivalent nonlinear behavior of a simplified single-degree-of-freedom 
system, and the demand curve, which is the relationship between the response acceleration and displacement 
spectra. Two telecommunication towers in Japan were instrumented in 2016, and their responses during 
several earthquakes have been recorded. This paper discusses the evaluation of damage during the two 
earthquakes. Moreover, parameters such as the predominant period and the required performance are 
discussed. The proposed system evaluated both towers as being “elastic.” The damping ratios of the towers 
are very low, which caused the oscillations to continue for more than 5 min after the mainshock of each 
earthquake because of long-period components of the seismic motion. 

1 Introduction  
In 2000, a new structural calculation method known as the 
“response and limit-capacity calculation” was added to 
the Building Standard Law of Japan as a new option for 
evaluating the seismic performance of buildings. The 
method involves comparing the performance and demand 
curves of a building. The performance curve represents 
the building’s nonlinear behavior as a simplified single-
degree-of-freedom (SDoF) system, whereas the demand 
curve represents the force-deformation design criteria 
defined in the building code. 

Meanwhile, when a strong earthquake occurs, a quick 
inspection of the damage to buildings in the affected area 
is very important for reducing the damage caused by 
aftershocks. However, the current inspection method this 
involves structural engineers making visual assessments, 
which is both time consuming and subjective. To 
overcome these drawbacks, a new real-time method has 
been proposed [1-4] for evaluating building damage with 
inexpensive accelerometers based on the aforementioned 
response and limit-capacity calculation.  

In 2014, two steel towers used for microwave 
telecommunication in Tokyo and Yokohama in Japan 
were instrumented and had been monitored since then. 
One tower was instrumented because it was seen to 
continue oscillating after the ground had ceased to shake 
during the 2011 Tohoku Earthquake. Since the towers 
were instrumented, two major earthquakes have occurred 
in the region. One was the Fukushima Offshore 
Earthquake of magnitude 7.4 at 0559 JST on November 
22, 2016. At both tower sites, the maximum seismic 
intensity was recorded as three on the Japan 
Meteorological Agency (JMA) seismic intensity scale. 

The other earthquake was the northern part of Ibaraki 
Prefecture Earthquake of magnitude 6.3 at 2138 JST on 
December 28, 2016. Again, the maximum seismic 
intensity at each tower site was 3. By using the proposed 
system, both towers were evaluated as being elastic 
during those 2016 earthquakes. This paper discusses the 
damage evaluation results and design parameters such as 
the predominant period and the required performance.  

2 Outline of towers and measurements   
Hazawa Tower [Fig. 1(a)] is a cylindrical steel tower in 
Yokohama, Japan, that is 58 m tall and is instrumented 
with accelerometers [ITK-002, shown in Fig. 2(a)] at its 
base and top and 1/3 and 2/3 of its total height, as 
indicated in Fig. 1(a). The accelerometers are sampled at 
a rate of 100 Hz with a 24-bit A/D converter. The 
accelerometers are three-dimensional ones with a 
maximum measurable acceleration of 2,450 cm/s2 and a 
noise level of no more than 0.1 gal/s. The acceleration 
data are stored for 24 h on a server that is located in the 
tower, and that is connected to the outside world through 
the cellphone network. The data can be accessed through 
the Internet. 

Higashi Oshima Tower [Fig. 1(b)] is another 
cylindrical steel tower and is located in Tokyo, Japan. It 
is 63 m tall and is instrumented with accelerometers 
[IoLAM-01, shown in Fig. 2(b)] at its base and top and 
half its total height. The accelerometers are sampled at a 
rate of 100 Hz with a 24-bit A/D converter. The 
accelerometers are three-dimensional ones with a 
maximum measurable acceleration of 3,430 cm/s2 and a 
noise level of no more than 0.1 Gal/s. As with Hazawa 
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Tower, the acceleration data are stored for 24 h on a server 
that is located in the tower, the server is connected to the 
outside world through the cell-phone network, and the 
data can be accessed through the Internet.  

 

 
(a) Hazawa Tower 

 
(b) Higashi Oshima Tower 

Fig. 1 Target towers 

3 Measured accelerations  

3.1 Fukushima Ken Oki Earthquake (November 
22, 2016) 

At 0559 JST on November 22, 2016, a strong earthquake 
of magnitude 7.4 occurred 30 km beneath the seafloor off 
the shore of Fukushima Prefecture in Japan. The 
earthquake epicenter and the tower locations are shown in 
Fig. 3. A JMA seismic intensity of 3 was measured at each 
site, and the responses of the towers during the earthquake 
were stored successfully. 

Fig. 4 shows the calculated transfer functions of the 
NS direction from the top, 2/3, and 1/3 heights to the 
bottom of Hazawa Tower. The predominant frequency 
was 0.6897 Hz, which corresponds to a period of 1.45 s. 
The amplification factor associated with the top of the 
tower was roughly 150, which means that the damping 
coefficient of the tower is very low.  

Fig. 5 shows the acceleration time histories of the 
predominant NS direction measured at the bottom and top 
of Hazawa Tower. As shown in Fig. 5(a), the ground 
acceleration reached its peak at roughly 80 s, but a small 

long-period component can be observed after 150 s. 
Because of this long-period component, the acceleration 
at the top reached its peak at roughly 170 s, at which time 
the acceleration at the bottom was very small. The long-
period component may be why the tower was seen to 
continue oscillating after the ground had ceased to shake 
during the 2011 Tohoku Earthquake.  
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Fig. 3 Earthquake epicenter (triangle) and tower sites (circles) 
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Fig. 4 Transfer functions (NS direction) 

 
(a) ITK-002 for Hazawa Tower 

 
(b) IoLAM for Higashi Oshima tower 

Fig. 2 Instrumented sensors 
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Fig. 5 Measured accelerations of Hazawa Tower (NS direction) 

3.1 Ibaraki Ken North Earthquake (December 28, 
2016) 

At 2138 JST on December 28, 2016, a strong earthquake 
of magnitude 6.3 occurred 10 km beneath the ground 
surface in the north of Ibaraki Prefecture in Japan. The 
earthquake epicenter and the tower locations are shown in 
Fig. 6. A JMA seismic intensity of 3 was measured at each 
site, and the responses of the towers during the earthquake 
were stored successfully. 
 

 
Fig. 6 Earthquake epicenter (triangle) and tower sites (circles) 

Fig. 7 shows the calculated transfer functions of the 
NS direction from the top and half-way up Higashi 
Oshima Tower to the bottom. The predominant frequency 
was 0.415 Hz, which corresponds to a period of 2.41 s. 
The amplification factor associated with the top was 
roughly 175, which means that the damping coefficient of 
this tower is also very low.  

Fig. 8 shows the acceleration time histories of the 
predominant NS direction measured at the bottom and top 
of Higashi Oshima Tower. As shown in Fig. 8(a), the 
ground acceleration reached its peak at roughly 30 s, but 
a very small long-period component can be observed until 
roughly 200 s. Because of this long-period component and 

the relatively light damping, the top reached its peak 
acceleration at roughly 55 s and was still shaking at 300 
s, by which time the acceleration at the bottom was 
effectively zero.  
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Fig. 7 Transfer functions (NS direction) 
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Fig. 8 Measured acceleration at Higashi Oshima Tower (NS 
Direction) 

4 Damage evaluated from measured 
accelerations  
The outline of the evaluation is shown in Fig. 9. The 
maximum responses during a main shock and aftershock 
are estimated as the intersection of the capacity and 
demand curves. The capacity curve is the relationship 
between the representative restoring force and 
representative displacement, which are derived from the 
measured accelerations. The demand curve is the 
relationship between the response acceleration spectrum 
and response displacement spectrum, which are derived 
from the acceleration at the basement of the building. The 
amount of the damping coefficient needs to be assumed 
when the demand curve is derived. The damping 
coefficient for the elastic stage can be assumed as the 
viscous damping ratio of 5% as “Curve 1” shown in Fig. 
1. When the building experience yielding as point (A) in 
Fig. 9, an additional damping effect due to non-linear 
response needs to be considered. Since the additional 
damping effect increases corresponding to the damage of 
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the building, the total damping coefficient increases 
according to the representative displacement. Therefore, 
the demand curve is reduced from point (B) as “Curve 2” 
in Fig. 9. The maximum response during the main shock 
is predicted as the intersection of the capacity curve and 
the reduced demand curve (Curve 2), point (C) in Fig. 9. 
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Fig. 9 Performance curve and demand curve 

 
On the other hand, the same method can be applied to 
predict the maximum response during an aftershock with 
considering the main shock and the following aftershock 
as one very long duration earthquake. The input energy of 
the combined earthquake is consequently larger than that 
of the main shock; then the maximum response may be 
larger than that of the main shock. It means that the 
equivalent damping effect becomes smaller than that of 
only the main shock as “Curve 3” shown in Fig. 9. The 
predicted maximum response during the aftershock is the 
intersection of Curve 3 and the capacity curve, with the 
assumption that the maximum aftershock is the same as 
the main shock. 

In order to evaluate the safety of the building, the first 
mode of the response needs to be taken out to derive the 
capacity curve. The ultimate point is defined with the 
safety limit of each story. The maximum story drift of 
each story is derived from the maximum representative 
displacement and the first mode shape. Since the proposed 
safety evaluation is based on the first mode, the higher 
mode effect needs to be considered separately, if the 
higher mode effect is negligible such as high-rise 
buildings.  

5 Simplification method of MDoF system 
to SDoF system 7), 8), 9), 10), 14)  
In this section, the simplification method to SDoF system, 
which is used in practice as the equivalent linearization 
method, is introduced. In practice, the restoring force and 
response relative displacement to the basement are 
obtained from the static nonlinear analysis (pushover 
analysis). The equation of the motion for MDoF system 
is shown as Equation (1). 
 

{ݔ̈}[ܯ] + {ݔ̇}[ܥ] + {ݔ}[ܭ] −   ଴        (1)ݔ̈{1}[ܯ]
 

Where, [M]: mass matrix, [C]: damping matrix, [K]: 
stiffness matrix, {̈ݔ}: relative acceleration vector to the 
basement, {̇ݔ}: relative velocity vector to the basement, 
 :଴ݔ̈ relative displacement vector to the basement, and:{ݔ}
ground acceleration.  

There is a number of N predominant periods and 
predominant modes for Nth-degree-of-freedom system. 
By solving the eigenvalue equation, an eigen period of 

ܶ௦ , an eigen angular frequency of ߱௦ (= ߨ2 ܶ௦⁄ ), and 
an eigen mode vector of ൛ ௦ݑ ൟ for s-th mode are obtained. 
The relative displacement vector, {x} is derived as 
Equation (2) from the response of each mode.  

 
{ݔ} = ∑ ൛ ௦ݑ ൟ ∙ ௦ݍ

ே
௦ୀଵ =  (2)           {ݍ}[ܷ]

 
௦ݍ : response displacement of s-th mode. 

 
By substituting Equation (2) to Equation (1), N 

equations of ݍ௦  is obtained as Euqtion (3).  
 
௦ݍ̈ + 2 ℎ௦ ∙ ߱ ∙௦ ௦ݍ̇ + ߱௦

ଶ ∙ ௦ݍ = − ߚ ∙௦  ଴ (3)ݔ̈
s=1~N 

ߚ =
ቄ ௨ೞ ቅ

೅
[ெ]{ଵ}

ቄ ௨ೞ ቅ
೅

[ெ]ቄ ௨ೞ ቅ
= ∑ ௠೔∙ ௨೔ೞ

∑ ௠೔∙ ௨೔ೞ
మ௦   

ℎ௦ : Damping coefficient for s-th mode, and 
௦ߚ :Stimulation factor for s-th mod. 

 
௦ߚ ∙ ൛ ௦ݑ ൟ is the stimulation vector, which is the eigen 

mode for s-th mode of unit vector of {1} as shown in 
Equation (4).  

 
{1} = ∑ ௦ߚ ∙ ൛ ௦ݑ ൟே

௦ୀଵ      (4) 
 
The response of each mode can be calculated as the 

response of the same ground acceleration of ̈ݔ଴ with ݍ଴௦ , 
which is defined as Equation (5).  

 
௦ݍ = ߚ ∙ ௦ݍ ଴௦       (5) 

 
With Equation (5), Equations (6) and (7) are derived 

from Equations (2) and (3), respectively.  
 

{ݔ} = ∑ ߚ ∙௦ ൛ ௦ݑ ൟ ∙ ௦ݍ ଴
ே
௦ୀଵ     (6) 

 
଴௦ݍ̈ + 2 ℎ௦ ∙ ߱ ∙௦ ଴௦ݍ̇ + ߱௦

ଶ ∙ ଴௦ݍ =   ଴  (7)ݔ̈−
s=1~N 
 
The base shear of s-th mode, ܳ஻௦  is calculated as 

Equation (8) with the assumption that the external force 
distribution shape is proportional to the mode shape.  

 
ܳ஻௦ = ഥܯ ∙ ൫ ∆̈ + ଴௦ݔ̈ ൯௦ = ∑ ݉௜ ∙ ௦ߚ ∙ே

௜ୀଵ ௜൫ݑ ∆̈ + ଴௦ݔ̈ ൯௦   
(8) 

 
∆̈௦ : Relative representative acceleration for s-th mode. 

The equivalent mass for s-th mode, ܯഥ௦ , is calculated 
as Equation (9).  
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ഥܯ =
ቀ∑ ௠೔∙ ௨೔ೞ ቁ

మ

∑ ௠೔∙ ௨೔ೞ
మ௦       (9) 

 
The relative displacement to the basement for s-th 

mode is calculated as Equation (10) with the stimulation 
vector and the representative displacement.  
 

൛ ௦ݔ ൟ = ߚ ∙௦ ൛ ௦ݑ ൟ ∙ ∆௦      (10)  
 

∆௦ :  The representative displacement for s-th mode. 
Equations (11) and (12) are obtained with Equation 

(10).  
 

∑ ݉௜ ∙ ௜௦ݑ = ଵ
ఉೞ ∙ ∆ೞ

∑ ݉௜ ∙ ௜௦ݔ     (11) 

∑ ݉௜ ∙ ௜௦ݑ
ଶ

= ቀ ଵ
ఉೞ ∙ ∆ೞ

ቁ
ଶ

∑ ݉௜ ∙ ௜௦ݔ
ଶ
                   (12) 

 
Equation (13) is obtained from Equation (9) with 

using Equations (11) and (12).  
 

ഥܯ =
ቀ∑ ௠೔∙ ௫೔ೞ ቁ

మ

∑ ௠೔∙ ௫೔ೞ
మ௦       (13) 

 
The representative acceleration is derived as Equation 

(14) from Equation (8) when the external lateral force of 
ܲ௦ ௜ and relative displacement of ݔ௜௦  are obtained from a 

pushover analysis with the lateral force distribution shape 
defined as s-th mode shape.  
 

൫ ∆̈ + ଴௦ݔ̈ ൯ = ொಳೞ
ெഥೞ

= ∑ ௠೔∙ ௫೔ೞ
మ

ቀ∑ ௠೔∙ ௫೔ೞ ቁ
మ ∙ ∑ ܲ௦ ௜

ே
௜ୀଵ  (14) 

 
On the other hand, Equation (15) is derived from 

Equation (10).  
 

ߚ ∙௦ ൛ ௦ݑ ൟ = ଵ
∆ೞ

൛ ௦ݔ ൟ     (15) 
 

Equation (16) is derived from Equations (8), (13), and 
(15).  

ഥܯ =
∑ ௠೔∙

ೣೞ ೔
∆ೞ

ಿ
೔సభ ቀ ∆̈ା௫̈బೞ ቁ

∆̈ା௫̈బೞ
=

ቀ∑ ௠೔∙ ௫೔ೞ ቁ
మ

∑ ௠೔∙ ௫೔ೞ
మ௦   (16) 

 
Therefore, the representative displacement ∆௦  is 

calculated as Equation (17) from Equation (16).  
 

∆௦ = ∑ ௠೔∙ ௫೔ೞ
మ

∑ ௠೔∙ ௫೔ೞ
      (17) 

 
Since the calculated ∆̈௦  and ∆௦  are ̈ݍ଴௦  and ݍ଴௦  in 

Equation (7), the relationship between ∆̈௦  and ∆௦  can be 
shown as Equation (18) with an s-th eigen angular 
frequency of ߱௦ .  
 

∆̈ + ଴௦ݔ̈ ≈ ߱௦
ଶ ∙ ∆௦      (18) 

 
When a building is in elastic, the maximum values of 

ห ∆̈௦ + ଴ห and หݔ̈ ∆௦ ห are the same as the response spectra 

of ܵ௔ and ܵௗ with an adequate damping coefficient. The 
curve of the relationship between ห ∆̈௦ + ଴ห and หݔ̈ ∆௦ ห is 
defined as the capacity curve. The slope of the points on 
the capacity curve to the origin is square of the equivalent 
angular frequency, ߱ଶ, in the nonlinear range. The slope 
of the demand curve, which is the relationship between ܵ௔ 
and ܵௗ is also square of the equivalent angular frequency. 
The intersection of the performance and demand curves 
has the same equivalent angular frequency, as shown in 
Equation (18).  

6 Capacity curve from the measured 
accelerations 

The calculation method for the capacity curve, which is 
the relationship between the representative acceleration, 

∆̈ଵ + ଴, and the representative displacement, ∆ଵݔ̈ , from 
the measured acceleration at each story is introduced. The 
displacement of each story is calculated from the 
measured accelerations with double integral, as shown in 
references 11) and 14). The Wavelet transformation is 
applied to take the predominant vibration as the first mode 
from the measured response. 

6.1 Outline of the Wavelet transformation12) 

The Wavelet transformation is one of the time-frequency 
analysis method, which shows the similarity of the signal 
f(x) and a mother wavelet mathematically. An original 
signal of ଴݂ is decomposed as ଵ݃, which is a component 
with a particular frequency band, and residual of ଵ݂  as 
shown in Equation (19). 
 

଴݂ = ଵ݃ + ଵ݂       (19)  
 
By repeating this procedure, the original signal can be 

decomposed as Equation (20).  
 

଴݂ = ଵ݃ + ݃ଶ + ݃ଷ + ⋯ + ݃௡ + ௡݂   (20)  
 
Where the signal of i-h decomposition, g୧, is called the 

signal for Rank i (i-th rank). The maximum rank of n 
corresponds to the number of the signal, N as shown in 
Equation (21). 

 
n = logଶ N       (21)  

 
Where ௡݂  is a deterministic value and the 

orthogonality of decomposed signals is proved 
mathematically.  

The Wavelet transformation can be considered as a 
time-frequency analysis with the window of the mother 
wavelet. The width of the window in the temporal 
domain, ∆௙መ , and that in the frequency domain, ∆௙, have 
the relation of uncertainty as shown in Equation (22). 

 
2∆௙መ ∙ 2∆௙≥ 2      (22) 
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When the time increment of an original signal, ݂(ݔ), 
is ∆୲, that of ௜݃, ∆௧,௜ is shown as Equation (23). 
 

∆௧,௜= ∆௧ × 2௜      (23)  
 

The Nyquist frequency of i-th rank signal ௜݃, ∆௙,௜, is 
calculated as Equation (24).  
 

∆௙,௜=
ଵ

ଶ∆೟∙ଶ೔       (24)  

 
The Wavelet transformation satisfies the minimum 

relation of uncertainty.  
On the other hand, conventional filtering techniques 

such as band path filter12) need to apply an appropriate 
base-line shift correction technique and to define filtering 
frequency in order to calculate displacement from 
measured acceleration. There is, however, no general 
method for them, so far. On the contrary, the Wavelet 
transformation can decompose any kind of signal in the 
temporal domain, and take any mode among the 
decomposed ranks based on its frequency.  

6.2 Capacity curve with the Wavelet 
transformation 

The objectives of applying the Wavelet transformation for 
a measured acceleration are to calculate reasonable 
response displacement with eliminating an error 
component contained in the measured acceleration and to 
take the predominant mode from the measured response11), 

14). The first mode can be taken from the measured 
response with the Wavelet transformation by taking the 
ranks of which frequency bands involve the predominant 
frequency of a building13). The ranks taken as the first 
mode is called “predominant ranks” in this paper. The 
way to define the predominant ranks will be described in 
section 5.2. 

The schematic of the measured acceleration and 
acceleration for each rank are shown in Fig. 10, where ܺ̈௜: 
absolute acceleration at i-th floor, ̈ݔ௜: relative acceleration 
at i-th floor, ̈ݔ଴ : ground acceleration, ̈ݔଵ ௜ : relative 
acceleration for the first mode at ith-floor, and ̈ݔଵ ଴: first 
mode component of the ground acceleration.  

ଵݔ̈ ଴ and ̈ݔଵ ଴ + ଵݔ̈ ௜ can be calculated by applying the 
Wavelet transformation for the ground acceleration ̈ݔ଴ 
and measured absolute accelerations ൛ܺ̈ൟ.  

The relative displacement to the basement is 
calculated with the double integral of the measured 
acceleration, as shown in Equation (25). 
 

௜ଵݔ = ∬൫ ଵݔ̈ ଴ + ଵݔ̈ ௜൯ ଶݐ݀ − ∬ ଵݔ̈ ଴݀ݐଶ  (25)  
 

Since the calculated relative displacement and 
acceleration with the Wavelet transformation do not 
contain higher mode component much, they are assumed 
to be the first mode responses.  

6.3 Capacity curve with measured acceleration 

It is already shown in section 5 that the representative 
acceleration ∆̈ + ଴௦ݔ̈  and representative displacement 

∆௦  can be derived as Equations (14) and (17) in the 
practical structural design, respectively. Since the 
proposed method in this paper is based on the first mode, 
Equations (26) and (27) are obtained from Equations (14) 
and (17), respectively. 
 

൫ ∆̈ + ଵݔ̈ ଴ଵ ൯ = ∑ ௠೔∙ ௫೔భ
మ

ቀ∑ ௠೔∙ ௫೔భ ቁ
మ ∙ ∑ ܲଵ ௜

ே
௜ୀଵ   (26) 

∆ଵ = ∑ ௠೔∙ ௫೔భ
మ

∑ ௠೔∙ ௫೔భ
      (27)  

 
The representative displacement can be calculated as 

Equation (27) with using the relative displacement 
calculated as Equation (25).  

The distribution shape of the external force, ܲଵ , in 
Equation (26) should be proportional to the first mode 
vector. As shown in Fig. 10 (b), the contribution of the 
ground acceleration to the story acceleration at each story 
is constant as ̈ݔଵ ଴ . On the other hand, the distribution 
shape of the relative acceleration taken by the Wavelet 
transformation, ̈ݔଵ ௜ , is proportional to the first mode 
vector. As a result, the distribution shape of the absolute 
acceleration, ̈ݔଵ ଴ + ଵݔ̈ ௜ , is not proportional to the first 
mode vector. In order to make the absolute acceleration 
proportional to the first mode vector, the stimulation 
factor of the first mode, ߚଵ ∙ ൛ ଵݑ ൟ, needs to be multiplied 
to the ground acceleration, ̈ݔଵ ଴. This means that the first 
mode of the unit vector of {1} is multiplied to the ground 
acceleration. As a result, the external force proportional to 
the first mode vector is calculated as Equation (28). 
 

௜ܲଵ = ݉௜൫ ௜ଵݔ̈ + ߚ ∙ଵ ௜ݑ ∙ ଵݔ̈ ଴ଵ ൯   (28)  
 

The representative acceleration is calculated as 
Equation (29) by substituting Equation 28 to Equation 
(26). 
 

൫ ∆̈ + ଵݔ̈ ଴ଵ ൯ 

= ∑ ௠೔∙ ௫೔భ
మ

ቀ∑ ௠೔∙ ௫೔భ ቁ
మ ∙ ∑ ൫݉௜ ∙ ௜ଵݔ̈ + ݉௜ ∙ ߚ ∙ଵ ௜ݑ ∙ ଵݔ̈ ଴ଵ ൯ே

௜ୀଵ   
(a) Measured      (b) First mode by Wavelet transformation 

Fig. 10 Schematic of the measured acceleration and 
acceleration for each rank with the Wavelet transformation 
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= ∑ ௠೔∙ ௫೔భ
మ

ቀ∑ ௠೔∙ ௫೔భ ቁ
మ ∑ ݉௜ ∙ ௜ଵݔ̈

ே
௜ୀଵ + ଵݔ̈ ଴   (29)  

 
As shown in Equation (29), only the relative 

acceleration term of the representative acceleration needs 
to be divided by the equivalent mass ratio when the 
representative acceleration is derived from the measured 
accelerations.  

In Equations (27) and (28), the order of the mass ݉௜, 
is the same for denominator and numerator. Therefore, not 
the absolute value of mass but the ratio of the mass 
between floors is needed.  If the usage of the building is 
unique, the floor area ratio may be used as the mass ratio.  

Equations (27) and (29), however, do not give a 
practical capacity curve when the response displacement 
is very small. As an example, Fig. 11 shows the derived 
capacity curve with Equation (27) and (29) for a shaking 
table test results with the 3-story full-scale R/C 
specimen15)-19). As shown in Fig. 11, the calculated 
representative acceleration became extremely large in 
small representative displacement range. The reason is 
that the distribution shape of the calculated relative 
displacement of each floor was not proportional to the 
first mode vector due to error contained in the measured 
values in the small displacement range, then the 
equivalent mass ratio became too small.  
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Fig. 11 Capacity curve derived from measured accelerations 

 
The reason why the distribution shape was not 

proportional to the first mode vector was that small error 
contained in the measured acceleration that was not 
eliminated perfectly by the Wavelet transformation, 
which was amplified by the double integral. The error 
components exist all through the measured acceleration, 
but its effect is significant when the actual displacement 
is relatively small.  

In order to avoid this effect of error, firstly “tentative” 
representative displacement, ∆ଵ ′ , and “tentative” 
representative acceleration, ∆′̈ + ଵݔ̈ ଴ଵ , are calculated as 
Equations (30) and (31), respectively. The “tentative” 
capacity curve is defined as the relationship between 
tentative representative displacement and tentative 
representative acceleration. 
 

∆ଵ
ᇱ= ∆ଵ ∙ ெഥభ

ெ
= ∑ ௠೔∙ ௫೔భ

∑ ௠೔
    (30)  

 

൫ ∆ᇱ̈ + ଵݔ̈ ଴ଵ ൯ = ቆ ∆̈ ∙
ഥଵܯ

ܯ
+ ଵݔ̈ ଴ଵ ቇ 

       = ∑ ௠೔∙ ௫̈೔భ
∑ ௠೔

+ ଵݔ̈ ଴     (31)  

 
These two equations are obtained by dividing the 

equivalent mass ratio (the ratio of the equivalent mass to 
the total mass) to Equation (27) and the first term of 
Equation (29). Since equivalent mass ratio is not used in 
Equations (30) and (31), no error such as shown in Fig. 11 
does not happen in the small displacement range. The 
slope of the tentative capacity curve, however, does not 
coincide with the predominant frequency.  

The procedure to calculate the capacity curve from the 
tentative capacity curve is introduced as follows;  
 
(1) The tentative capacity curve is derived from the 

mass ratio and measured acceleration.  
(2) A backbone curve is derived from the tentative 

capacity curve, where the backbone curve is the 
curve of the points that update maximum tentative 
representative displacement in the positive direction 
and minimum in the negative direction 12).  

(3) The equivalent mass ratio is calculated for the points 
of backbone curve derived in the procedure (2), then 
the capacity curve is calculated by dividing the 
tentative representative displacement and the first 
term of the tentative representative acceleration by 
the equivalent mass ratio.  

7 Demand curve with measured 
acceleration  
The demand curve, which is compared with the capacity 
curve to predict the maximum response, is calculated with 
using the ground acceleration,  ẍ଴ , measured at the 
basement of the building. The ground acceleration for the 
capacity curve, ̈ݔଵ ଴, is the first mode component of the 
ground acceleration taken by the Wavelet transformation. 
Therefore, the ground accelerations for the demand curve 
and capacity curve are not the same. Since ̈ݔଵ ଴ is taken 
from ẍ଴  as the predominant component that affects the 
response of the building, the amounts of the demand for 
the predominant period of the building from both demand 
curves calculated with ẍ଴ and ̈ݔଵ ଴ are almost the same.  

Fig. 12 shows the calculated demand curves with the 
measured ground acceleration, ̈ݔ଴ , during the shaking 
table test15)-19), shown as “Original”, and with the 
component of predominant ranks, ̈ݔଵ ଴ , shown as 
“Rank6+7+8+9”. The Nyquist frequencies of rank 5 to 
rank 8 are also superimposed to the figure. The figure 
shows that both demand curves coincide very well in the 
predominant frequency band of rank 5 to rank 8. On the 
other hand, outside of the predominant frequency band, 
especially less than the period of 0.32 s (rank 5), the 
difference is significant. Since the period of less than 0.32 
s is much shorter than the predominant period of the 
specimen, it is not effective to the evaluation of the 
maximum response. Therefore, the demand curve can be 
calculated with the measured acceleration at the 
basement, ẍ଴.  
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Fig. 12 Demand curves with ẍ଴ and ̈ݔଵ ଴ 
 

There are K-Net seismograph stations close to the 
towers, roughly 5 km southeast of Hazawa Tower 
(KNG002) and roughly 2 km south of Higashi Oshima 
Tower (TKY013). Fig. 13 shows the calculated demand 
curves in the NS direction from the accelerations 
measured at the bottom of each tower and its nearest K-
Net station; the lines for the predominant frequencies are 
superimposed. In both cases, the demand curve for the 
acceleration measured at the bottom of the tower is 
smoother and smaller at the predominant frequency than 
that for the K-Net station, which was measured on the free 
field. From this, said it could be concluded that the 
effective earthquake force on a structure should not be 
defined according to the free-field record but rather 
according to the record from the base of the structure, 
which takes the soil–structure interaction into 
consideration.  

8 Performance curves derived from 
measured accelerations 
The calculated performance curves for Hazawa Tower 
and Higashi Oshima Tower during the Fukushima Ken 
Oki Earthquake the Ibaraki Ken North Earthquake are 
shown in Fig. 14 and Fig. 15, respectively. Fig. 14(a) 
shows clearly that Hazawa Tower remained elastic with a 
predominant frequency of 0.69373 Hz for the Fukushima 
Ken Oki Earthquake and 0.691064 Hz for the Ibaraki Ken 
North Earthquake, which are very close to the value from 
the transfer function shown in Fig. 5. Having three sensors 
in Hazawa Tower ensured good accuracy.  

In contrast, the performance curve shown in Fig. 15 
for Higashi Oshima Tower fluctuates. The slope of the 
straight-line fit corresponds to a frequency of roughly 
0.385Hz for the Fukushima Ken Oki Earthquake and 
0.357 Hz for the Ibaraki Ken North Earthquake, which are 
less than the value of 0.415 Hz obtained from the transfer 
function shown in Fig. 7. A possible reason for the 
observed fluctuations is that too few sensors were 
installed in the tower. It is recommended to increase the 
number of sensors to improve the accuracy of the 
evaluation.  

 
 

9 Concluding remarks 
The dynamic response of two instrumented steel 
telecommunication towers that were in place during two 
major earthquakes in 2016 was investigated. The main 
results of the study are as follows. 
1. The measurement systems worked successfully. 
2. Because of a long-period component in each 

earthquake, both towers continued to oscillate even 
after the ground shaking had diminished or even 
ceased. 

3. The demand curves associated with the base of each 
tower were smaller than those of the free field (K-
Net). 

4. The performance curves of the towers were derived 
successfully from the measured accelerations, which 
showed that the towers remained elastic. 

5. It is recommended that more accelerometers be 
placed in Higashi Oshima Tower. 
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Fig. 14 Performance curves of Hazawa Tower 
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Fig. 15 Performance curves of Higashi Oshima Tower 
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