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Abstract

Natural period and damping ratio are important values in seismic design. Recently, many of the findings for these values
have been obtained from earthquake observation records and recommended values of the vibration characteristics have
been proposed for buildings [e.g. 1]. However, the observation records of buildings are affected by the soil-structure
interaction in addition to structural and nonstructural members. Therefore, only the characteristics of the building structure
remain unclear. This study focused on the structural vibration characteristics by using the records of large shaking table
tests. Previously, we evaluated changes in vibration characteristics depending on the deformation level of the main
structure for reinforced concrete (RC) specimens. In this study, we continued the previous study and evaluated steel
specimens subjected to strong input motion. The experimental data were analyzed using the autoregressive exogenous
(ARX) model. Moreover, the effects of the experienced largest deformation on the vibration characteristics for these RC
and steel specimens were investigated.

In this study, three specimens (Specimen St.1-3) simulating a steel anti seismic building were studied mainly. Specimens
St.1, St.2 and St.3 had 4, 5, and 3 stories, respectively. Their respective natural periods were approximately from 0.8 to
0.6 s. The examination objects of their input motions were three types of excitation waves: random, scaled, and ground
motion excitations.

The identification results of the natural period and damping ratio of the first and second modes in the horizontal direction
were studied. The ARX model with a one-input one-output system was used as an identification scheme. The experimental
data, published from the National Research Institute for Earth Science and Disaster Resilience were applied to band pass
filters. The data of some steel specimens were corrected using the rocking motion of the shaking table.

First, the relation between structural damage and inter-story drift angle were studied for steel specimens. Then, the natural
period and damping ration of the first and second modes were studied using all excitations for each specimen. The
amplitude dependencies of each vibration characteristics were also studied in detail. Finally, the relation between the
experienced largest deformation and these vibration characteristics were investigated.

The following main results were obtained:

1) The first and second mode damping ratios for the three types of steel specimens were approximately 1%—-3% in elastic
range. The result showed a slight variability in these values and roughly agreed with the recommended values in Japanese
seismic design.

2) The natural period had an amplitude dependence increasing the value according to the increasing deformation for both
of RC and steel specimens. For steel specimens, the damping ratio had an amplitude dependency, increasing the value
according to the increasing deformation to a certain drift angle. After that, the value decreased with increasing deformation.
These amplitude dependency was observed regardless of the foundation conditions (on a shaking table for this study).

3) In the relation between each vibration characteristics and experienced maximum drift angle, the changes in the values
of steel specimens were relatively small compared with those of RC specimens.
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1. Introduction

Knowledge of a building’s vibration characteristics, such as natural period and damping ratio, is indispensable
for estimating its behavior and seismic performance during an earthquake. A previous study has recommended
values of natural periods (natural frequencies) and damping ratios in the elastic design ranges of mid-to-high-
rise reinforced concrete (RC) and steel buildings based on extensive analyses of excitation tests and
observations until 2000 [1]. In the case of an overseas structure, the damping ratio remains constant up to a
certain building height and thereafter decreases as the height increases [2]. Fig. 1 shows the recommended
damping ratios of RC (hrc) and steel (hs) buildings from the aforementioned studies [1, 2], and an average
inter-story height of 3.3 m is assumed for comparison as given in [2]. These recommended values are affected
by soil-structure interactions (SSIs). Therefore, the damping ratios increase with decreases in the heights of
the buildings. It is important that the vibration characteristics of buildings itself without SSI effects were
investigated. Moreover, one cannot deny the possibility that these buildings may experience earthquakes
beyond the current design levels. However, the recommended damping ratios are used in structural designs
even though a building’s response may attain ultimate deformation levels. Thus, it is also important to survey
the vibration characteristics of the building’s response when it attains ultimate deformation level.

More recently, spurred by the 2011 Earthquake off the Pacific Coast of Tohoku (hereafter referred to as the
3.11 Earthquake), several studies have reported gradual changes in the natural period and damping ratio prior
to the 3.11 Earthquake and differences in the values before and after the earthquake in buildings of various
structural types. The pattern of changes in vibration characteristics associated with vibration amplitudes (called
amplitude dependence) during the 3.11 Earthquake and its minor shocks have been studied [e.g. 3, 4]. Although
many observation records were obtained and analyzed those studies, there were very few records for buildings
that attained ultimate deformation levels. To determine the variable factors of vibration characteristics of
buildings, it is necessary to analyze and evaluate the trends from actual data that are measured under equivalent
conditions and independent of the type of structure.

The 3-D Full-Scale Earthquake Testing Facility at the National Research Institute for Earth Science and
Disaster Resilience (NIED) (popularly called as E-Defense, having a 15 m x 20 m shaking table and maximum
load specification of 1200 t) can accommaodate tests for full-sized building specimens indoors. Many excitation
tests ranging from micro-deformation to ultimate deformation levels were performed on numerous RC and
steel structural specimens that were designed in accordance with the Japanese seismic design standards, and
these data have been publicly released [5]. As a result, it is possible to perform evaluations ranging from micro-
deformations to ultimate failure without SSI effects, which take into account changes in structural soundness
and vibration characteristics under the current design code.

In a previous work, we evaluated changes in vibration characteristics based on the deformation levels of the
main structures of RC and steel buildings from the results of multiple specimens tested at E-Defense [6, 7]. In
this study, we have continued their evaluations from the previous work and performed similar assessments on
steel buildings by adding new analysis results to the contents published in the reference [7].

To summarize, in this study, vibration characteristics such as the natural period and damping ratio for each
structural specimen are identified, and our findings, including those for the first- and second-order modes, are
presented using a unified method for all specimen types. Specifically, the ARX model [e.g. 8] used in
references [6, 7] is employed to analyze the vibration characteristics and their changes during, before, and after
excitation; further, the maximum deformations experienced by the specimens and their effects on the vibration
characteristics are summarized.

2. Outline of specimens and excitation wave

In this study, earthquake-resistant structural specimens that simulate three steel buildings (specimens St.1 to
St.3) are examined. The configurations of the specimens are shown in Fig. 2. Table 1 shows the data for each
specimen. All specimens are in full-scale, with the first natural periods in the table calculated from the initial
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random excitation [9-13] (for specimen St.3, the described natural period is in the Y direction alone, since the
shaking test was in one direction only). The excitation wave in the tests is classified by the type of excitation:
random excitation (to determine vibration characteristics), scaled excitation (lower level ground motion
excitation), and ground motion excitation. All these excitation results were considered in this study. Table 2
shows the ground motion excitation and the maximum story drift angle in both X and Y directions during the
motion for each specimen, taken from tables or graphs given in previous studies [9-13]. For the tests on
specimens 1 and 2, the JR- Takatori wave, observed during the Great Hanshin Earthquake, was used as the
ground motion excitation. For the specimen St.3 tests, the input excitations used were the JR- Takatori wave
and the simulated Nankai Trough wave as unidirectional shaking in the Y direction. Table 2 shows the
definition of their deformation level stage S:1-S. according to the amplitude level (details are described in
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section 4.1) and damage state for each specimen after the ground motion excitations.
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Fig. 1 — Recomendations of damping ratio in references [1, 2]
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Fig. 2 Configuration of Specimen St.1-3
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Table 1 Specimen data

Specimen Story H?riﬁ)ht V\(/gg;] t fl;;t naturel perlodY(s) Scale
St.1 4 14.375 219 0.82 0.78
St.2 5 15.835 498 0.66 0.69 Full
St.3 3 10.750 196 - 0.64

for specimen St.3, the described natral period is in the Y direction alone, since the shaking test was in one
direction only.

Table 2 Maximum story drift angle and definition of deformation level stage

Maximum story drift Deformation level stage and damage
Specimen  Excitationwave  angle Rma (x10° rad) state after experienced excitaion
X Y Stage Damage state
JR-Takatori-5% 1.2 1.1
1 - .
JR-Takatori-13% 2.6 2.8 exterior cladding
St.1 JR-Takatori-20% 6.0 5.0
JR-Takatori-40% 10.0 11.0 ) ]
i Sz yield main frame
JR-Takatori-60% 14.0 19.0
JR-Takatori-100% 91.4 152.4 Ss story collapse
JR-Takatori-5% 0.7 0.5 (damages in

exterior cladding

JR-Takatori-20% 35 2.0 S1 and slab before
St JR-Takatori-30% 4.8 35 the stage, S1)
JR-Takatori-40% 55 5.7
JR-Takatori-50% 7.0 7.4 Sz yield main frame
JR-Takatori-70% 11.0 8.4
Nankai-50% - 5.4 S1~S» )
Nankai-100% - 12.7 Sz damage In slab
JR-Takatori-40% - 15.2
JR-Takatori-60% - 28.4 &, yield main frame
St.3 JR-Takatori-80% - 30.7
JR-Takatori-100% - 76.5 beam fractures
Nankai-50% - 13.9
Nankai-100% - 24.5 Sq -
Nankai-150% - 31.2
4
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2.1 Specimen St.1 [9-11]

Specimen St.1 in Fig. 1 (a) simulates a four-story building with a height of about 14.4 m. Tests were conducted
on this specimen with the objective of confirming the structural performance and degree of damage when the
building is subjected to the level of earthquake motions assumed in the current design codes. Moreover, the
tests were performed to determine the margin at which the building completely collapses under seismic
motions with large amplitude levels. Simultaneously, it is important to note that nonstructural members were
attached inside and outside the test building in imitation of the actual building in order to evaluate its capacity
to retain building functions.

2.2 Specimen St.2 [12]

Specimen St.2 in Fig. 1 (b) simulates a five-story building with a height of about 15.8 m. Similar to specimen
St.1, non-structural members were provided to match the actual conditions as much as possible, assuming the
example of an office building. For the tests, brace dampers were used as damping devices, since the objective
of the study was to verify the performance of buildings with damping devices attached under large earthquakes.
Excitation tests were conducted in their respective order on the same specimen, with (1) steel, (2) viscous, (3)
oil, and (4) viscoelastic dampers, as well as with (5) no damper attached. In this study, only the test results of
case (5), with no damper attached, are considered. In case (5), the main structure had already experienced
multiple excitations performed with the damper in each of the cases (1) to (4), although the structure remained
within the elastic range. However, cracks had appeared on the slabs and the stiffness had already decreased as
a result during the tests performed in cases (1) to (4). Hence, the value given in Table 1 is the natural period
for the initial state for case (5).

2.3 Specimen St.3 [13]

Specimen St.3 in Fig. 1 (c) simulates a structural plane of a three-story building frame with a height of about
11 m. However, this specimen is somewhat different from the usual building conditions. The columns on line
A and C in the longer direction support the floor slabs in the vertical direction alone. The column top and
column base at each floor are pin-supported, so as not to resist lateral forces, while the first floor column bases
on B are exposed with only the column bases on B fixed. The main objective of the tests on this specimen was
to establish a method to evaluate the residual seismic performance of damaged buildings, with a focus on
continuing the use of buildings with damaged main structural members. During the input of the JR- Takatori
wave 100% (shown in Table 2), the beam end fracture was confirmed, despite several excitations continuing
even after the rupture, in accordance with the objective given above.

3. ldentification method for vibration characteristics

In this study, the results obtained from identifying the vibration characteristics, namely the first and second-
mode natural periods and damping ratios in the horizontal direction, are analyzed for each specimen. The ARX
model [8] is used as the identification method, with a single input and single output system and a band-pass
filter applied beforehand on the input-output data [3, 4].

Publicly available data from NIED was used to examine actual measurement data [5]. During identification,
acceleration records in the horizontal direction on the first and top floors of the building were used to identify
the first mode, whereas the records on the first and middle floors of the building are used to identify the second
mode. The locations of the accelerometers are shown in Fig. 2. For specimen St.2, the average value of the
two points is used.

For specimen St.2, it has been reported in the reference [14] that the effect of the shaking table's rocking motion
is relatively large, such that the rotational acceleration component cannot be ignored. To identify the vibration
characteristics in the referenced study, the transfer function is defined by the following equation as the ratio of
the absolute acceleration response at the k-th floor ii,,, , and the harmonic acceleration input corresponding to

the j-th mode ii, +H,, ;0,

© The 17th World Conference on Earthquake Engineering - 2¢c-0095 -



The 17th World Conference on Earthquake Engineering

17t World Conference on Earthquake Engineering, 17WCEE
Sendai, Japan - September 13th to 18th 2020

ﬁtot,k
Grj(w)y=—— 5
g tH g 0g

@)

Here, Hegj is the equivalent height for the j-th mode. In the reference [14], the vibration characteristics were
identified by matching the theoretical transfer function obtained assuming the transfer function in Eq. (1) to
the spectral ratio of the actual measured data determined by similarly considering the rotation.

Accordingly, the input data used for identifying specimen St.2 in this study is calibrated in advance by
considering table-rocking motion according to Eq. (1). We consider the rotation effect for identifying specimen
St.1 as well. However, for specimens St.3, no particular calibration was performed, as the rotation effect can
be considered small, since the specimens are lightweight [15].

After verifying that the solution is stable and that the effect of parameter changes on the identification results
is small, the analysis conditions of the ARX model [8] are set as follows for all specimens.

- The resampling is performed at an interval 10 times the time increment of the record.

- The calculation segment is set to 10 s for the JR- Takatori wave, which is characterized by strong pulses, and
20 s for the other excitations. The calculation segment is run at a 1/4 s pitch.

- In principle, the model order is set to two, although it is set to four only when damage has progressed, and
the identification accuracy is not stable with two orders.

- The time delay term is not considered.

As is shown in the discussion below regarding the vibration characteristics of each specimen, the natural period
(frequency) changes as the amplitude level rises and the damage progresses in the specimens. Thus, for the
preset band-pass filter, the transfer function of each excitation is verified, and a trapezoidal filter is determined
such that the peak of each mode is enveloped, according to the damage process as in the references [3, 4].

4. Discussion on amplitude dependence

In this section, the amplitude dependence of the natural period and damping ratio and their change patterns
according to the structural damage are examined in detail. Specimens St.1 and St.3 are studied mainly, because
they have a large number of excitations and their changes in vibration characteristics are relatively distinct.
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4.1 Relationship between structural damage and deformation level stage

Fig. 3 shows the relationship between stiffness decline rate K/Ko and the maximum story drift angle Rmax of
RC specimen [6]. Fig. 4 shows the relationships between stiffness decline rate K/Ko, the maximum story drift
angle Rmax and first mode maximum average drift angle yayy for each ground motion excitation. The average
drift angle is defined as the value obtained by dividing the maximum relative displacement between the input
and output points by their height. The stiffness decline rate was calculated by secant rigidity during the random
excitation before and after the ground motion excitation, as in the reference [6].
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As shown in Fig. 3, for the RC specimen, it can be seen that the stiffness greatly decreases with increasing the
amplitude from the story drift angle Rmax = 1/1000 rad or less. On the other hand, for steel specimens, there is
little decline in the values until the amplitude exceeded the maximum story drift angle Rmax = 1/200 rad in Fig.
4 (a). From previous studies, anthers [9-13] inferred that the main frames were in the elastic range but non-
structural members were damaged at the point. When the value of Rmax = 1/100 rad was exceeded, their rigidity
decreases for all the specimens. The former is the threshold when taking damage in interior and exterior
cladding materials into account, while the latter is almost agreed with the threshold relaxed due to measures
taken beforehand to prevent damage to the interior and exterior cladding materials, which are used in the
allowable stress calculation in Japanese design code. For only specimen St.3, the stiffness decline rate greatly
decreases to the value of about 0.3 because of the beam fractures.

Comparing the story drift angles and average drift angles in Fig. 4 (b), the ratio of Rmax and yavg is nearly 1 for
both figures until about Rmax = 1/100 rad, indicating that the first mode tends to dominate. Beyond that, yayg is
about 60% of Rmax, because yielding has progressed for all the specimens.

The above results suggest that all the specimens show similar patterns of the relation between the structural
damages and maximum story drift angle. Moreover, as an approximation, the vibration characteristics change
according with the damage of non-structural member or main structure yields shown in Table 2, when the
structure experiences deformations of around Rmax (= yavg) = 1/200 to 1/100. Hence, we classified into three or
four deformation level stages, Si to Ss (or Sa) below, which is shown in Table 2. The amplitude dependence of
the following vibration characteristics is considered by focusing on the changes for each defined stage.

S1: Until the excitation where the average drift angle experienced by the specimen exceeds yay = 1/200 rad.
So: After Sy, until the excitation where yag = 1/100 rad is exceeded.

Sa: After Sy, until the final excitation where the story collapses for specimen St.1; until the beam fractures for
specimen St.3 (until yavg = 1/25 rad is exceeded).

Sa: After Ss, until the final excitation (for specimen St.3 only).
4.2 Natural period

The relationship between the average drift angle yaq per excitation segment and the first and second-mode
natural period T under all the excitations are shown in Fig. 5 (a) for specimen St.1 and in Fig. 5 (b) for specimen
St.3. The periods are shown as natural period ratios with respect to the average period of the initial random
excitation, To. Since the pattern of changes in the X and Y directions of specimen St.1 are similar, only the Y
direction is shown. The regression line and approximation at each stage (calculated assuming the micro-
deformation range reaching to about 1/500 rad for S;), determined as the deformation at which a new maximum
average drift angle is experienced at the previous stage and below, are included in the similar color as the graph
keys. Their coefficient of determination R? is stable and the value of about 0.8 to 0.9.

First, specimen St.1 was considered. From Fig. 5 (a), the overall trend of amplitude dependence can be
observed. Here, the natural period ratio increases with increasing drift angles, regardless of progress of damage
in both first and second mode periods. The changes from stages S; to Sz in (a) of the figure were examined.
First, for S1, both first and second-mode natural period ratios vary with generally constant slopes until the
average drift angle reaches a maximum of 1/200 rad and exterior cladding is damaged. For S;, the same degree
of amplitude dependence as S: was generally maintained until reaching drift angles of about 1/100 rad and
showing relatively pronounced yielding. After shifting to Ss, the lengthening of the periods became slightly
more distinct, with a maximum of about 10% compared with S;.

Next, the results for specimen St.3 were considered. From Fig. 5 (b), an overall trend of amplitude dependence
similar to specimen St.1 can be observed in all stages, regardless of the degree of damage. However, the
following differences can be seen in the progression from stages S; to Sz (S4). Looking at the first-mode period
ratio in (b) of the figure, the change in amplitude dependence (slope) is relatively small as the stages shift from
S1 10 Sy, similar to specimen St.1. In contrast, as the stages shifted from S, to Ss, the first-mode period ratio
becomes conspicuously large, with around 20%-30% larger approximation values than S;, and larger rate of
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increases for overall period variation. For specimen 3, the yielding of the main structure is slight, while the
cracks on the slab have propagated considerably [13]. This may be the main reason for the larger rate of
increase of the natural period ratio from S; to Sz and the more pronounced amplitude dependence than specimen
St.1. Furthermore, drift angles of about 1/25 rad are reached at Ss, and the beam on the second floor fractures,
hence the shift is made to Sa.

Considering the change in vibration characteristics of steel structures, a previous study has highlighted the fact
that the effect of the floor slab composite action is large [16], and comparison between specimens St.1 and
St.3 leads to the assumption that the effects of damage in concrete materials, such as slabs, manifest relatively
easily in terms of the amplitude dependence as well.

4.3 Damping ratio

Fig. 6 (a) and (b) shows the relationship between the average drift angle yag and the first and second-mode
damping ratio h for specimens St.1 and St3, respectively. The stage classifications S; to S, in the key are the
same as in Fig. 5. For specimen St.1 in (a) of the figure, the damping ratio appears to increase and decrease
depending on the amplitude, with the visually determined boundary line depicted by the symbol v.

First, the damping ratios of specimen St.1 were considered. From Fig. 6 (a), the overall trend shows a tendency
for the values of the damping ratio to become somewhat large in response to increasing amplitude within the
deformation range of about around 1/5000 to 1/3000 or less. In contrast, when the above amplitudes are
exceeded, the values tend to decrease within the deformation range of about 1/200 rad or less. When the drift
angle exceeds about 1/200 rad, the values of the damping ratio markedly increase, especially for the first mode.
However, this may be considered to be the effect of hysteresis damping due to yielding.

Next, specimen St.3 was considered. From Fig. 6 (b), the amplitude dependence found in specimen St.1, where
the values decrease depending on the amplitude, can similarly be observed at each stage below drift angles of
about 1/200 to 1/100 rad. Moreover, the differences between stages Si: to Sz for specimen St.1 and St.3 were
examined. Overall, both first and second-mode damping ratios tend to increase when comparing values from
S1to S, and then to S; for specimen St.3, while the changes is relatively small in specimen St.1. As pointed
out in the changes within the natural period, this difference may be attributed to the cracking of slabs, which
causes damping to increase. Furthermore, the values from S; to S4, which involved beam fracture, also tend to
increase in the same way.

Based on the results for specimens St.1 and St.3 above, the change in the amplitude dependence of the damping
ratio shows a common tendency to decrease as the amplitude increases, regardless of the amount of non-
structural members. For both first and second orders of both specimens, the difference in values from S; to Sz
(S4) tend to be relatively small at about 2% when drift angles of about 1/100 rad are reached. Then yielding
becomes pronounced resulting in large increases in the values. The specimen St.1 which does include non-
structural members appears the tendency to increase the amplitude. The amplitude dependence observed
largely in the elastic deformation range above has also been reported in a past study analyzing wind observation
records [17]. Previous studies have shown that this phenomenon is generally captured by assuming a non-
structural wall, which contributes to the stiffness of the entire building up to a certain amplitude, and using an
equivalent viscous damping (stick-slip model) that represents the energy consumption due to external friction
of the member. Specimen St.1 has many non-structural members, such as inner and outer cladding, which may
have also contributed to the rise and fall of the damping ratio.

5. Change according to the average drift angle experienced

Chapter 4 show the tendency for natural periods and damping ratios to vary overall, according to the progress
of yielding and damage in non-structural members once a certain deformation level is reached. In this section,
the relationship between the change in vibration characteristics discussed above and the deformation levels
experienced by specimens St.1 to St.3 will be examined. In particular, the focus will only be on random and
scaled excitations, with relatively small inputs before and after the main ground motion excitations for each
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specimen. The relationships between the maximum of the average drift angles experienced at that point in time
will be presented under each excitation and each vibration characteristic.
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Fig. 7 Relationship between experienced average drift angle yex and natural period ratio T/To
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Fig. 8 Relationship between experienced average drift angle yex and damping ratio h

5.1 Natural period

The relationship between the natural period ratio T/To and the average drift angle experienced yex obtained in
the X and Y directions for all specimens in the first and second modes are shown in Fig. 7 (a) and (b),
respectively. Here, each natural period is obtained as the average value of all relevant excitation segments for
each excitation, and it is normalized with respect to the period during the initial random excitation, To. For
reference, the regression lines determined from the relationship between the natural period ratio and the drift
angle experienced, for the ranges S; to S; and S3 to S4, based on the four stage classifications defined in Section
4.1, are included in each figure together with the regression lines for the same relationship of three RC
specimens in a previous study [6].

According to Fig. 7 (a) and (b), when the specimens experience drift angles of about 1/500 to 1/100 rad, the
first and second-mode natural period ratios show a tendency to increase for specimen St.3, where the slab is
damaged. They show little change for the other specimens. Compared with the regression lines of the RC
specimens [6] in the same range the rates of increase of the period for steel specimens St.1 to St.3 are relatively
small. Moreover, the experienced deformation levels at which the period ratio begins to increase are about
1/1000 rad for RC. A relatively large change in gradient can be confirmed, in contrast to which, the drift angles
experienced for steel are about 1/100 rad. All the specimens showed pronounced period lengthening, with
differences in deformation levels of about a factor of 10.
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The studies in the references [3, 4] have compared the amplitude dependence of the natural period before and
after the 3.11 Earthquake for many buildings. Herein, it was suggested that steel buildings tend to have smaller
changes in amplitude dependence compared with RC buildings, which is almost agreed with the results above.

5.2 Damping ratio

The relationship between the first and second-mode damping ratios and the average drift angle experienced
are shown in Fig. 8 (a) and (b), respectively. Similarly to the damping ratio, a single value is obtained for each
excitation as the average of all segments. As in the previous section, regression lines obtained for the steel
structure specimens and for an RC specimen (one specimen only) [6] are likewise included. One regression
line was calculated for the results of all stages. However, its coefficient of determination R? is value of about
0.2 to 0.3 and show large variations among individual steel specimens. The damping ratio recommended in
references [1, 2] for the elastic range is also shown in the figure as hrc and hs respectively.

According to Fig. 8 (a) and (b), when the specimens experience drift angles of about 1/200 rad, the first and
second-mode damping ratios show a tendency to increase for specimen St.3, similarly as with the natural period
ratio. Moreover, they show generally constant or gradually decreasing values for the other specimens. When
the specimens experience drift angles of about 1/100 rad, yielding progresses in all the specimens. However,
the change in the damping ratio is small even for specimen St.3, until drift angles of about 1/25 rad are reached.
Looking at the change in regression lines, different damping characteristics are found for RC and steel
specimens. The damping values of steel and RC specimens are about to 1 to 2% and 1 to 3%, respectively until
reaching drift angles of about 1/500 rad. These damping ratio almost agree with the recommended values in
references [1, 2]. When the drift angle reaches at 1/100 to 1/25 rad, the damping values of the steel specimen
is about 3 to 4%, which is about 0.5 to 0.7 times to the RC specimen.

6. Conclusions

In this study, the change in vibration characteristics, specifically the horizontal first-mode and second-mode
natural periods and damping ratios, were examined using shaking table tests of steel buildings conducted on
the E-Defense. In particular, a detailed study was conducted on the change in vibration characteristics
according to the deformation level experienced. The findings of the study are as follows.

- The first and second mode damping ratios for the three types of steel specimens were approximately 1%—3%
in almost elastic range. The result showed a slight variability in these values and roughly agreed with the
recommended values in recommended values of Japanese seismic design [1].

- The natural period had an amplitude dependence increasing the value according to the increasing deformation
for steel specimens as well as RC specimens. The effect on amplitude dependence is largely due to damages
in a slab. For steel specimens, the damping ratio had an amplitude dependence, increasing the value according
to the increasing deformation to a certain drift angle when there are non-structural members. After that, the
value decreased with increasing deformation, regardless of the amount of non-structural members.

- In the relationship between each vibration characteristics and experienced maximum drift angle, the changes
in the values of steel specimens were relatively small compared with those of RC specimens. The damping
values of the steel specimen is about 3 to 4%, which is about 0.7 to 0.5 times to the RC specimen, even when
the drift angle reaches nearly ultimate deformation levels.

The results obtained in this study are based on a limited range of results obtained from three specimens. Moving
forward, the authors hope to expand the available data by analyzing further tests.
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