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Abstract

In current design practice, the seismic strenghigiheof buildings is commonly based on the stremngticept,
lacking a quantitative evaluation tool that canwltiloe performance of the buildings during earth@saKk his paper
demonstrates the application of seismic intengitell (SIL) as a quantitative evaluation tool foeiamic building
performance. A simulation test is conducted ongluaegories of building-frame: non-strengthenedl)(Mracing-
strengthened (BS), and base-isolated (BI), sulijdota north-south (N-S) 1940 El Centro seismicavdihe criteria
evaluated include maximum acceleration, energyiion, and the measured seismic intensity lave§(L). The
effect of strengthening methods is compared basethase criteriaThe results show that despite the apparent
reduction in structural response metrics, the SHlue diminishes more substantially for base isofa{d.5 level
decrease) than bracing (0.4 level decrease). Tdnéirms that SIL provides higher consistency resahd is

straightforward to comprehend.
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1. Introduction

Earthquake phenomena, arising from the suddenselefenergy due to the movement of the Earth’stcgenerate
ground motions of varying intensities and frequeaciThese ground motions induce forces that casecdaformations,
damage, and collapse of buildings. The design andtauction materials of a building influence gsponse to seismic force
and the effectiveness of methods employed to emhsgismic resilience [1]. Understanding the intéoacbetween seismic
forces and building structures is critical, paréely for developing seismic design and buildingegthening strategies aimed

at protecting human life and minimizing propertyrdage [2-3].

In response to the effects of earthquakes on Imgi&iEl Ouni et al. [4] conducted a study of buitdistrengthening
methods, including passive and active control. Basethis study, regarding the cost-effectivenessense of maintenance,
the most used methods are the tuned mass dampé)(Tihed liquid damper (TLD), and bracing systessother study
found that the base-isolation (Bl) method is inefifee for near-field earthquakes [5]. The non-linbahavior of Bl frame
structures has been assessed using pushover arjélyand fragility analysis [7]. The seismic demdarnvestigated in these

studies include maximum inter-story drift, baseashand isolator displacement. Additionally, Bhamds al. [8] conclude
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that the capacity spectrum method (CSM) can presiimic demands up to a specific performance paldeddaim et al.
[9] conducted an advanced study aimed at improtregperformance of the Bl building, which demonstiasignificant
dynamic response enhancement using the magnetodiesl! (MR) damper. Furthermore, the predictiontleé structural

seismic response has been advanced using aniariifielligence-based technology [10].

The practice of regularly updating seismic desigdes to enhance the strength of building structagasnst stronger
earthquakes is ongoing [11-12]. However, to effedyi mitigate the impact of earthquakes, it is imant to adopt a new
seismic design method that reduces shaking dum@ntheuakes in addition to the current codes. Theseotional seismic
design codes primarily focus on the “strength” dactWhen various strengthening options are consitlethe most
economically favorable method is often selecteithenathan one based on other criteria. Incorpagatie concept of “comfort”
into existing seismic design codes is recommendsdt, assesses the amount of shaking a buildingrexqes [13]. Using
seismic intensity level (SIL) values as an addaiodesign criterion in the codes would be bendfifda determining the
optimal solution from various strengthening methfi. In addition, it is also used for disasteakmation, as previously
reported [15-17].

This paper presents a comprehensive design phiiggop evaluating earthquake-induced vibrationstilizes the Japan
Meteorological Agency (JMA) equations to determ®ié and identify measures to minimize the risk ahtan casualties.
The SIL values are calculated using real-time gdoorotion information recorded at seismic monitorstgtions during
earthquakes. This study aims to demonstrate thicapipn of SIL as an evaluation tool for the seism@mspect of a building.
SIL values were used to identify the most suitalengthening method for existing buildings. Theparsed selection process
is based on a quantitative approach, which hayetobeen incorporated into current seismic desigtes. More details on

the SIL and the calculation of JMA SIL can be foumdVariyatno et al. [18].

2. Materials and Methods

The calculated seismic intensity level (m-SIL) bfee steel frame building categories was evaluafed. unbraced
structure is denoted as NA, the braced structuder®ted as BS, and the structure with the basstésas denoted as Bl. As
for the BS, ten variations of bracing configuratiarontrolled by four variations in weight-to-buitdi bracing ratios were
investigated. The four bracing weight ratio vanas were 9.5%, 16.3%, 18.9%, and 32.6% to the fradhdracings were
single or double-crossed diagonal bracings in ithee df earthquake load response and identical lfdtoars. The building
had five floors and three frames. The beam-to-calwonnections were fully restrained. The bracingsenalternatively
situated between two or three frames. The Bl atrechad six base isolator's mechanical propertyatians, including
stiffness kgi), damping ¢), and frequency ratio (/ ). Additionally, the response accelerations ancetiinenergy were

compared, and the floor response’s influence orSthevas analyzed.

To obtain the shaking performance of a building, skismic wave recordings from earthquake mongostations were
transformed from the time-domain to frequency-daensagnals. The filters [19] were applied to thegfrency domain of the
three-component accelerations (north-south, east;vaad up-down directions) of the seismic wavesifian earthquake.
Once the filters had been applied, the three at@e directions in the frequency domain were @stad back to the time
domain. The acceleration was then calculated usiegiormalized combined result of the three acatar components as
outlined in Wariyatno et al. [18].

The building prototype was a 5-story steel framéding, the details of which are presented in Hig.The building
conformed to Japan’s seismic codes [20]. A testewaslucted on the actual size of the building mEaDefense project in
Japan [20]. No bracing or base isolation in thacitre and the specimen was denoted as NA. Braanddase isolators

were placed for the BS and Bl specimens, and tt®&ilnresults were compared and contemplated.
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Fig. 1 The building prototype

The ground motion used in this study was the 194Q0dhtro seismic wave with a north-south (N-S) ota¢ion. This
seismic wave'’s time history dynamic analysis wagsliad to the building prototype. The peak groundederation (PGA) of
the component was 342 gals (cfjiyand the time history of the seismic wave is stanwFig. 2.
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Fig. 2 The time history of the N-S component of Bi€Centro seismic wave

3. Analyses Tool and Verification

This section provides the basic knowledge of m-&ilan analysis tool that contains the theory oé timstory nonlinear
dynamic analysis and calculation of the SIL vallige verification of the analysis tool is descriliedhe validation results of

SIL calculation using three different ground mosiand compared to the public-released seismicsitjeby the IMA.

3.1. Time history nonlinear dynamic analysis

The response of building structures during eartkgsi@xperiences some complex behaviors that hakie tanodeled
numerically to understand the structural respoasdshehaviors. The time history nonlinear dynamalysis [21] with elastic

material assumption is adopted in this study tty ftdpresent the seismic response of the buildingctire, as given in the
equation of motion:
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Mu+ Cu+ Ku= By 1)

here,M, C, andK are the mass, damping, and stiffness of the Imgjldtructure, respectively. The horizontal dispfaestu,
velocity , and acceleration are the responses of the building structure. Tdterepresents differentiation with respect to
time t. For the ground motion analysis, the effectivetteprake force  which produced the dynamic response of the

building structure results from the inertia-fordefte structure as,

P =- Muy 2)
Mu+ Cu+ Ku= - My, ©)

where the minus sign shows that the inertia foscacting on the building structure in the oppoditection of the ground
motion. In this study, STRAND7 [22] is used to dbdd the time history dynamic analysis of the ldirilg structure. The

STRAND7 comes with extensive verifications and dafion examples.

Newmark’s method [23] is a numerical integratioohteique used to solve the dynamic analysis of mgldtructures
subjected to ground motion. The method is commasBd in finite element analysis software to mogelashic systems of
building structures. Consider a linear accelerasigstem, the Newmark’s method without iteration salve the responses of
a building structure due to ground motion by ugimg following formulae for each time stepf displacement, velocity, and

acceleration formulations at the time

ui+1=|:i+1 (4)

=9 u+ -9 WDt 9,

U = (Uu-u) 54 op ¥ (5)
1 1 1

. = - - — U I ]_ .

Uiy thz(uﬂ y) ot o5 LW (6)

where the initial conditions for the response a@@lon at timé = 0 are given by:

Pi+l:Pi+l+Al’rl+Au+%iu (7)
K:K+Ai (8)
-1 9
A‘_thZM+thC ©)
A=—m+Z.1¢ (10)
bDt b
1 g
= —.1M+Dt Z-.1¢C
A= 2 By (11)

-Mug .- Cuy Kuy.
U_g = g.,i=0 MLLO U-o (12)

In the linear acceleration assumption of Newmankethod, the parametersand play crucial roles in stability and accuracy.
If the time step for the dynamic analysis is shorter than the pktiime of the building structure as given by the formula

below, then, in the linear acceleration of Newmsainkiethod the parameter= 1/6 and = 1/2 will give stable and accurate
results.

— £0.551 (13)

n
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3.2. Calculation of the SIL value

The procedure for computing the m-SIL value of IMA intensity scale was presented in Shabestati A& clarity, a
brief explanation is presented. First, the fastriesuransform (FFT) is applied to each of the €ioemponent accelerations
recorded in the frequency domain of the groundomeses [24]. The bandpass filters given in the fdanhelow are then
applied to the frequency domain of the three-corepbraccelerations. After the filters are appliét frequency domain’s
accelerations are transformed back to the time durithe normalized vectored composition of the ¢htemponents is used
to calculate the amplitude of the acceleration. Titensity is automatically calculated using thoeeaponent ground
acceleration records after the application of adbaass filter [19], as follows:

1=.1 ] (14)
where,

/= % (15)

/,= J1+ 0.694/* + 0.24%" + 0.055y° + 0.0096§%+ 0.0018%+ 0.000¢55 (16)

/,=V1- e®" 17)
with . Here, represents the frequency, represents the filter on-period effect,represents the high-cut filter, and

represents the low-cut filter.

Using the filtered time-domain acceleration anditseleration vector, the value of m-SIL can beeined as follows:

m-SIL=2log( A,) +0.94 (18)

where, the is the lowest maximum acceleration of a continuotal duration of 0.3 seconds around the peaklei®n

response [25].

Fig. 3 illustrates how to determine the values. Fig. 3(a) shows the bandpass-filteredlatesacceleration response
in the time domain. The dotted line defines thedstimaximum acceleration of a total continuous 0.3 seconds around the
peak acceleration. In the second method, thecan also be determined by plotting the cumulativetion against the vector
acceleration, as shown in Fig. 3(b). The lowestimaxn acceleration of the can be determined at the cumulative duration

of 0.3 seconds.
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Fig. 3Scheme to determe value
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3.3. Validation of the m-SIL by using real earthige data

71

Fig. 4 considers three strong motion earthquakeerded at three different seismic stations in Jawaich were

downloaded from the K-NET website to validate m-8Hlculation. The quantitative shaking m-SILs of tjround at the

selected seismic stations shown in Fig. 4 are el based on the method described in SectionTB& results of the m-

SlLs of the three selected seismic stations arevshio Table 1 below.

In Table 1, the calculation of the m-SILs of thcbfferent areas in Japan agreed closely with thenksity of IMA [26]

of ground motions recorded in the selected seistaittons. To conclude, the present quantitativé&islgeevaluation method

is validated.
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Fig. 4 Graund motion waves recordedthree different seismic stations in Ja
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Table 1 Validation of m-SILs and intensity (JMA)thatee seismic stations in Japan

Location Site Latitude | Longitude | Depth | Magnitude| PGA | Intensity | Epicentral distancg m-SIL
code (deg) (deg) (km) | (Richter) | (gal) (IMA) (from the source) | (JMA)
9 km
Ishikawa 37.1 136.7
prefecture ISK006 [37.2] [136.6] [10] [2.8] 93.44 2.6 Date: ?02.4/05/15 2.54
02:49:00
90 km
Niigata 37.2 138.2 -
prefecture NIG025 [37.5] [137.3] [10] [5.9] 35.76 3.9 Date: 2024/06/03 3.85
06:31:00
101 km
Hokkaido | HKD0O66 43.7 145.1 [63] [6.0] 108.64 4.7 Date: 2023/02/25| 4.64
[42.8] [145.1] 529700

* Numbers in [ ] show the information of the earthk@aource

4. Result and Analyses

The results of this study are categorized accortbnthe model types, which are NA building, BS Hinb, and BI
strengthened building. Each model is analyzed tuae the seismic performance described by m-&ttelerations, and

kinetic energy.

4.1. Non-strengthend®lA) building shaking performance

The discussion of the shaking performance of NAdigs is outlined in this section. Evaluation ofSiL is depicted
for every floor to give an early insight into thaplementation of SIL on the building’s floors. Fuetmore, the building's

accelerations and kinetic energy evaluation areetplained, especially for the rooftop, which tetalhave the biggest value.

4.1.1. m-SIL evaluation

The shaking performance of NA was evaluated, apdréisults are presented in Table 2, showing tleatibher the
number of floors, the higher the m-SIL of the binfgl Fig. 5 demonstrates that the m-SIL valuesachefloor in the building
can be determined by plotting the dominant perimdes and the maximum accelerations calculatetidoyMA SIL equation
[25, 27]. This method and sequence were appliadl gpecimens throughout the study. From Fig. &, th is found to be
1,739.9 gals (m-SIL = 6.8). This value is ten timasre than that on the ground floor of the existing building measured
to be 164.4 gals (m-SIL = 5.2).

5000

500

Ay 3 acceleration (gals)

0.5 5
Time (sec)

Fig. 5Graphical representation of-SIL determination of N,
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Table 2 m-SIL and  of NA

i Time (sec) Natural frequencies of
Floor | m-SiL [FFT] (gals) building prototype
Roof | 6& | 0264 | 1789 | \ode 1:T =0.2621 seq
> 6.7 | 0264 | 1550.. | Mode 2: T =0.2173 seq
4 6.5 0.264: 1231.¢ Mode 3: T =0.1870 sed
3 6.2 0.264: 872.( Mode 4: T = 0.0942 seq
2 5.8 0.264: 550.z
Grounc| 52 | 0.683¢ 164.2 ete.

4.1.2. Accelerations and kinetic energy evaluatio

The kinetic energy equation is written as seeménformula below. This calculation is used to eatduhe effectiveness

of several methods of shaking reduction in theofeihg sections and shows the need for SIL as aluatian tool.

=%mav,§(t) (19)

where is the kinetic energy of a particular floor in theilding,  the sum of the mass of the floor and half of thight
of columns and ! the velocity of the moving mass at tim&he cumulative kinetic energy computed on thd i©802.7
kJ (SIL = 6.8). The roof’s mass is estimated byiagldip the weight of the beams and half of the Hiedg the columns on the
fifth floor of the building, yielding a total of 1226,6 kg.

4.2. Bracing-strengthend®S) building shaking performance

The strengthening of the existing building usingding was tested by considering the weight and:timéiguration of
the bracing. The m-SIL results of each floor, thefis response acceleration, and kinetic energyeesented by comparing

the values to the NA model results.

4.2.1. m-SIL evaluation

Based on the configuration of bracings, the buddinvere distinguished into ten types. Types I-I¢luded single
diagonal bracings with a 9.5% weight-to-buildingoasituated between frames A-B as seen in Fig. Ggpes V-VIII used
singled-bracing bracings with a total 16.3% weigitio between both frames A-B and B-C (Fig. 6(fHnally, type IX
consumed 18.9% of bracing with a configuration lestwframes A-B. In comparison, type X used 32.6%véen frames A-

B and B-C (Fig. 6(c)). These two types were crassséd.
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Fig. 6 Bracing-strengthened (BS) building categorie
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Fig. 7 m-SIL comparison BS to NA as a function odding weight ratio

The 9.5% additional bracing in weight ratio (typR/) analyses showed that the four strengtheninthods produced
comparable m-SIL values for each building floor.afay, the additional 16.3% bracing in weight rgtigpe V-VIII) m-SiLs
were also very closely approaching one anothee#gh floor. The m-SIL of all BS are presented ibl&&. It is concluded

that the configuration of bracings for the sameglieto-building ratio did not influence the m-Sithe analyses demonstrated
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that the relative weight of bracings decreasednh8IL for every floor level (Fig. 7). On averaggpé (I-1V) resulted in
values slightly lower than NA’s m-SIL values. Theximum acceleration at each position was calculaséty the procedure

outlined in the previous section based on the ma@lues. The m-SIL at the ground is lower thantenroof.

Table 3 also demonstrates that the strengthenirgatde V-VIII display comparable m-SIL values forckdloor in the
building, compared to methods I-IV. The resultsgegj that the addition of 6.8% weight of bracing@slmot significantly
decrease the level of seismic activity on eachrflowasuring only approximately 0.1 units in m-SHtlues. Given the high
cost of materials, these slight reductions in smisattivity are not considered significant enouddespite this, the
strengthening methods Designers may still pref&iNin practice due to a lack of knowledge abca present methodology.
Further, Table 3 reveals that the 1X-X strengthgmimethods show limited improvement in m-SIL valf@seach building
floor. Adding either 9.4% (type 1X) or 23.1% (typ®@ weight of bracing only results in a small redantof 0.3-0.4 on the m-

SIL values scale, compared to the I-VIII strengihgmmethods. The improvement is insignificant.

Table 3 m-SIL for every bracing category

Floor m-SIL of BS
NA | (I-IV) | (V-VHI) | (IX) | (X)
Roof | 6.8 | 6.€ 6.5 6.E | 64
5 6.7 | 6.t 6.4 6.4 | 6.2
4 6. | 6.3 6.2 6.2 | 6.1
3 6.2 | b5.¢ 5.¢ 5.¢ | 5.8
2 5.8 | 5k 5.E 5.E | 5kt
Grounc | 5.2 5.2 5.2 5.2 | 5.2

As an illustration, the m-SIL values of NA and B®¢ X buildings were obtained by plotting the doarihperiod values
and the maximum accelerations calculated by the BWAequation, which are shown in Fig. 8. Generétlys shown that

the reduction of the m-SIL values from NA to BS¢y) building for the second floor to the rooftogyogains a level down.

5000
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Ay 3 acceleration (gals)

0.5
Time (sec)

Fig. 8 Graphical representation of m-SIL comparibetween NA and BS type X

4.2.2. Accelerations and kinetic energy evaluatio

The comparison of the roof’s response accelerdtidore and after reinforcement with bracing typeab/a representative
of types I-IV can be seen in Fig. 9(a). It is nobetluy that the response accelerations of the refidrlke and after strengthening
were 1,739.9 gals (m-SIL = 6.8) and 1,564.7 galsS(in= 6.6), respectively, as indicated in Fig.)9(&his resulted in a

decrease in the maximum acceleration by 175.2 géiligh is a reduction of 10.1%. From an energyip&son perspective,
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the cumulative kinetic energies of the roof befand after reinforcement were 302.7 kJ (m-SIL = &&J 103.0 kJ (m-SIL =
6.6), as depicted in Fig. 9(b). The energy dissipatfter strengthening was 103.0 kJ, which is 3400%e total energy. The
high energy dissipation capability of the strengthg method is evident, as it reduced the kinatiergy by nearly 70% from

the original unstrengthen building. However, the @&lues in both cases do not indicate a signitic@provement in reducing
the roof’s shaking.
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Fig. 9 Response accelerations and kinetic energjyeofoofs of the bracing-strengthened type IVding

Fig. 10(a) and Fig. 10(b) compare the roof’s respacceleration and the kinetic energy before &rdlzeing reinforced
with bracing type X (the most effective case). Fi§(a) shows that the roof's response acceleratimisre and after
strengthening are 1,739.9 gals (m-SIL = 6.8) arkd3.5 gals (m-SIL = 6.4), respectively. The maximaoceleration has
been reduced by 494.4 gals (28.4%). Notably, despmitding a full set of diagonal bracing, the reidunctn the maximum
response acceleration remains relatively minornte energy dissipation perspective, the totaluamof kinetic energy
absorbed by the roof, before and after reinforceameas 302.7 kJ (when m-SIL = 6.8) and 100.0 kJefwm-SIL = 6.4), as
shown in Fig. 10(a). The amount of energy absodfext reinforcement was 100.0 kJ or 67% of theinabamount. The high
level of energy dissipation suggests that the cec@ment method effectively reduced the kineticrgyn®f the building by
67%. However, the SIL values in both cases indiaagkght improvement in reducing the roof’s viliwas.
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Fig. 10 Response accelerations and kinetic endrtheaoofs of the bracing-strengthened type Xding

The evaluation criteria, based on either maximunekeration or energy dissipation, can result iryirey outcomes for
designers to consider when making design decis®nshe other hand, evaluations using SIL provideenwonsistency. They
are simpler to comprehend, as both before and stitengthening scenarios are reduced to a SIL \a&fl0et, which does not
significantly diminish the building’s seismic resiace. Studies on the use of bracing for strengtigepurposes have
highlighted the advantages of utilizing SIL in asisig designers in making informed decisions, paldirly when balancing
the requirement for reduced shaking comfort agalrestost involved. In reality, many designersrayewell-versed in making
decisions based solely on the strength criteriinmat in the codes. As observed, even with the elginisracing placement in

type X, the level of shaking reduction is not sfg@int. Hence, alternative strengthening methodstrba explored to attain
the optimal solution.

4.3. Base-isolatio(Bl) strengthened building shaking performance

This section discusses the process of using B¥ifimation control. The implementation is demon&dathrough a case
study of Bl design and implementation and evaluaedomputing the SIL for each floor in the builginThese SIL values
provide crucial information for making informed d@&ons regarding vibration control. The followingaenples are presented
to demonstrate further Bl devices’ efficacy in aofiing vibrations during strong earthquakes.
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m

Base isolation
device Base slab
foundation

> Uy

_
Existing building Existing building + BI model
Fig. 11 lllustration of Bl seismic control system

The idea of Bl is generally illustrated through thee of a two-mass system, as depicted in Figrié subscripb in this
figure refers to the Bl device. The building sturetis simplified as a single lump sum mass sysfiém. dynamic behavior
of the building structure connected to a Bl devgealculated using the basic equations [21, 2B¢ dptimal selection for
the Bl device’s natural frequency when designingtimal Bl that reduces building shaking due touyrd excitation is given

as:

w, w (20)

where" is the natural circular frequency of the buildisgucture, and 4 is the natural circular frequency of the slab
foundation.

The natural frequency of the BI device is estallishased on the mass of the slab foundation tohathie spring and
damper are connected. A combination of springsedastomeric (lead-rubber) bearings is one of thetmommonly used
base isolators in practice. The base isolatorgatalled between the ground and the slab foundasieparating the horizontal
movements of the slab and ground, and also showstémelard mechanical characteristics of the badatés foundation, as
shown in Fig. 12.

Slab foundation (moving part)

|
; Slab foundation

Base foundation

Base isolator location

[ I S————

Fig. 12 Base Isolator seismic isolation controltsys

Six variations in base isolator properties (BIBBI6) were considered to have a variation in stiétéz|) and damping
(co). The base floor foundation, considered as thesro&the base isolator, is comprised of a reinfdroencrete slab with a
compressive strength of 25 MPa and a thicknes® @8 resulting in a total mass of 129,600 kg. €abpresents the results.
Nine of these devices are installed beneath theretmslab. The natural frequency of the buildsxgampared to that of the
base isolator to determine the effectiveness otidsign.
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Table 4 Varying the mechanical properties of bastators

Case Stiffness Damping Frequency rati
B (KN/CM) | %" opapar. | -# (KN.SEC/CM | . 4 (%) "a " (%)
Bl1 2.817( 2.9C 15.533: 25.C 2.8
BI2 1.126¢ 1.5C 15.533: 25.C 2.8
BI3 2.817( 2.9C 6.903" 100.( 4.2
Bl4 1.126¢ 1.5C 0.345: 5.C 1.G
BIS 0.563¢ 0.5¢ 0.069( 1.C 0.€
BI6 0.112¢ 0.12 0.013¢ 0.2 0.2

4.3.1 m-SIL evaluation

Table 5 presents the m-SIL values for the BI1-Bl6e results indicate that using a base isolatos@arificantly reduce
the m-SIL values on the roof, lowering it from &B2.3. Despite the cost of materials and mainteaassociated with the
base isolator, the results demonstrate that optigithe mechanical properties of the springs andp#as can lead to the

greatest reduction in shaking, as evaluated byptheriterion.

Table 5 m-SILs as a function of base property tsolaariations

Floor m-SiL
NA | BI1 | BI2 | BI3 | Bl4 | BI5 | BI6
Roof 6.6 | 423|147 |52 |4z | 3E]| 2.3
5 6.7| 423|147 |52 |4z )| 3.E]| 2.3
4 65|42 |47 |52 |4z )| 3E]| 2.2
3 6.2 | 41| 4.€ | 5.2 2| 35| 22
2 58| 41| 4€ |51 |4z | 35| 2.2
Grounc | 5.2 | 5.2 | 52| 52| 52|52 | 5.2

4.3.2. Accelerations and kinetic energy evaluatio

For an in-depth evaluation, base isolator BI6 wasstigated in detail, as showcased, since thdnBt&he most effective
performance. Table 6 and Fig. 13 present the etrafuaf BI6 and input ground motion from the 1940entro earthquake.
The results demonstrated that the acceleratiommafdL values generally increase in an upward dioect

Table 6 Results of m-SIL of the building with baselator type B06

Floor | m-SIL 'I['F(é_elz_iz) (gals) Natural;gquenmes
Roof 2.2 16.0< 27.2
5 2.2 16.0< 27.2
4 2.2 16.0¢ 24.2 " oes = 0.3917 rad/se¢
3 2.2 16.0¢ 24.2 T =16.04 sec
2 2.2 16.0¢ 24.2
Grounc | 5.2 | 0.683¢ 164.¢

As presented in Table 6, the installation of Bl&grlly leads to a significant reduction in the th-@alues on each floor
of the building, compared to the m-SIL values af A without the base isolator devices. In pragtioeachieve the most
effective reduction of shaking in the building bsing a base isolator, it is necessary to adjustaeral frequency of vibration

of the springs and dampers at a low value (a hegfog vibration) as given in Eq. (20).

The m-SIL values can be used to calculate the at@dn at each position by following the procedaundined in Section
3.2. By plotting the dominant period and acceleratralues on SIL graphs, it can be observed theasliaking intensity on
each floor in the building (with m-SIL values rangifrom 2.2 to 2.3) is relatively low compared tognd level (as shown in
Fig. 13).
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Fig. 13 SIL of the BI6
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The effect of installing base isolator type Bl6g(thost effective one) on the response accelerafitre roof is depicted
in Fig. 14. Fig. 14(a) shows the maximum resporteelaration of the roof before and after the inatimin of base isolator
type BI6; 1,739.9 gals (m-SIL = 6.8) and 27.2 galsSIL = 2.3), respectively. This means that theximam response
acceleration was reduced by 1,712.7 gals (98.4%jJ afstalling the base isolator. This reductiomisch higher than that
from the BS model. The SIL value was also redugefibbr levels, from 6.8 to 2.3. It is importantriote that the base isolator

decreases the maximum response acceleration oddfiend the SIL value simultaneously.

The reduction in kinetic energy of the roof aftestalling base isolator type BI6 is substantialdesonstrated in Fig.
15. The cumulative kinetic energy of the roof beforstallation was 302.7 kJ (m-SIL = 6.8). In casty after installation, it
was reduced to 9.1 kJ (m-SIL = 2.3), representidgaease of 293.6 kJ or 97.0%. The base isoladaticularly type BI6, is
highly effective in dissipating almost all of then&tic energy, thereby preventing the energy fraemground motion caused

by an earthquake from being transmitted into thilllng. The dampers of the base isolator are chucidissipating energy.

Fig. 15 Kinetic energy of the roofs of the building

The study of base isolators as seismic protectighlights the significance of SIL as an evaluatiool in helping
designers make informed decisions. Many desigrenaat decide solely based on strength criterigat-world design, as
outlined in the seismic design codes. Base isolatmufacturers typically rely on experience in gesHowever, there is no
clear method for evaluating the effectiveness efittstalled base isolator. As such, the use ofisa&valuation based on

SIL, with its quantifiable descriptions of shakimgensity, is highly recommended for practical despurposes.

5. Summary and Conclusions

This study demonstrates the efficacy of SIL asvatuation tool for assessing the seismic aspebuiddings, contrasting
with traditional evaluation criteria such as maximacceleration or energy dissipation, SIL offersgistency and simplicity,

facilitating informed design decisions. There ave key findings obtained from this study:

(1) The significance of SIL as an evaluation t@dthough both bracing and base isolators demorestighificant reductions
in maximum acceleration (28.4% for bracing and 98fdr base isolators) and energy dissipation (6 #@%racing and
97.0% for base isolators), the corresponding dseréa SIL values reveals nuanced insights. Degpi#eapparent
reduction in structural response metrics, basatsms exhibit a more substantial SIL decrease Ie4&ls) compared to
bracing (0.4 levels). This disparity underscores ithportance of SIL as a comprehensive evaluatoh for building

seismic behavior. While traditional metrics mayigade significant improvements in structural penfance, the SIL
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value provides a more nuanced understanding obthiding’s resilience. Therefore, the comprehensagsessment

facilitated by SIL reaffirms its significance as ianaluable tool in evaluating the seismic behawabbuildings, guiding

informed decision-making in seismic design andfogtement strategies.

(2) Performance comparison of strengthening meth@dsnparing the two methods, the Bl system emesgethe safer
option, significantly reducing both maximum accetén (98.4%) and dissipated energy (97.0%). Intrest, bracing
shows minimal change in the SIL value (only a @vkl decrease), whereas the base isolator offaubstantial decrease
in m-SIL (up to a 4.5 level decrease), enhancingrall seismic resilience. These findings contribtatehe ongoing
discourse on seismic engineering, providing actitmansights for architects, engineers, and poliakers striving to

enhance the seismic resilience of built environment
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Nomenclature

BI Base¢isolation or bas-isolate(

$%(&)*&+.

The stiffness parameter of the building struc

BS strengthened by braci

Bracing-strengthened, to denote a structure

0

Mass matrix of the building structure

CSM | Capacity spectrum meth

The story mas

FFT Fast Fourier transform

The effective earthquake force

JMA | Japan Meteorological Agen

The periol time of the building structul

MR Magnetorheologici

Displacement response ve

m-SIL | measured or calculated seismic intensity |

Velocity response vect

NA Not any, to denote a structure without strengthe

Acceleration response vec

PGA Peak ground acceleration

The ground motion acceleration

SIL Seismic intensity lev

The velocity of the moving me

TLD Tuned liquid dampt

Time ste|

TMD | Tuned mass damg

Beta value in Newmark meth

The cumulative acceleration in (secon

Gamma value in Newmark mett

3 Damping matrix of building structu

The filter or-period effec

-4 The damping parameter of b-isolato

The higt-cut filter

Kinetic energ

The low-cut filter

The frequenc

Natural circular frequency of building struct

Stiffness matrix of building structt

Natural circular frequency of foundat

$; or $o,, | The stiffness parameter of b-isolatol

Damping ratit
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