Design Philosophy for Buildings'’
Comfort-Level Performance

by Nanang Gunawan Wariyatno

Submission date: 26-Mar-2023 11:00PM (UTC+0700)

Submission ID: 2046869743

File name: 10._7309-Article_Text-16376-2-10-20210618.pdf (870.99K)
Word count: 5613

Character count: 28513



%vanres in Technology Innovation, vol. 6, no. 3, 2021, pp. 157-168

Design Philosophy for Buildings’ Comfort-Level Performance

Nanang Gunawan Wariyatno™, Han Ay Lie', Fu-Pei Hsiao®, Buntara Sthenly Gan™"

'Civil Engineering Department, Faculty of Engineering, Universitas Diponegoro, Semarang, Indonesia

Civil Engineering Departm%Faculty of Engineering, Universitas Jenderal Soedirman, Purwokerto, Indonesia
"Naliaal Center for Research on Earthquake Engineering, Tainan, Taiwan
4D€p‘dl’ll‘l‘]€l‘]l of Architccg, College of Engineering, Nihon University, Koriyama, Japan

Received 15 March 1; received in revised form 27 April 2021; accepted 28 April 2021

DOI: https://doi.org/10 46604/aiti 2021.7309

Abstract

Ec data reported by Japan Meteorological Agency (JMA) show that the fatal casualties and severe injuries
are due to heavy shaking during massive earthquakes. Current earthquake-resistant building standards do not
include comfort-level performance. Hence, a new performance design philosophy is proposed in this research to
evaluate the quantitative effect of earthquake-induced shaking in a building. The earthquake-induced response
accelerations in a building are analysed, and the response accelerations related with the characteristic property of
the building are used to evaluate the number of Seismic Intensity Level (SIL). To show the indispensability of the
newly proposed comfort-level design philosophy, numerical simulations are conducted to evaluate the comfort
level on different floors in a building. The results show that the evaluation of residents’ comfort levels should be

considered in the current earthquake-resistant building design codes.
Keywords: comfort-level, seismic intensity level (SIL), quantification, earthquake, design philosophy

1. Introduction

Japan is susceptible to strong earthquakes and volcanic eruptions owing to its location at the junction of four active
tectonic plates: the Pacific, North American, Eurasian, and Philippine plates. Since the 19th century, 20% of the recorded

strong earthquakes worldwide with a magnitude larger than six on the Richter scale have occurred in Japan [1].

The technological development of earthquake-resistant buildings in Japan started in 1891 during the Meiji era. In 1919,
the first law related to the construction of earthquake-resistant buildings was issued. Japan’s design codes are readjusted and
renewed whenever a massive earthquake with a high number of casualties occurs. To prevent the collapse of buildings, the
latest design codes require that structures should undergo plastic deformations while behaving elastically under small to
moderate earthquake conditions. This new design method is effective for conserving human lives in the case of building
collapse. However, it does not consider the possibility of deaths due to non-structural failure induced by vibration and

shaking.

Japan’s early warning technology, which was managed by Japan Meteorological Agency (JMA), has become very
sophisticated based on Japan’s experience with mitigating earthquake disasters. This study presents a new and universal
design philosophy for quantifying shakings and vibrations during earthquakes based on the JMA method. The evaluation
process involves the determination of Seismic Intensity Level (SIL) with the primary purpose of defining countermeasures or

preventive actions for minimizing the number of human casualties.
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There s plenty of existing literature on the earthquake-resistant buildings and the mitigating earthquake disasters.
However, to the best of authors” knowledge. there is no literature on evaluating the comfort-level performance of buildings
against the shakings during earthquakes. During the occurrences of earthquakes, SIL values are calculated immediately from
the earthquake wave information at the ground of every recording station during an earthquake. Higher floors in high-rise
buildings will experience more vigorous shaking than the ground. Therefore, the present work will expand SIL’s application

from ground shaking to specific floors in a general building.

2. Statistics on Human Casualties, Building Collapse, and Damage

For 23 years (since 1996), JMA has collected data from 153 locations, including the seismic magnitu SIL, number of
human casualties, and building damage or collapse due to significant earthquakes [2-3]. Excluding %& 2011 Tohoku
earthquake in which the human casualties and building damage/collapse were primarily due to the tsunami, the comparison
between the number of human casualties (death or injured) and the number of buildings that collapsed or were damaged are
presented in Fig. 1.
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Fig. 1 Statistical data on human and building casualties due to earthquakes [2, 4]

As shown in Fig. 1, 9& number of injured people is significantly larger than the number of deaths or missing people,
and the ratio has increased over the years. However, the number of collapsed buildings™ ratio to the number of damaged
structures was far lower. The earthquake-resistant design standards provide excellent earthquake resistance in relation to just
the building’s strength. On the contrary, the deaths and injuries are not mainly due to buildipg collapse [5]. Strong
earthquakes that cause vibrations can result in injuries and fatalities [6-7]. Thus, structural damage plays a crucial role in the
number of human casualties during earthquakes [8]. The design codes, which only focus on a structure’s strength, do not
suffice to protect inhabitants from injury. The behavior of buildings with the reinforced concrete subjected to lateral loads
has been tested to evaluate their strengths [9-11]. The casualties attributable to the extensive shaking of a non-collapsed or
damaged building should be considered. Fig. 2 shows the relationship between the earthquakes’ magnitude on the Richter

scale and SIL [2, 12-13].

As shown in Fig. 2, the recorded magnitudes at earthquakes” epicenters on the Richter scale and SIL deviate from their
linear relationship [2, 14-15]. The non-linear relationship between the magnitudes and SIL is caused by the location of the
earthquake recording stations where SIL is calculated depending on soil conditions, distances, and depths from the
earthquake epicenter. Hence, the proposed new seismic-performance design code for casualties attributable to non-collapsed
structures should be based on SIL values, instead of earthquakes’ magnitude. SIL values provide a realistic representation of

the real shaking because the effects of the building’s distance from the epicenter, the soil conditions, the buildings’
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characteristics, the earthquake’s magnitude, and human perceptions of the shaking phenomena due to the earthquake are

considered. The quantification of human perceptions during shaking provides accurate scientific information of the buildings’

residents.

3. About SIL
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Fig. 2 Relationship between the magnitude on the Richter scale and SIL [2, 4]

Before 1996, in Japan, SIL was qualitatively estimated based on human perceptions, and the numbers of casualties

attributable to earthquakes were considered secondary information. Since then, attempts have been made to evaluate SIL

quantitatively. JMA compiled the data from approximately 4000 SIL observation stations throughout Japan (recently added

by Fire and Disaster Management Agency (FDMA)). SIL has been widely utilized in Japan to broadcast quick and

informative earthquake warnings to the entire country through the television for disaster mitigation when an earthquake hits

the country [2, 16-18]. Table 1 presents the descriptions of SIL values with the corresponding SIL (computed m-SIL) ranges

in 10 categories based on human perceptions and buildings’ damage level.

Table 1 Descriptions of SIL (freely translated from Japanese)
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ditionally, Modified Mercalli Intensity (MMI) is used to classify the shaking effects on humans. Although the MMI
scale/éis 12 intensity scales with pictorial illustrations and simpéexplanalions regarding the effects of shaking on humans,
the perceptions are essentially qualitative [19-22]. Because SIL can be evaluated quantitatively, it is an essential evaluation
tool in designing buildings to reduce the seismic intensity and the number of human casualties. It should be noted that the
SIL values are calculated immediately from the earthquake wave information at every recording station during the
earthquake. It is most likely that higher floors in high-rise buildings will experience higher shaking SIL than the ground,

hence more human casualties were due to the unmitigated design of the buildings.

4. Calculating SIL (m-SIL)

The procedure for computing m-SIL value (the calculated SIL_yalue) of the JMA intensity scale was presented in [13].
A brief explanation is presented herein for clarity. First, the Fastlg:rier Transform (FFT) is applied to each of the three-
component acceleration recorded in the frequency domain of the ground responses [18]. The bandpass filters given in Eqs.
(1)-(6) are then applied to the frequency domain of the three-component accelerations. After the filters are applied, the
frequency domain’s accelerations are transformed back to the time dgmain. The normalized vectored composition of the

three components is used to calculate the amplitude of the acceleration. The intensity is automatically calculated using three-

component ground acceleration records after the application of a band pass filter [13], as follows:

A=Ayxdyxy @
1
A =\/; (2)
2 =\[1 +0.694y% +0.241y* +0.0557y° +0.009664y" +0.00134 y'? +0.000155y" (3)
Jy=\1-e7" @
vl (5)
10

where f represents the dominant frequency, A, represents the filter on-period effect, 4, represents the ?;h{ut filter, and A,

represents the low-cut filter.

By using the filtered time-domain acceleration and its vectored acceleration, m-SIL can be determined by using Eq. (6).
m-SIL = 2log (ay 5 ) +0.94 (6)

where a3 is the lowest maximum acceleration of a continuously total duration of 0.3 seconds around the peak acceleration

response.

According to previous studies [5, 23], a5 must be determined at the lowest maximum acceleration of a continuously
total duration of 0.3 seconds around the absolute values of peak acceleration response. The SIL value can be classified by

using the computed m-SIL value as shown in Table 1.

Fig. 3 illustrates the way to determine the a5 values. Fig. 3(a) shows the band pass filtered absolute acceleration
response in the time domain. The dotted line defines the lowest maximum acceleration a5 of a continuously total duration
of 0.3 seconds around the peak acceleration. In the second method, @3 can also be determined by plotting the cumulative
duration against the vectored acceleration, as shown in Fig. 3(b). The lowest maximum acceleration a3 can be determined

at the cumulative duration of 0.3 seconds.
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Fig. 3 Nlustrative response acceleration for calculating a, 5

4.1, Implementation of quantitative SIL in seismic-performance design

The implementation of the quantitative values m-SIL derived from Eq. (6) should be implemented into the performance

design of buildings. Fig. 4 shows a flowchart of the proposed seismic-performance design concept.

Time History Response Analysis of Building
(Dynamic Analysis during the Earthquake Wave)

Analysis Model
Input: Earthquake Wave (Building + Soil + Foundation)

‘—I

Output: Building Responses
{Acceleration, Velocity, Displacement)

Response
Displacement

Determine
the Dominant Period,
T (using FFT)

Response
Acceleration

Calculate the Value of a5
(IMA)

i

[ Plot (T, @) onto ‘

the SIL Graph of IMA

Fig. 4 Flowchart of the proposed comfort-level performance design using SIL

4.2, Numerical simulation

To ?cmcmsuatc the effectiveness and usefulness of the proposed od, a numerical simulation is performed on a

building. Numerical simulations have been proven to be a sophisticated method for evaluating the seismic performance of

steel structures [24-25].

Fig. 5 shows three prototypes of a two-story steel frame structure. These three prototypes of the same structural
members” steel structures are evaluated and classified according to their strengthening methods. The first structure uses
Moment-Resisting Frame (MRF) method, the second structure uses concentrically Braced Frame (BRF) method, and the
third structure uses MRF equipped with Base Isolation (BI) system. The columns are WF 250x250x8x13 sections, and the
beams and bracings are WF 250x125x6x9 sections. All structural members are made of grade A36 steel. The span in all the
directions is 4.00 m, with a floor-to-floor height of 3.50 m (Fig. 5). The BI structure has a typical BI rubber bearing. The
strengthening methods of the three structures are designed to fulfill the earthquake-resistant design required by the building

codes.
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(a) Perspective view of three prototypes of two-story steel frame structures
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(b) Three prototypes of two-story steel frame structures

Fig. 5 Types of building strengthening for SIL evaluation

The slruca'es are assumed to be located on soft soil as this type of soil shakes the most during earthquakes. Fig. 6
shows a prior-selected response spectrum that is used to generate artificial earthquake waves. The response spectrum is

obtained from Semarang (SMG), a city in Central Java (7.0051° S, 110.4381° E).

In this study, several earthquake waves [26-27] recommended for seismic-performance evaluation are considered for
simulation purposes. The response spectrum (Fig. 6) is used to generate artificial earthquake waves following the
corresponding earthquake waves as tabulated in Table 2. In the present numerical simulation, the earthquake waves are used
for comparison purposes. To develop and check the consistency of the measured and computed signal processing of the

earthquake waves, Data Consistency Assessment Function (DCAF) [28-29] is recommended.

Table 3 shows the maximum acceleration, the loﬁ;l maximum acceleration d 5, and the m-SIL calculated using Eq.
(6) at SMG location for different earthquake waves in Table 3. It can be observed that the values of m-SIL shown in Table 3
are determined to be about 5.4 in order to fit with the selected response spectrum of SMG. The three structural prototypes are
analyzed by using the linear material dynamic time-history analysis with the input earthquake waves taken from the artificial
acceleration time-history as shown in Table 2.
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Fig. 6 Response spectrum for soft soil of SMG location
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Table 2 Artificial acceleration time-history at SMG site
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Table 3 Values of m-SIL at SMG location (ground)

Earthquake sampling Maximum Lowest maximum meSIL
location acceleration [Gal] acceleration dag 3 [Gal] )
Big Bear-SMG 280 178 5.4408
El Centro-SMG 290 173 5.4161
Kobe-SMG 300 206 5.5677
Loma Prieta-SMG 310 189 5.4929
Morgan Hill-SMG 320 187 5.4837
Mammoth Lake-SMG 310 173 5.4161
Northridge-SMG 290 166 5.3802
14000
—MRF —MRF
1 ﬂ —BRF 12000 - —BRF
1 " —BI = 10000 A o
2
g 5 8000
g 1
g £ 6000 N ‘
1 = 4000 4 /oA
E 2000 / l"ﬁ
o4 N
0 10 20 w4 500 60 0.01 0.1 1 10
Time [s] Frequency [ Hz|
(a) Displacement-time response (b) FFT spectrum

Fig. 7 Rooftop response (using El Centro-SMG earthquake wave)

Table 4 T, calculation results using FFT

MRF | BRF | BI
Earthquake = 1 o i | Floor | Taom | Tam | Tam
sampling location
[s] [s] [s]
« |Roof [ 0356 | 0145 | 2.114
Bie Bear 2™ 10356 | 0145 | 2.114
£ | Roof [ 0475 [ 0.130 | 2.048
2 | 0475 | 0130 | 2.048
« | _Roof [0.370 [ 0147 [ 2.260
_ 2 [ 0.370 | 0.147 | 2.260
El Centro y | Roof | 0468 [ 0.127 | 2260
2" 0468 | 0.127 | 2.260
« | Roof [ 0377 [ 0144 [ 2.114
Kobe 210377 | 0.144 | 2.114
¢ |Roof | 0.471 [ 0.128 [ 2.114
27 [ 0471 | 0.128 | 2.114
« |_Roof [ 0360 | 0148 [ 2.114
Loma Pricta 2170360 | 0.148 | 2.114
y |Roof | 0.462 | 0133 | 2.114
2 10462 | 0.133 | 2.114
| Roof [ 0.364 [ 0.144 [ 2.114
) 27 [ 0364 | 0.144 | 2.114
Morgan Hill , | Roof | 0465 | 0.124 | 2.114
20465 | 0.124 | 2.114
x | Roof [0.354 T 0143 [2.260
2 10354 | 0.143 | 2.260
Mammoth Lake , | Roof | 0478 [ 0.134 | 2.185
2710478 | 0.134 | 2.185
« |_Roof [0.354 0149 [2.114
Northrid e 2 10354 | 0.149 | 2.114
5 , | Roof | 0493 [ 0132 [ 2.114
210493 [ 0132 | 2114
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Table 5 SIL evaluation of the rooftop floor

Earthquake MRF BRF Bl
sampling | Axis | Floor | Ty, Ay s Tiom A3 JMA Toom [ JMA
location a (s) | (Gal () [ (Ga) [ gL () | (Gal) | SIL
Roof 702.58 567.61 | 5 strong 2205 | 4
@ 5 X ] 0356 s a0 0145 1393 82 [ 5 strong | 214 1598 | 3
1g Bear
Roof 74933 507.91 | 5 strong 3161 | 4
Y | 0475 o 03 [ g 0130 136725 | 5 weak | 2> [ 2826 | 4
Roof 757.04 [ 478.93 | 5 strong 1530 | 3
F— X ] 0370 Fagaa [ 6 weak 0147 1335 93 [ 5 weak | 220 1268 | 3
= v LRoof [ o [70220 B 475.62 | 5 swong |, [ 2661 | 4
| 43315 | 367.74 | 5 strong | * 2564 | 4
Roof 52219 | - 502.98 | 5 strong 1890 | 4
Kb X | 0377 g ¢ Eak 0144 17340.01 | 5steong | >4 1287 | 3
one v | Roof | [70058 [[RE * 442,08 | Sstrong |, [ 2664 | 4
v 40212 | 324.12 | 5weak | = 2598 | 4
Roof 688.63 | i 512.13 | 5 strong 18.13 | 4
Loma X o 0360 Mo ss | 18 [382.89 [ 5swong | > 1606 | 3
Prieta Roof 682.83 | 468.15 | 5 strong 3205 | 4
Y 0462 0.133 2.114
2™ 404.61 [P E 344.48 | 5 weak 3043 | 4
Roof 770.13 [ 475.01 | 5 strong 1870 | 4
Morgan L 2 0.364 401.77 | R 0.144 328.11 weak 2114 15.69 3
Hill Roof 685.59 | i 439.83 | 5 strong 3088 | 4
Yo e 0465 esor | 12 (32500 | Sweak | MM [2045 | 4
Roof 770.13 [N S31.88 | 5 strong 2202 | 4
Mammoth | ~ | 27 | 93 oz | ! [367.21 [ sweak | 22 [1524 | 3
Lake Roof 701.33 [ 534.70 | 5 strong 2617 | 4
Y e 048 mn s | 213 st 2185 055 T a
Roof 687.90 | Lkl 538.96 | 5 strong 1989 | 4
X 0.354 0.149 2.114
Northid 2™ 40655 | 372.79 | 5 strong 1600 | 3
£e v |Roof [ o [ 76498 LR . [489.06 | Sstrong | , . [ 2886 | 4
2 456.38 || 357.85 | 5weak | 28.17 | 4

The displacement response on every floor in the buildings is analyzed using the time-history analysis [30] with a
particular earthquake wave input. We determine the dominant period T, on every floor in the buildings from the history of
displacement response. Fig. 7 shows the representative displacement responses on the rooftop of three buildings under
evaluation using the El Centro-SMG earthquake wave as the input. A standard FFT is performed on the time against
displacement response relationship [31-32] to determine the buildings’ time dominant period (Fig. 7(a)). Fig. 7(b) presents
the resulting FFT spectrum of the displacement time response of three evaluated buildings using the El Centro-SMG
earthquake wave as the input. Table 4 shows the time-dominant period Ty, based on the FFT calculation, and Table 5

presents the SIL values for each floor obtained from the lowest maximum acceleration ¢ 5.

In this simulation, the rogftop floor has a higher acceleration & ; than the second floor for all types of prototypes and
all time-history earthquakes 1in both X- and Y-axis directions. The acceleration is directly correlated to the SIL value. A
higher a;s acceleration resulted in the higher SIL wvalue calculated from the acceleration to time-dominant period

relationship is plotted in Fig. 8 [4].

The results show that the BI prototype has the lowest @ 3 acceleration and SIL value. The SIL value ranges from 3 to 4,
corresponding to an dgy5 in the range of 15-32 Gal. For the MRF prototype, SIL ranges from 6 weak to 6 strong,
corresponding to 332-770 Gal. The BRF prototype has an a5 in therange of 324-539 Gal, and SIL ranges from 5 strong to
5 weak. A graphical representation of the SIL curves as a function of the time-dominant period and maximum acceleration
a5 for the El Centro-SMG case is shown in Fig. 8. An examination of these graphs reveals that the range of the curve

corresponds to the @, ; and time-dominant period (T, of the prototypes.
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Fig. 8 SIL as a function of the dominant period and acceleration [2, 33]

As shown in Fig. 8, the SIL values’ categorization between lines is based on a more significant value than the lower SIL
values. For example, for the BI frame, the X-direction response is designated as SIL-3, whereas in reality, the condition
closely approaches SIL-4. Nevertheless, the classification assigns SIL to 3. This might lead to improper simulated behavior
because the structure closely resembles SIL-4. It is suggested that the band width between SIL categories should be proposed

based on either a mathematical study or an experimental study.

The results of the numerical simulation reveal that the strengthening method significantly affects the SIL value. BI
significantly reduces and stabilizes the SIL of every floor, while MRF results in a less sensitive response to SIL in all
directions. Furthermore, these observations suggest that SIL is significantly affected by the frame’s configuration and

displacement direction, in contrast to the acceleration response.

5. Conclusions

A method for quantifying SIL based on the acceleration and dominant period on every floor of a structure was proposed
and demonstrated. The proposed design philosophy for buildings’ comfort-level performance is inherently a new and

universal design philosophy that can be applied to different building codes and various earthquake waves.

One of the advantages of this SIL calculation method is that it can quantify the shaking on each floor of a building
during earthquakes, which will aid the quantitative measuring of the residents’ comfort levels. The proposed SIL-based
performance evaluation is beneficial in the planning, designing, and strengthening stages of building constructions. The SIL-
based method for calculating the level of shaking can also be used to quantitatively evaluate the performance of newly
developed earthquake-resistant building reinforcement equi nt. Additionally, the present proposed method can monitor

the shaking in buildings during earthquakes so that suitable measures can be taken quickly.

Considering the significant potential of the proposed SIL method for quantifying the level of shaking, the residents’

comfort level should be accounted for in current earthquake-resistant design building codes.

6. Future Recommendation

Experimental works on building prototypes have to be conducted to precisely verify the quantitative shaking intensity

level for research directions. For practical applications, the present proposed method could be beneficial for the following:
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(1) In the planning and designing stages, to predict the quantitative shaking that will occur in the building on different floors.

(2) In the existing stage, to characterize the quantitative shaking subjected to a specific earthquake.

(3) In the strengthening stage, to evaluate the quantitative shaking for decision making.

(4) In the research and development project stage, to quantify the level of shaking of earthquake instruments such as the base

isolator, active/passive control system, and damper equipment.
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