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Abstract: This study evaluates the vibration data of high-rise buildings during a typhoon by mea-
suring the vibration data and using international serviceability standards. In order to do this, the
horizontal vibration serviceability evaluation standards of each country were surveyed, but the
standards that could be applied were limited to ISO10137 and ISO 6897. Despite the trend that the
discomfort of residents increases as the number of high-rise buildings increases, the current standards
are for high-frequency vibrations, such as machine vibrations or vertical floor vibrations, so there
is an urgent need for research on new evaluation methods for low-frequency horizontal vibrations.
As a result of analyzing the effects of typhoons on buildings, the study’s target building had low
natural frequencies of less than 1 Hz, and the highest acceleration was observed to be amplified up
to about 160 times due to the effects of Typhoon Danas and Chaba, but there was no change in the
natural frequency. When this result was applied to the horizontal vibration serviceability evaluation,
it was found that the likelihood of residents perceiving vibration was low during constant vibration,
but during strong winds, the size of the top-floor horizontal vibration exceeded the average level of
vibration perception proposed by ISO standards, so most residents of high-rise buildings would be
likely to perceive the vibration as uncomfortable.
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1. Introduction
Typhoon Proximity Effects Using

1S010137 and 1SO6897. Buildings The structure and form of high-rise buildings are determined by the lateral resistance
2023, 13,2119, https:/ /doi.org/ system caused by wind loads rather than earthquake loads. Earthquakes happen abruptly
10.3390/buildings13082119 and rarely, whereas wind constantly and continuously affects the entire building. Addition-

ally, earthquake loads generally only act in one direction, but wind loads affect the building
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cademic Betfor: Tavier Fomao in all directions, so the design and analysis of high-rise structures usually focus on wind

Received: 20 June 2023 loads rather than earthquake loads.

Revised: 25 July 2023 Furthermore, wind-induced vibrations causing serviceability problems in high-rise
Accepted: 18 August 2023 structures are more likely to become a social issue than structural collapse caused by
Published: 21 August 2023 wind. Many construction companies already use computer modeling in compliance with

architectural laws and standards at the planning stage to simulate earthquakes or wind
loads and consider ways to regularly maintain structural elements during the structural
- planning stage.

In addition, by using active control systems to detect wind loads and sensors and
actuators to reduce the vibrations of a structure, the problem of structural collapse from
wind loads can be sufficiently prevented. However, the prevention of collapse does not
guarantee a building’s serviceability.

Humans are very sensitive to swaying and vibration. Generally, high-rise buildings
are thought to have inherent vibration frequencies of 0.8-3 Hz, as reported [1,2]. This
can vary depending on factors such as the building height, mass, stiffness, etc., but it is
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a unique vibration tendency of a building that is unaffected by external forces such as
wind or earthquakes. Values of vibration that change due to external forces are generally
measured in acceleration, typically as g-forces, in which 1 g means the acceleration due to
Earth’s gravity. When the wind speed is high, the acceleration level of high-rise buildings
is typically in the range of 0.01-0.1 g, and when an earthquake occurs, it can reach 0.5 g
or more. Therefore, people in high-rise architectural structures that are always exposed to
wind in the upper part of the building are constantly exposed to low-frequency vibrations.

Exposure to low-frequency vibrations for a certain period of time can have various
negative effects on the human body [3]. These effects can be grouped into physiological
effects, such as dizziness, nausea, and headache, and psychological effects, such as anxiety,
depression, and loss of concentration [4-6]. Due to these considerations, it is essential
to implement a vibration monitoring system in high-rise buildings, which consistently
measures the acceleration of vibrations and periodically notifies the occupants, as indicated
by various sources.

The standards for building vibration monitoring in South Korea are based on article 6
of the earthquake disaster countermeasures law (measurement of earthquake acceleration
of key facilities, etc.). Monitoring sensors are installed and operated in large civil engi-
neering structures (such as dams, reservoirs, and bridges), high-rise buildings, domestic
government buildings, power plants, substations, gas facilities, and other structures that
are highly susceptible to earthquake damage. The seismic accelerometers used in these
buildings require a high level of technical expertise and a high cost to operate due to the
requirement for secure communication networks, GPS synchronization, and high dynamic
range. Vibration monitoring not only requires structural health monitoring (SHM) to review
the safety of major components of structures, but it also uses vibration measurement data
to explain the dynamic characteristics of structures under various horizontal loads (wind
loads, earthquake loads) or vertical loads. The recorded vibration data also make it possible
to quickly identify the cause of the vibration through various signal analysis techniques in
the case of accidents caused by vibration. High-rise buildings are equipped with systems
that can measure sub-1 Hz low-frequency vibration, continuous non-vibration, and maxi-
mum acceleration during earthquakes and wind loads. In addition, software-based filters
that can remove vibration components other than the natural vibrations of the building and
system identification techniques for extracting modal parameters such as the building’s
natural frequency, damping ratio, and mode shape are required.

City spaces are expected to become increasingly crowded in the future, and the need
for vertical space will increase, as pointed out [7]. The trend of constructing high-rise
buildings that have combined residential, commercial, and public spaces is also expected
to continue. Therefore, the demand for studies that analyze the characteristics of high-rise
buildings or evaluate their serviceability regarding vibrations will continue to increase.

This research undertakes the measurement of horizontal vibrations in a 63-story
skyscraper situated in Busan during and immediately following typhoon conditions,
utilizing a general-purpose data acquisition system. Crucially, the wind engineering
characteristics of Busan—its coastal location, its hilly terrain, its temperate climate im-
pacted by typhoon occurrences, and its urban environment with high concentrations of tall
structures—all play significant roles in this investigation. By taking these factors into
account, the study proceeds to evaluate the building’s serviceability in accordance with
international standards, accomplished through an analysis of the variations in the natural
frequency and amplitude of the vibrations.

2. Related Work
2.1. International Standards for the Evaluation of Vibration Serviceability of Buildings

Starting in 1931, the ASCE’s division committee began researching serviceability issues
such as the discomfort felt by residents when buildings undergo vibrations due to human
responsewind loads and other external forces. This research determined that for residents
to comfortably reside in a structure, the deformation of the structure must be within a
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certain range. In 1962, Fischer proposed limiting the torsional displacement caused by wind
loads to 1/500 of the building’s height. This limit was claimed to secure the serviceability
from vibrations, providing satisfaction to residents.

In 1973, Chang proposed a curve that represents the discomfort felt by residents of
high-rise buildings in the high-vibration frequency range of 1 Hz to 35 Hz, according to
the human vibration response. Also, in 1972, Chen and Robertson presented the human
response to vibrations between 0.067 Hz and 0.2 Hz [8,9]. However, it should be noted
that previous research results should be taken into consideration with the recognition that
simulated vibrations through experiments may differ from actual building vibrations.

To verify these results, in 1973, Hansen, Reed, and Vanmarche conducted a survey
of workers in a 40-story steel-framed building and measured the acceleration values that
caused discomfort [10]. Based on the above studies, serviceability criteria for predicting
the dangers of whole-body vibration to human health were established that can be applied
to various situations such as building vibrations, machinery vibrations, and train interior
vibrations. However, when applying these criteria to buildings, they only apply to buildings
with frequencies above 1 Hz and below 1 Hz.

BS6841:1987 and 1SO2631-1:1997 are standards that can be applied to buildings with
frequencies above 1 Hz. However, high-rise buildings typically have a frequency lower
than 1 Hz, and it is appropriate to use standards that can be applied to frequencies below
1 Hz for serviceability evaluation [11-13]. However, as there are no domestic or foreign
standards that apply to buildings with vibrations below 1 Hz yet, similar standards need
to be comprehensively considered and applied as shown in Table 1.

Table 1. Overview and characteristics of vibration evaluation criteria in different countries.

Year Nat.l on Standard Name Overview Note
/Organization
1984 SO 1SO 6897 Evaluation qf res1den.ts awareness of
horizontal vibration
United British standard guide for measuring and evaluating
1987 - BS 6841 whole-body vibration amplitude in mechanical
Kingdom g
vibration and repeated shock
1987 1SO 1SO 2631-1 Evaluation of whole-body
vibration—basic requirements
1990 Umted BS 7385-1 Guidelines for' e\/.aluat'lng e}nd measuring
Kingdom building vibration
Vibration caused by
1992 United BS 6472 Guide for evaluating whole-body vibration continuous shocks in
Kingdom amplitude due to building vibration (1 Hz to 80 Hz)  buildings, similar to
ISO 2631-2/1989
. Evaluation and measurement of building o
1993 Umted BS 7385-2 vibration—guide to long-term hazard level from Similar to ISO
Kingdom I 4356/1977
ground vibration
ISO Amendment Building vibration—guidelines for impact .
1994 150 2-4866 assessment and vibration measurement in buildings Similar to BS 7385-1
1995 Canada NBC 1995 [14] Evaluation of floor V1brat}on due to pedestrian and
dynamic loads
Guideline for environmental assessment of P;lobrlfificrlofni egrﬁﬁe
1997 Denmark low-frequency sound and vibration, based on

vibration assessment

No. 9/1997 and ISO/DIS 2631-2 in 1983
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Table 1. Cont.

Year Nat} on. Standard Name Overview Note
/Organization
Evaluation unit:
Evaluation criteria for vibration—measurement and corrected vibration
1997 Sweden SS 4604861 guideline for comfort assessment in velocity amplitude
buildings—based on ISO/DIS 2631-2 (mm/s), standard:
5nm/s
United States Classification of vibration factors caused by human
1997 ’ AISC #11 walking, rhythmic movements, and machinery
Canada . o s
in buildings
Unified method for assessment of whole-body
1999 Germany VDI 2057-1 vibration and its evaluation for comfort, health, and ZB{;&S(Z shiii:ig;g
vibration perception—based on ISO 2631-1/1997 p
Defines a scale for human exposure to building L?W.s concerning
. . . . building vibrations
2002 France vibrations, establishes regulations and control .
. have been edited
methods, and evaluates complaints .
since 1986
Furopean Minimum health and safety requirements regarding
2002 Unilfc)e d EC3,EC4 the risk of worker exposure to noise generated Directive 89/391/EC
in a building
2003 1SO 1SO/DIS 8041 Human response to vibration-measuring instrument
Evaluation of human exposure to mechanical If the direction of
2003 1SO ISO 2631-2 vibration and shock—whole-body vibration in motion is clear, use
buildings (1 Hz to 80 Hz) 1SO 2631-1
Quantitatively evaluates the serviceability of
2007 ISO ISO 10137 structures such as buildings or bridges for users

exposed to vibration

There are standards that can be applied as evaluation criteria for the horizontal vibra-
tion of buildings due to strong winds in various countries, such as the residency guide-
line for Japan’s building vibrations by AIJES-V 001-2004, the NBCC of Canada:1990, the
AISC#11 [15], which is a combination of American and Canadian standards:2016, the Aus-
tralian standard:1975 [16], and EURO CODE:2002. Many of these standards have also
been established based on the research achievements of each country. Therefore, each
international standard varies in setting the necessary permissible levels and evaluation
methods for the serviceability evaluation of buildings.

The variations are largely categorized by the use of the maximum response acceleration
and the use of the RMS value, and the reproduction period of wind speed ranges from
0.5 years to 10 years. Also, the average wind speed can vary from 10 min to 1 h. The
reproduction period of wind speed can be different in each country, and it is good to use
the value processed statistically by the country to reflect the wind strength that often occurs
in that country.

The second evaluation method involves using the acceleration value as two different
scales, the maximum acceleration and the RMS acceleration. This is because vibration
acceleration patterns appear differently depending on the shape of the building, dynamic
characteristics, and wind characteristics. Maximum acceleration refers to the maximum
value of acceleration caused by wind during a set period of time for a fixed point of the
building. RMS acceleration is the RMS (root mean square) value of acceleration measured
during the same period of time.

Humans are better at detecting acceleration than deformation and velocity, but they
have a tendency to forget small changes in acceleration. Therefore, the method of evaluation
using maximum acceleration values may be advantageous in evaluating the discomfort
induced by perceiving the starting point and intensity of vibrations. Evaluation using RMS
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acceleration is used because it places more importance on the duration of the stimulus,
and it is more advantageous for studying human discomfort and the habitability of a
building with regards to vibrations. Therefore, it is considered more reasonable to use RMS
acceleration in the serviceability evaluation of buildings. However, in some countries, only
the maximum acceleration is used, and it is speculated that this is because the maximum
acceleration is used without any additional post-processing steps, making it easier for the
general public to use according to the characteristics of the national standard. Therefore, this
study has investigated several important criteria in detail to find an appropriate horizontal
vibration serviceability evaluation criterion.

2.2. BS 6841:1987

BS 6841:1987 provides a standardized method for measuring and evaluating vibration
and repetitive shocks [11]. The evaluation method considers frequency weighting func-
tions, root mean square acceleration (RMS), vibration dose value (VDV), and discomfort
symptoms in the low-frequency range of 0.1-0.5 Hz. BS 6841 defines frequency weighting
functions for each of the 12 axes, thus providing specific distinctions for applying filters
to each vibration axis. Compared to ISO 2631-1, BS 6841 is a highly preferred evaluation
standard in the general industry. The reason for applying filters is to correct the perception
of the strength of acceleration coming from the same vibration source, which varies in
different directions, as shown in Figure 1. The weighting values related to the filter are
shown in Table 2. The frequency weighting function graph drawn according to this table is
shown in Figure 2.

Seated
Position

| Amplifier
!

DAQ

(Data Acquisition)

Measure Acceleration

Figure 1. Schematic configuration for the measurement of whole-body vibration.

Table 2. Frequency weighting function and axis multiplying factor.

Input Position Axis Frequency Weighting Axis Multiplying Factor

X wd 1.00

Y wd 1.00

z Wb 1.00

Seat Rx We 0.63
Ry We 0.40

Rz We 0.2

X Wce 0.8

Seat back Y wd 0.5
z wd 0.1

X Wb 0.25

Feet Y Wb 0.25

z Wb 0.4
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Figure 2. British standard frequency weighting function.

2.3. 1SO 2631-1:2003

ISO 2631-1:2003 defines a method for quantitatively evaluating the health, comfort,
perception, and motion sickness phenomena of the human body when exposed to whole-
body vibration [12]. The direction of the human body when exposed to vibration, such
as a seated, standing, or lying down position, is evaluated using frequency-weighted
acceleration response, which is calculated by applying different vibration weighting filters
and evaluated by various evaluation indices, such as the RMS (root mean square), MTVV
(maximum transient vibration value), or VDV (vibration dose value), depending on the
form of the acceleration response.

ISO 2631-1 considers the frequency-weighted acceleration response based on the
sensitivity of the human body. To account for this, the level of perceivable acceleration
response changes depending on the direction in which it is transmitted to the human body.
Therefore, the human vibration is evaluated using the human coordinate system presented
in Figure 3, where the z-axis is in the direction of the spine.

z
A

Standing
Position

x
Racumbeant ‘
Position

(b) Standing posture (c) Lying posture

Figure 3. Human coordinate system used in ISO 2631-1.
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In ISO 2631-1, vibrational loads such as Wy, W, and Wf are presented for major
activities and transmitted vibration directions. Table 3 represents various vibrational loads
presented in ISO 2631-1. To obtain the weighted acceleration response from vibrational
loads, a transfer function H(f) composed of combinations of a high-pass filter, a low-pass
filter, an acceleration—velocity transition filter, and an upward step filter must be used, as
shown in Table 4. The vibrational load weighted curves composed of this combination are
shown in Figure 4. It can be confirmed in the figure that the evaluation frequency of Wy,
Wy, and W [ is 4-8 Hz, 0.5-1.5 Hz, and 0.125-0.25 Hz, respectively.

Table 3. The types of vibration weighting and human coordinates presented in ISO 2631-1.

Vibration Frequency

c oy, Health Comfort Perception Motion Sickness
Weighting
Z-axis, Z—a?< 15/ seatgd pos1t}9n Z-axis, seated posture;

Wy - Z-axis, standing position, . . -

seated position . i z-axis, standing posture

lying down position

X-axis/y-axis, Sitting postgre, x-axis/y-axis
Wy Standing posture, - -

seated posture . .

x-axis/y-axis

Wy - - - Vertical direction

Table 4. Parameters used in each vibration weighting in ISO 2631-1.

Acceleration-to-Velocity

Vibration Frequency Bandpass Filter Transfer Filter High-Pass Filter
Weighting
flHz) f2(Hz) f3(Hz) f4(H2) Q4 £5 (Hz) Q5 f6 (Hz) Q6
Wi 0.4 100 12.5 12.5 0.63 2.37 0.91 3.35 0.91
Wy 0.4 100 2.0 2.0 0.63 oo - 00 -
Wf 0.08 0.63 00 0.25 0.86 0.0625 0.80 0.1 0.80
10 TTT iﬁ ] T T } TTTT
0 t < -
- ~ 'J
I ye /L,< ~ \\\L
10 f—— 2 AT SN
; 1 ; N
m 20 ‘ p. | 7] 1//r N \\\L[ N
g ~ 4 TRITTN
g JA | K ~ \
£ 30 |4 e L L \ | S
e [ ‘ ™
2 40 8 BERE B | NN
L L R T T TS
3 1 N 1 1 U g \
g l L r [ FIN P_iﬁ_ r{ 'l ‘\‘\
- HNRNRRRNERARNRRRANRARENE RN
-60 2 —r—t “l"" i B - \ T | I T [ | el \
0 w4 LN L[] ] i |
10 g —————wy A T t t | T t -
et '|i | | JRERERR | | T | |
-80 | | 1 | % ALl | 1 y 1! ! ", ‘ A i 1
0.016 0.0315 0.063 0.125 0.2 1 2 4 8 16 315 63 125 250

Frequency (Hz)

Figure 4. Weighting curves used in ISO 2631-1 for vibration measurement.

By utilizing this vibration weighting curve, the measured acceleration data can be
processed in three ways to evaluate the vibration serviceability. First, as a basic evaluation
method, ISO 2631-1 defines the frequency-weighted RMS acceleration a,, in Equation (1) as
the evaluation indicator:
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p(t) = H/()Tagu(t)dt} 05 o

Here, a,, is the frequency-weighted acceleration, and T is the response measurement
time.

Next, we consider the maximum transient vibration value (MTVV). Although the
frequency-weighted root mean square (RMS) acceleration is a significant indicator when
evaluating human vibrations, an additional evaluation method incorporating peak vibra-
tions is required for assessing short-term intermittent vibrations (transient vibrations) or
shocks. ISO 2631-1 defines the crest factor, which is the ratio of the maximum instantaneous
acceleration of the response to the frequency-weighted RMS acceleration. If this value
exceeds nine, the maximum transient vibration value (MTVV) or the third evaluation
method, the vibration dose value (VDV), is employed as the indicator to evaluate human
vibrations. To assess intermittent vibrations or shocks, the running RMS acceleration a,,(tg)
at the instantaneous time t(, as defined in Equation (2), can be utilized:

1 rto 0.5
aw(to) = [T / aé(t)dt} 2)
to—T

Here, ty is the instant time, a, (t) is the frequency-weighted acceleration, and 7 is the
integration time for RMS calculation. In other words, the maximum value of the RMS
displacement over the total measurement time is referred to as the maximum transient
vibration value (MTVV, Equation (3)). The MTVV has a higher value compared to the
frequency-weighted RMS acceleration, so it can be used in cases in which a more con-
servative vibration evaluation is required. The MTVV is calculated using the following

formula:
MTVV = max[ay(to)] (3)

Here, ay(tp) is the frequency-weighted moving RMS acceleration estimated through
Equation (2). Finally, in the evaluation of building vibration serviceability, in most cases, the
goal is to reduce or eliminate discomfort, so a vibration serviceability evaluation based on a
sense of stability index is required. Through the previously estimated frequency-weighted
RMS acceleration, the maximum excessive vibration value, etc., the study examines whether
the discomfort meets the conditions in Table 5.

Table 5. Assessment of discomfort specified in ISO 2631-1.

0.315 m/s?; 0.315 m/s? 0.5 m/s? 0.8 m/s? 1.25 m/s? In Excess of
or Less —0.63 m/s? —1 m/s? —1.6 m/s? —2.5 m/s? 2 m/s?
. Causes Causes Causes Causes
Causes slight .
Uncomfortable discomfort moderate average significant extreme
discomfort discomfort discomfort discomfort

2.4. 15O 10137:2007

ISO 10137:2007 regulates the method of quantitatively evaluating the serviceability of
structures such as buildings or bridges for users exposed to vibrations [17]. Based on the
evaluation indices and weighting of vibration numbers in ISO 2631-2:1989, the standard
evaluates human vibrations through quantified results [18]. ISO 10137 determines the
standard curves for human vibrations and presents these according to the purpose of the
building, based on the RMS acceleration. Figure 5 is the evaluation curve of vibration
serviceability presented in ISO 10137.
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Figure 5. Human perceptibility evaluation curves presented in ISO 10137.

The RMS acceleration size of the ISO standard curve is based on R = 1 (0.005 m/s?)
and divided into “quiet office (R = 2)”, “general office (R = 4)”, and “Workplace (R = 8)”
according to the intended use of the building, with a weighting factor applied. Here, R
is the response coefficient that represents the ratio of the minimum RMS vibration size of
the ISO standard curve (base curve) of 0.005 m/s? and the measured RMS acceleration.
In short, the level of floor vibrations can be expressed by using the response coefficient R,
which is indicated by the multiple of the minimum acceleration size of 0.005 m/s?.

2.5. AISC (American Institute of Steel Construction) Design Guide 11:2002

The AISC Design Guide 11:2002 evaluates the vibration performance of buildings
based on the basic curve of ISO 2631-2:1989, which is different from ISO 2631-1:1997 and
ISO 10137:2007. It categorizes walking, rhythmic movement, and mechanical equipment
as the main causes of vibration in buildings and evaluates the serviceability of vibra-
tions through maximum value estimation equations and vibration frequency evaluation
equations corresponding to each factor.

The maximum acceleration size according to the use of a room is divided into “office,
residential” (R = 10), “indoor walkway, shopping mall, dinner and dance” (R = 30), and
“mobile behavior, outdoor walkway” (R = 100) by applying weights based on the ISO
standard curve (R =1, 0.05 g), as shown in Figure 6. The AISC is the only standard that
presents an allowable vibration acceleration size for flooring that generates large vibrations
for rhythmic activities, such as performance venues.

The evaluation method presented by the AISC compares the allowable limit with the
calculated maximum response of the structure to confirm its vibration performance. If
the response is lower than the limit according to the standards presented in Figure 6, it
is judged that it is difficult for a person to perceive vibration. The maximum acceleration
size for walking is calculated in Equation (4), and the maximum response for rhythmic
movement is calculated in Equation (5). To estimate the maximum value of floor vibration
acceleration, the natural frequency of the floor and the mass per unit area must first be
calculated. In addition, the dynamic coefficient is presented for each activity in Table 6, and
it is possible to reflect the vibration phenomenon.

a/g= Rgli\lljo cos (27Tifstept) 4)
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Figure 6. The human response evaluation curve presented in AISC Design Guide 11.

Table 6. Dynamic coefficients for maximum response estimation.

Order of Harmonic Person Walking Aerobics Group Dancing
Vibration fHz o fHz o; fHz o;
1 1.6-2.2 0.5 2-2.75 15 1.5-3 0.5
2 3.2-4.4 0.2 4-55 0.6 - -
3 4.8-6.6 0.1 6-8.25 0.1 - -
4 6.4-8.8 0.05 - - - -

Here, a/g refers to the ratio of acceleration to gravitational force, R represents the
reduction factor, B denotes the damping ratio, W represents the effective weight of the
building, fstep signifies the vibration frequency of pedestrian loads, and i represents the
first harmonic frequency.

1.3a;wp /wy

N CEEG

Here, a, /g refers to the ratio of the acceleration history and gravitational load, «;
represents the dynamic coefficient, w), represents the effective mass of a person walking on
a floor per unit area, w; represents the effective mass of the floor per unit area including
walkers and residents, and f refers to the frequency of vibration (=i fstep).

Typically, vibration problems in buildings occur when the frequencies of the building
and the floor have a close match. Therefore, for more conservative design, it is necessary to
ensure that the harmonic component of the frequency f of the building matches the floor’s
natural frequency f,;, and the maximum acceleration response must take into account the
response including the harmonic component, as shown in Equation (6):

am = [Z ald

©)

}1/1.5 (6)
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The AISC Design Guide 11 suggests applying the minimum natural frequency of the
floor plate according to Equation (7) to reduce the occurrence of resonant conditions, in
addition to the comparison method of the maximum acceleration calculation and the limit:

k aiwyp
ap/g wi

fn > fi)1+ ()

Here, k is a constant (military parade: 1.3, concert or sports event: 1.7, aerobics: 2.0),
a9/ g is the acceleration limit value (if a sensitive floor condition is required, less than
0.05). The AISC Design Guide 11 reports that structural fatigue problems can occur if the
acceleration on the floor reaches 50% of the periodic gravitational acceleration. Therefore,
the recommended maximum acceleration for rhythmic activity is 4% to 7% of gravitational
acceleration.

2.6. 15O 6897:1984

ISO 6897:1984 was established due to the increase in building modifications caused
by industrialization as well as the increase in the number of high-rise buildings, in order
to verify the impact of low-frequency horizontal movements on residents [19]. It also acts
as a guide for designing structures so as not to harm the health of people living in fixed
structures that are frequently exposed to storms, such as marine structures. This standard
is evaluated with the RMS value of acceleration for the 5-year expected wind speed of
the 10 min average wind speed and suggests curves that can be applied to the evaluation
of the four rarely occurring vibrations. Figure 7 shows the curve that can minimize the
negative response of people to horizontal vibration in buildings and marine structures
that are commonly used. Figure 8 shows the average value and lower threshold value of
recognition for horizontal vibration.

100

080

063
0,50

040

0,315
025

0,20

0,16

0,125

010

0,080

0063

RMS Acceleration, m/s?

0,050,

0040

0,0315) ‘
0025 ‘
0020}——

0016]

T

—

| | |
00125 ; l i '

|
0,010 | 1 1 l' 1 l ‘ ’
0,063 0,08 0,10 0,125 0,16 020 0,25 0315 0,40 050 0,63 080 100

Frequency (Hz)

Figure 7. Suggested satisfactory magnitudes of horizontal motion of buildings used for general
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of buildings.

2.7. Trend of Studies Related to the Serviceability Evaluation of High-Rise Buildings

Most of the previous literature that evaluates the horizontal vibrations of high-rise
buildings can be divided into studies that identify the building’s system and studies that
directly survey people’s reactions to the structure’s own performance. These studies have
focused more on investigating the fundamental causes of vibration rather than presenting
research based on livability or serviceability. Furthermore, it was difficult to find studies on
the serviceability evaluation of low-rise buildings and mid-rise buildings.

The trends in papers related to the standards and serviceability of buildings are as
follows. Howarth (2015) analyzed the differences between the ISO6897 and ISO13137 stan-
dards and studied which criteria are appropriate depending on the situation by evaluating
the RMS acceleration and PEAK acceleration using these standards [20]. Kwok (2006)
pointed to the need for further research on low natural frequencies that typically occur in
high-rise buildings as well as information that clearly analyzes the physiological responses
of people [21]. Michaels (2009) surveyed the discomfort felt by 578 residents of high-rise
buildings and verified the frequency band that causes discomfort by precisely controlling
the frequency with a shaker [22]. Tamura (2006) conducted vibration perception tests on a
variety of buildings, from low-rise residential houses to high-rise buildings, and evaluated
these using the Japanese Occupancy Evaluation Guidelines by AIJES-V 001:2004 [23,24].
Although similar studies have been conducted on the same building size and situation for
the system identification of high-rise structures, it was difficult to find results analyzing
serviceability.

Wang (2019) measured the acceleration response and roof wind characteristics of a
high-rise building in Wenzhou simultaneously on the 10th, 18th, 25th, 32nd, and 41st floors
during typhoons from 2014 to 2016. The building’s x- and y-direction natural frequencies
were 0.39 and 0.41 Hz, respectively, and a study was performed to identify the system based
on the amplitude and frequency characteristics [25]. Wu (2019) analyzed wind velocity
data to verify the relationship between turbulence intensity and mean wind velocity in
the 632 m Shanghai Tower, concluding that the response increases monotonically as wind
speed increases [26]. In 2020, Zhang analyzed the modal parameters of four super-high-
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rise buildings in Shenzhen based on data from Typhoon Mangkhut and analyzed the
change in structural dynamic characteristics with respect to amplitude and time [27]. These
data were used to clarify that the change in damping ratio is related to wind speed and
direction during strong winds. Su (2017) measured the actual effect of Typhoon Usagi on
the Canton Tower, which is 604 m high, by analyzing wind loads and related loads on
high-rise structures for use in structural design [28]. They compared the response due to
temperature to the response due to the typhoon and found that the systematic response
due to the typhoon was slightly less than the response due to temperature.

There is a significant shortage of studies on the serviceability of super-high-rise build-
ings. Because super-high-rise buildings have larger horizontal deformation than vertical
deformation, it is important to design or investigate these buildings considering the ser-
viceability of horizontal vibrations. However, the literature review revealed that there are
only two serviceability evaluation criteria that can evaluate horizontal vibrations, including
domestic and international studies. The remaining criteria mostly concern floor vibrations
and vertical vibrations, and most of them pertain to high-frequency vibration. Therefore,
this study evaluates the serviceability of super-high-rise buildings through the international
standards ISO 10137 and ISO 6897 [17,19].

3. Identification of Target Building Information and Structural System
3.1. Building Information and Acceleration Measurement Method

The target building for measurement is a 63-story reinforced concrete structure located
in Nam-gu, Busan, featuring a basement with four levels. The lateral resistance system
comprises an internal core and external mega columns. The belt wall system, which resists
horizontal forces, is supported by eight outrigger trusses located on the 28th and 29th
floors as well as the 48th and 49th floors. The building stands at 289 m tall, and the
seismic coefficient used in its structural design is 6.3, which represents an earthquake with
a magnitude that occurs once every 1000 years. The building was completed in 2013. The
area from the ground floor to the 3rd floor is used for sales facilities, and that from the 4th
floor to the 62nd floor is designated for office purposes. The basement, which comprises
the 1st to the 3rd floor, is used for parking and machinery rooms, and the top floor, the 63rd
floor, is used as an observation deck. Accelerometers were installed in the central roof of
the 63rd floor in the x- and y-directions, and the location of the accelerometer is shown in
Figure 9. The accelerometer and the data collection device used for measurement are shown
in Figure 10 and Table 7. The accelerometer is a high-sensitivity accelerometer capable of
low-frequency vibration measurement, and the data collection device is a commercially
available device with a & 10 V measurement range and 16-bit resolution. The sensitivity of
the accelerometer during acceleration measurement was set to 100 V/g.

X-dir
-

i

@ Accelerometer

(a) Floor plan and measuring equipment (b) 3D model

Figure 9. Structural plan and accelerometer location.
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Figure 10. Measurement equipment used for monitoring.

The data were measured with a 1000 Hz sampling rate and stored in 10 min intervals.
Table 8 shows the data collection time and weather conditions, and Figure 11 shows the
actual path of the typhoon. The ambient vibration conditions during the measurement
were measured with an average wind speed of 0.1 m/s, in a warm and calm condition
just after the passage of Typhoon Chaba in 2016. The vibration records of the typhoon’s
passage were collected at the time when the maximum wind speed was recorded at its
highest. In the case of Typhoon Danas in 2013, the typhoon’s passage and average wind
speed were similar, but the maximum wind speed was higher, at 22 m/s, compared to
14 m/s for Typhoon Danas. Additionally, the wind speed and direction information during
the monitoring period were obtained from a weather station located 6 km away from the
target building and measured on a minute-by-minute basis.

Table 7. Measurement equipment specifications.

Equipment Model Characteristics
. Measuring range
Accelerometer Wilcoxn 731A e 005450 Hz
o 0.5 g peak
[ )

Broad band noise floor 0.5 pg (2.5-25 kHz)
Power Amplifier P31 Power Amplifier e Sensitivity variation (10-1000 V/g)

e 16 ch analog input
DAQ NI USB-6218 BNC e  16Dbit, 250kS/s
° Dynamic range: 101 dB

Table 8. Wind speed and direction information during acceleration data acquisition.

Average Wind

Date Time Speed (Max) Wind Direction Case
05.10.2016 17:00-18:59 0.1(0.1)m/s Tranquility Ambient Vibration
05.10.2016 11:00-12:59 9.0(22.7) m/s SW Typhoon Chava

08.10.2013 21:00-22:59 9.1 (14.2) m/s NE Typhoon Danas
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Figure 11. Actual path and location of Typhoon Chaba and Typhoon Danas and the building
measured.

3.2. Results of Vibration Acceleration Measurement

Figures 12-14 show graphs of the x- and y-direction’s highest floor vibration accel-
eration waveform and PSD spectrum for three wind loads. The vibration acceleration
time history represents the signal that passed through the low-pass filter with a cen-
ter frequency of 10 Hz, and the PSD spectrum was analyzed using a Hanning window
with a resolution of 1000 Hz. The size of the steady-state unvibrated acceleration wave-
form in Figure 12a is 1/10 the scale of the typhoon vibration acceleration waveform in
Figures 13 and 14, indicating that the steady-state unvibrated acceleration is very small.
The effective acceleration in the x-direction over a 5000 s interval is 0.0016, and in the
y-direction, it is 0.0022 m/s?, respectively. When the same analysis conditions are applied,
the effective acceleration under the condition of Typhoon Chaba in Figure 13a is 0.0508 and
0.0707 m/s?, and the effective acceleration under the condition of Typhoon Danas in
Figure 14a is 0.0311 and 0.0429 m/s?. In the initial 500 s of the Typhoon Chaba condition in
Figure 13, the maximum wind speed was 22 m/s, and the maximum acceleration occurred
in the y-direction, reaching 0.609 m/s2.

T T 102 T
I 1 —— x-dir.
L ] y-dir.
100 1 1
[ L
- — N
L , S
- - & 102f i
0.199 Hz
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 E: 0.187 Hz
Time, s 3 104+ 0.776 Hz |
E 0.524 Hz
; : &
- — £
-6
I _ S 0
L 4 w2
"
L 4 10-8
| ‘ | . ‘ ‘ ‘ . o0 .
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 10 10-" 100 10
Tim
s Frequency, Hz
(a) Time data (b) PSD spectrum

Figure 12. Ambient vibration, 17:00-18:59 5 October 2016.
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Figure 14. Typhoon Danas, 21:00-22:59 8 October 2013.

In the PSD spectrum of Figure 12b, under steady-state conditions, the size of the
acceleration spectrum in the frequency region above 3 Hz is similar to that of
Figures 13b and 14b under wind loads. However, in the frequency region below 2 Hz, the
size of the PSD spectrum was about 1/10,000 smaller than that under typhoon conditions
(when converted to acceleration units (m/s?), this is about 1/100). The lower the frequency
band, the greater the increase in the size of the typhoon acceleration spectrum compared to
the steady-state condition, and the increase in acceleration size at the first-mode natural
frequency of 0.2 Hz was the largest. In other words, it can be seen that the horizontal
vibration acceleration of a high-rise building caused by wind loads significantly increases
in the lower frequency modes of less than 1 Hz.

Tables 9 and 10 show the natural frequencies and spectral amplitudes for the first to
the third modes in the x- and y-directions, respectively. Under high wind speed conditions
of a typhoon, the natural frequencies of each vibration mode decreased compared to the
constant state of non-vibration, with a decrease rate of 2 to 3%. However, it is important to
note that these results may vary depending on the characteristics of the typhoon. Under
the Typhoon Danas conditions in 2013, the natural frequencies of each mode appeared to
be higher than the natural frequencies measured under the steady state of non-vibration
in 2016. This is due to the fact that the target building was not completed in 2013 under
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Typhoon Danas conditions, which makes a relatively smaller floor mass compared to that
of 2016.

Table 9. Natural frequency and PSD amplitude of first three modes for x-direction.

Mode 1 Mode 2 Mode 3
CASE Frequency (Hz) Hz Hz
Power (m/s?) m/s’ m/s?
. 0.199 0.524 0.776
Ambient (2016) 1127 % 104 6.631 % 10~7 1.644 x 10~°
0.195 0.514 0.766
Chaba (2016) 0.3563 8317 x 10-5 1.804 x 1073
0.2 0.554 0.789
Danas (2013) 0.1889 1.586 x 10~* 9.056 x 1074

Table 10. Natural frequency and PSD amplitude of first three modes for y-direction.

Mode 1 Mode 2 Mode 3
CASE Frequency (Hz) Hz Hz
Power (m/s?) m/s’ m/s”
_ 0.187 0.524 0.776
Ambient (2016) 4142 % 10-5 3.932 x 106 1.731 x 10~°
0.183 0.514 0.772
0.184 0.554 0.801
Danas (2013) 0.2761 7.322 x 1075 8.587 x 1074

3.3. Evaluation of Serviceability on Vibration Acceleration of Horizontal Vibration

The study’s target building was a 63-story high-rise building, and the first-mode
natural frequency was approximately 0.2 Hz. People are typically sensitive to horizontal
vibrations of 1-2 Hz, but 0.2 Hz can also cause dizziness or nausea if the vibration ac-
celeration is high. According to ISO 2631-1, if the building’s horizontal vibration is high,
occupants can express discomfort, so it is necessary to constantly monitor and analyze the
horizontal vibration size through continuous vibration monitoring.

In this section, the horizontal vibration serviceability evaluation of the measured
acceleration was performed under three wind loading conditions for two hours. The
serviceability evaluation followed the guidelines of ISO 10137 [17] and ISO 6897 [19].
ISO 10137 proposes the maximum acceleration of the building for office and residential
use based on a 1-year repetition cycle wind load, and the size of the maximum allowed
acceleration varies depending on the first-mode natural frequency of the building. ISO
6897 proposes the allowable size of the horizontal vibration acceleration of the building
with a frequency range of 0.063-1 Hz for the maximum wind load with a 5-year repetition
cycle, in terms of effective acceleration. The proposed effective acceleration is presented in
four lines, with two each for the human perception level and the building use purpose.

Figures 15 and 16 are graphs that show the evaluation results of the building’s hori-
zontal vibration acceleration calculated according to the ISO 10137 and ISO 6897 standards,
respectively. The size of the horizontal vibration acceleration applied using the two stan-
dards is summarized in Table 11.
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Table 11. Comparison of top-floor acceleration amplitude by wind load conditions, m/s?.

e Peak Acc. RMS Acc.

CASE Direction (Figure 15) (Figure 16)
. x-dir 0.0185 0.0011
Ambient (2016) y-dir 0.0094 0.0006
x-dir 0.6088 0.1907
Chaba (2016) y-dir 0.3217 0.1218
x-dir 0.1980 0.0552
Danas (2013) y-dir 0.1697 0.0493

Figure 15 is a graph showing the maximum building acceleration under wind load
conditions. Under steady-state conditions, it meets the standards for office and residen-
tial buildings, but under Typhoon Chaba and Typhoon Danas conditions, the maximum
horizontal vibration acceleration in both the x- and y-directions exceeds the office level.

Figure 16 is a spectrum that shows the effective horizontal vibration acceleration at
a one-third octave center frequency, based on the ISO 6897 standard. The frequency at
which the maximum value of the average actual acceleration over 10 min measured for
2 h was located is close to the 0.2 Hz center frequency, which is close to the building’s
first-mode natural frequency in all conditions. The actual horizontal vibration acceleration
value at the upper floor of the building was below the lowest level that can be perceived
by people under the condition of continuous non-vibration. However, under the two
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typhoon conditions, the actual horizontal vibration acceleration value exceeded the average
threshold that adults can perceive on average and was evaluated as exceeding the size
of the allowed acceleration (0.05 m/s? at 0.2 Hz) for a general-purpose building (curve 1,
general purpose).

During strong winds, the magnitude of horizontal vibration on the top floor was
found to be at the level of the average vibration tolerance level proposed by ISO, so it is
expected that most residents of high-rise buildings will experience horizontal vibrations.
The average wind speed of the strong winds measured in this study was about 20 m/s,
which is two-and-a-half times the average wind speed of 7-8 m/s in South Korea. Therefore,
there is a low probability that residents will experience vibrations at the constant vibration
level, but during strong winds, there are vibrations of a size that can cause discomfort, so
guidance or safety management measures are required.

4. Summary and Conclusions

This study aimed to evaluate the level of discomfort experienced by residents of
high-rise buildings in South Korea when excessive transverse deformation occurs due to
the influence of typhoons. To do this, we measured the acceleration of the deformation.
The conclusions of evaluating the domestic and international standards for vibration
serviceability compared to ISO10137 and ISO6897 are as follows:

1.  The domestic and international vibration serviceability standards have been contin-
uously studied over the course of 40 to 50 years, but most of the standards apply
primarily to vertical vibrations of the floor or other restricted vibrations.

2. Although there are not many high-rise buildings, people on the top floors can ex-
perience low-frequency vibrations due to wind or the building’s natural frequency.
Therefore, it is advisable to evaluate the serviceability before designing a building.
However, the standards that assist with this, ISO10137 and ISO6897, have limited
applicability.

3. The effective acceleration at the top floor of super-tall buildings has been analyzed
to be 0.0005 to 0.2 m/s?. The research target building is a square-shaped super-
tall building, with its y- and y-axis natural vibration frequencies close to 0.184 Hz
and 0.200 Hz, respectively. The second- and third-mode vibration frequencies are
also below 1 Hz, which identifies the building as greatly influenced by typical low-
frequency vibrations.

4. The acceleration change of a building due to typhoons was measured to be sig-
nificantly higher (up to 0.6 m/s?) compared to normal conditions (0.005 m/s*)—a
maximum of 120 times higher. No change was observed in the natural vibration
frequency. The gust wind speed was higher than that of Typhoon Danas during
the gust, and the results of the measurement also confirmed that the instantaneous
acceleration increased during the gust, and the building was shaken more, revealing
the relationship of the building to wind.

5. The evaluation results showed that the horizontal vibration exceeded the allowable
vibration standards proposed by ISO 10137 (2007) and ISO 6897 (1984), but it was
not possible to confirm the actual relevance. This is because a survey of the residents’
discomfort was not carried out in this study. In the future, as high-rise buildings are
constructed, research on building horizontal vibration and residents” perception and
discomfort is required. Such research should be validated through field vibration mea-
surement data and resident surveys. This is because the results from laboratory-level
vibration sensory experiments may differ from actual trends. To this end, continuous
monitoring of building vibrations and resident responses is necessary for buildings
that are potentially vulnerable to vibration problems. This requires the development
of technology for building vibration and resident response monitoring.
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