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Abstract
This research aims to extend prior knowledge oftskgyge isolations in a design case study that deswith
building codes, focusing on the design of a mulii«tr building linked with a sky bridge and its stibn system.
Building Information Modeling (BIM) is used durirthe design process. Linear time history analyspeiformed
to capture seismic responses without statisticstiodion of response combinations. Link elements used to
simulate the isolations, and the ground motionsexiated in bidirectional directions. The experitsmresults
demonstrate that using an isolation system atkipdasdge connection improves torsional behavisregidenced
by a 12% reduction in torsional mass contributiorthie fundamental mode shape of the buildings. IQibtable
improvements include better lateral force distiitm$ and optimization of reinforcement volume by9386 at
maximum. Additionally, convenient post-design prheees, such as automated design visualizationgjaadtity

surveys of reinforcements are reported throughguBiM.

Keywords: Building Information Modeling (BIM), multi-tower,essmic design, seismic isolation, sky bridge

1. Introduction

Multi-tower building structures are often charaized by two separate buildings linked by a conmecélement, such
as a podium structure at lower elevations [1].tLale[2] mentioned that these multi-tower struetirespond to the demand
of urban development for multifunctional high-riseildings. Opposed to podium structures, sky bisdgey be utilized to
connect multi-tower building structures at highkvations [3]. The utilization of sky bridges itseffers notable benefits,
including enhanced mobility for building users dadilitating efficient movement throughout the Hdirig [4]. Statistical
evidence also suggests that sky bridges can impegeseuation efficiency during emergency scenaripsifp to 30% [5].
However, significant changes are noted in the deisesponses of two building structures connectéti & sky bridge,

particularly in terms of base shear response andtstal drifts [6].

In practical applications, an isolation system eahance a structure’s performance under seismis by modifying its
inertial response and improving energy dissipaiooperties. Chen and Xiong [7] showed that usingsatation system at
the base level of a building may reduce its acagilem demands. Jara et al. [8] further showed nbt acceleration demands
but also drift demands may be improved througtuieeof isolation. Zhang and Ali [9] mentioned thaérgy dissipation may
be improved through slight movements offered byaisons. This endeavor to dissipate energy is @alarly beneficial in

seismic-prone areas, where building collapses dwearthquake events often result in casualties [10]
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Several forms of seismic isolation systems havenlvesearched previously for different usages afec@éfeness in
achieving previously mentioned benefits. Numayalef11] performed a comparison study of lead ruliemarings, high-
damping rubber bearings, and coil springs as aibaksdor for an asymmetric building foundationisiteported that the high-
damping rubber bearing alternative performed ttst imereducing inter-story displacements due tergain ground motion.
Hosseini and Soroor [12] noted the high economat of rubber bearing. The research presented er lishlator with the
capability of releasing bi-directional horizontabwement only as seen in Fig. 1, making it feasibleeismic usage with

unpredictable direction of excitation.

Steel plates

Allowed movements from
the first layer of isolations

Allowed movements from the
second layer of isolations

\.Steel rolling rods

Steel plates
~—_ (for mounting)

Fig. 1 Bidirectional isolation system (Adopted fr¢h2])

Itis noted that isolation systems are not the éedgible way to improve the seismic resistan@esifucture. For instance,
recent studies have been made in multi-layer piriodit cells to obtain the benefits of using idima systems [13]. This
concept of unit cells may be applied to multi-towtuctures as it is composed of structural elem@sembling the unit cells.
When designed properly, the concept may hypotHstiggroduce the benefits of isolation systemshwitit explicit use of

isolations.
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Fig. 2 Visualization of B-region and D-region

The topic of B-region and D-region is an importsiarting point for discussing local responses gflsidge. The terms
B-regions and D-regions are mainly used in conatet#gn to assess the local behaviors of an elelbased on the occurrence
of stress concentrations [14]. B-region standsBfeam or Bernoulli region, a region where elastiess trajectory varies
linearly. D-region on the other hand stands fortidised or Discontinued region, a region where elastess trajectory varies
non-linearly due to the significant stress conaaitns following Saint-Venant's principles. In adbe system, the D-region
spans by about the beam depth from the suppadnedi¢ams [15]. A visual representation of the pmsstof B-region and D-
region positions in a beam system may be seergin2FiConsidering a sky bridge system highly redemthe system in the
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figure, it is concluded that the ends of the skgldr may be classified as D-region. The usageotdtion may not only benefit
the global response in designing the whole strediut may also benefit the sky bridge design lgahllough the reduction

of stress concentrations.

Several studies in seismic isolations for conngcstructures in adjacent buildings are noted tcehHaeen conducted
previously. Wu et al. [16] proposed optimum analgtiformulas for viscoelastic dampers and viscduisl dampers for sky
bridges. In obtaining the formulas, numerical siatioins using 2-bay linear-elastic frames were cotetlito obtain optimum
inter-story displacements. Lee et al. [17] impletedrvariations of isolation systems in 42-storied 49-stories buildings in
Seoul, South Korea. It was found from the resedhelt bearing-type isolation systems could signiftbaimprove the
damping properties of linked buildings. The intérefsthe research however was limited to analyzimgimprovements in
seismic behaviors of the two buildings. Effectsigflations in sky bridge systems on the whole $tmat design such as

reinforcement efficiency in multi-tower buildingseayet to be done.

Guo et al. [18] further assessed the benefits nbweel isolation system, namely negative stiffneamplers, in the
nonlinear performance of multi-tower buildings. Toesearch reported improvement in structural dansageen by the usage
of isolation. The findings, however, were obtaimedteel structures only and not calibrated witliding design codes. The
most recent study in the field of isolated sky bed is noted to be conducted by Zhang et al. [l!98. research proposed a
novel numerical model of a tuned inerter dampemesting two separate structures. The researchtunfately was limited

to numerical analysis in 2-dimensional sway framéh no applied studies in structural design.

For discussions in building design and construgtiba design stage is widely recognized as a tiomeseming process
due to the necessity of integrating various disegd [20]. Gartoumi et al. [21] noted that the fieééncies emerge due to the
traditional construction practices that mostly rely two-dimensional information modeling. In thentext of the design
process of buildings, such forms of inefficienaigsy include design errors, inability to detect eegiring faults, and difficulty
in deciding design options. Building Information Mding (BIM) on the other hand focuses on threeetigional information

modeling of construction projects, regarded asveeddy for issues inherent in current constructicacfices [22].

Previously, BIM has been utilized for material gtitgncalculations using software like Autodesk Rej3]. BIM
continues to evolve now, with applications extegdieyond new building designs to encompass straiatetrofitting as well
[24]. Furthermore, BIM is increasingly employed ranily to support construction projects but alsogemerate system
diversifications within facilities [25]. RegardinBIM usage in multi-tower structure design connectdth sky bridges,
Brooker and Lin [26] mentioned the use of BIM fasijning the facade system in DJI Headquarters)aCMeall et al. [27]
also published that BIM was used in the structdeslign of Atlantis The Royal building in Dubai. Hever, the extent of the
BIM usage was not explicitly elaborated in both gxap

The literature reveals that several studies haes lmenducted in optimizing structural responseughothe usage of
isolations. However, practical application of tmolvledge of sky bridge isolations to the exterdtaictural design complying
with design codes has yet to be done. This resedneh to extend the previous research through aisertase study of a
multi-tower building in a seismic-governed zone.idtalso noted that the structural design proceag be improved
significantly through the current development oMBKnowing this, BIM in this research is used fgtimizing the process
of reinforcement detailing, design visualizatioasd reinforcement volume calculations. Comparisdrstructural responses
and optimizations in reinforcement volumes of beatnfimns, and slabs are reported before andtatgntroduction of the
isolation system to the sky bridge connection. Figd in this research are expected to provide jiagtengineers in the
building design industry with the advantages anémpiial design drawbacks of employing sky bridgdaton in multi-tower
buildings as interconnected structures.
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2. Research Methodology

The research started with literature reviews reggreelated topics of multi-tower, BIM, and isolati systems. A review
of completed architectural data was conducted@sis of structural design in this research. Sininglements and structural
framing generation was done in Autodesk Revit felld by structural analysis of the analytical madgéhg ETABS. Isolation
constraints were then introduced in ETABS beforedhalysis and reinforcement design phase. Obta@iefbrcements are
then transferred as a full BIM model to AutodeskiRéor the quantity surveys and presentation ofigies. For clarity, the

research flowchart is presented in Fig. 3.
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Fig. 3 Research flowchart

The focus of this study is on two laboratory builglistructures linked by a sky bridge, shown in ilétaFig. 4. The
building is designed to be built in Depok, IndoeS8eismic load mainly governs the lateral desigh@buildings due to the
high seismic nature of the site location. On tHedele of Fig. 4(a) stands Tower Laboratory, asidry building with a roof
elevation of 39.7 m above ground level. Designetthaprimary laboratory facility, Tower Laboratdsgasts a floor plan area

ranging from 854 rhat higher elevations to 1204 @t lower elevations.

On the right side of Fig. 4(a) lies Hangar Labonat@ 5-story building with a roof elevation of 2an above ground
level. This structure serves as a large-scaletgsdcility, featuring a significant opening thacaunts for 64.9% of the total
floor plan dimension of 800 InThe plan involves connecting both structuresaviky bridge, positioned between the second
and third stories of each respective building. Dudifferences in structural floor elevations, tle/ bridge exhibits a 5°
inclination along its longitudinal axes. Moreoveariations in the buildings’ orientations resultdiffering spans along the
sky bridge plane, with a maximum span of 6.06 mra& end and a minimum span of 5.38 m on the othes.eDetailed

schematics regarding the research object may beated in Fig. 4 below.

The design process is carried out using ASCE 7tditdards for the loading criteria and ACI 318M-b4 the concrete
design procedure. The choices of these standaedslu to the current Indonesian building codes tbfgr directly to
American building codes. Linear time history anays used in analyzing and designing the structwitl skeletal elements
of the structure (beams and columns) modeled asefralements. Considering the usage purpose of ulidings as a
laboratory, a uniform live load of 5 kPa is usedhva risk category that falls into the IV categoRASCE 7-16. The decision
to classify the structure as Category IV is duthimportance of the structure as a teachingitiacidue to its risk category,
the earthquake load demand increases by about 450&guired by the importance factoHurther considering architectural
requirements, the structure was designed usingambypen-frame structural system. The full seidoading parameters that

were used in designing the structure may be evaduatthe Appendix of Table Al.
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Fig. 4 Research objects

A circular cross-section of 1000 mm in diameter andctangular cross-section of 600 mm x 1000 nerused for the
dimensions of the columns in this study. The dinmrss of rectangular beams vary from 300 mm x 400 tmr@00 mm x
1300 mm, corresponding to the required load deméordsach beam. Slabs were modeled as a shelktement with 130
mm thickness. These element choices have beenedetd comply with ACI 318M-14 Standards for a speenoment
resisting frame system. The sizing of these elemisralso chosen to fulfill the required drift lisi constrained by the risk
category and structural system mentioned beforeisbal representation regarding the element siaimg their respective
positions may be evaluated briefly in Fig. 4(c) fbe Tower Laboratory, and in Fig. 4(d) for the ganLaboratory. All
structural elements are designed using concrdteeanain material. Concrete material is modeleghaisotropic material and

its properties are specified in Table 1.

Table 1 Material properties of concrete

Variables Values
Compressive strengtl ) 35 MPa
Weight density 24 KN/n?
Modulus of elasticity (E) 27806 MPa
Poisson’s ratio (v) 0.2

Shear modulus (G) 11913 MPa
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Fig. 6 Groundmotion data (initial dea adopted from PEER Ground Motion Datab

Material non-linearities during the linear analyais considered implicitly through stiffness redutbf concrete cracked
sections. Further following current practices irlding design, expected earthquake load demandsa r@aduced to take
account of the structural ductility through thep@asse modification factor R. Explicit consideratiohthe material non-
linearities are then used during the design proeedof beam, columns, and slabs through idealizedssstrain relationships.

A visual representation of the stiffness reducaod material stress-strain relationships may b&eted in Fig. 5.

For linear time history analysis, seismic risk dgagation utilizes Indonesia’s seismic hazard maiph Depok
(Indonesia) selected as the site location of thiti+tawer building. The ground motion data was ®delected from the PEER

Ground Motion Database. The database itself reggipecific site information such as return pereatthquake sources, and
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more as specified in the Appendix of Table A2. Tékeirn period is taken as 2500 years due to theeslance period of the
MCERr spectrum is 5% for 500 years. Other informatiochsas earthquake mechanisms and distance of eakibsjare taken

statistically from the hazard map specifically he site location of the building.

As required by ASCE 7-16, a minimum of three groomations were selected to carry out the linear fiisory analysis
for earthquake loadings. The chosen three grountibnware obtained from the PEER Ground Motion Dase using the
seismic risk deaggregation results are ChiChi (), 9%8caeli (1999), and Landers (1992). Furthermaserequired by ASCE
7-16, the ground motions are matched with theesat¢ghquake demand either through uniform or nofeumi scaling. Non-
uniform scaling in the form of a spectral matchprgcedure is used in this research to match teeesitthquake demand
accurately. In short, the spectral matching prooeditidone by modifying the ground motion data siheth their acceleration
spectrum matches the site earthquake demand frdate Pel. The resulting artificial ground motions ainted from the
spectral matching procedure may be evaluated ingt@. The resulting acceleration response spactram each ground

motion may then be checked to resemble the siteaddrspectrum as shown in Fig. 6(b).

The isolation system for the sky bridge connecisomodeled using link elements to allow isolatedsament for the sky
bridges when the two buildings laterally deform ¢tluearthquake excitation (as shown in Fig. 7)siAewn, the link elements

are modeled by connecting the related nodes in leaitding with analytical nodes of the sky bridgeains.
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Fig. 7 Position of link elements

The sky bridge modeling is shown in Fig. 8(a), wstthematics of the proposed isolation at the efidseosky bridge
shown in Fig. 8(b). Additional degrees of freedam tfanslation and rotations are introduced atnibees of the sky bridge
connection by its isolated movements. The notdskhdesignates the additional degree of freedoi@pof the sky bridge,
with the relative vertical deflection constrainedzero. This condition assumes that the isolasammiy effective in releasing
lateral restraining forces. This choice of consitra done to resemble bi-directional roller ismatas stated in the introduction.
The schematic of the isolation is presented in Ejgnspired by the study of Hosseini and Soro@].[Furthermore, the

boundary condition is chosen by reflecting on agtoy Lee et al. [17].

The research concluded that additional stiffness $&y bridge isolation system does not drasticailgct the dynamic
behaviors of two linked structures. It is stateat tadditional stiffness from the isolation systentrivial when compared to
the whole structure stiffness, as the isolationtesysis used only at the sky bridge connection. @emig this finding, no
additional stiffness is put at the isolation systenthis research to evaluate the effects of ismtatmay bring at its extreme.

An extended study was conducted to evaluate thed Kinesses in the sky bridge due to the forcéleit ends. The initial
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BIM model was transferred to SAP2000 so that thetsidge could be modeled with solid 3-D elemeiftsis decision was
made as the frame element in ETABS could not dyspldetailed distribution of stresses along thesigection. The solid 3-

D element modeling is limited to the concrete nmatenodeling mainly to evaluate the cracking thaynoccur.

This study integrated BIM using Autodesk Revit 2028s the BIM softare and CSi ETABS v21.0.0.0 for structural
analysis and design. CSixRevit 2023.1 served asgngfor seamless data migration between AutodRskt and CSi ETABS.
Additionally, Naviate Rebar 2023.1.4 was selectedha additional plugin to enhance reinforcemenaitieg in the BIM

model. The reinforcement volume of structural eletaavill be obtained from the BIM software of Autsk Revit.

Sky bridge slab
v Modelled as shell-thin element for in-plane and out-
of-plane stiffness with 150 mm thickness

Meshing of slab

Asymmetric quadrilateral meshes (10 x 10)

Allowed isolated movements

F i o
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__________________
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DOF are allowed

Link elements

i x

(b) Degree of freedom for the link elements

Fig. 8 Detailed modeling of sky bridge

3. Results and Discussions

An Eigen modal analysis was carried out for botldeis of the multi-tower building, with and withoigblation in the
sky bridge connection. From this analysis, a cogerce ratio graph depicting the accumulated masgipation in the three
main vibration directions of the buildings is pretal in Fig. 9. The modal analysis serves as aawefe to showcase the
dynamic characteristics of a structure under lirmanrditions. Lower mode numbers signify the fundatakperiod of the
structure and indicate its dominant behaviors duritynamic excitation. Conversely, higher mode numlreveal the
structure’s higher vibration properties. The influe of higher mode shapes is known to increaséesdmplexity of a
structure rises.

Fig. 9 illustrates that the rate of mass partiéipatonvergence is higher when the isolation systenot employed in
the sky bridge connection. However, it should beeddhat the convergence rate of the mass patticipeatio is not a focal
point during modal analysis. This is because themdational efforts required for Eigen modal analgse insignificant with
current hardware capabilities. Evaluating the fiistv mode shape results presented in Fig. 9, #visent that mass

participation is better defined in lateral direasovhen the connection isolation is implemented ckity, mass participation
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is considered better defined as mass participatioa direction that is distinctly defined withouttérference from other
directions. This change in response is considevdokenefit the structural design as it simplifiee fandamental dynamic
properties of the two buildings. Through simplifgithe dynamic properties, predictable behaviorscear load paths may

then be obtained to develop an efficient design.
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Fig. 9 Convergence plot of cumulative mass paritim

Moreover, torsional behavior is significantly mopeonounced in the initial mode shapes when no tieolais
implemented. As shown in Fig. 9, approximately meréase of 12% in torsional mass participatioreensn the first mode
when the isolation is not used. The torsional npasticipation is derived from the dynamic equilibri of a multi-degree-of-

freedom system:

[MI{4 +[Cl{g +[K{9 =-[MI{3{u} (1)

where is the global mass matri  is the global damping matri is the global stiffness matri;  is the
displacement of the structure, ¢ is the ground acceleration vector. The modal esipanprocedure is carried out such

that the total dynamic responses of a structure beayncoupled as combined responses from each megfadnse. This

procedure is known as modal analysis. By doinghemuncoupled dynamic equilibrium for the respasfsmode-n is derived:
O 22, W0 + Wy 0, = - G (Y (2)

where for each mode ~ is the modal coordinat is the modal damping ratio, a~~ is the radial frequency. During the
derivation, some variables are introduced to alioesuncoupling procedure to take place. For ingaacpatial vectc

is introduced to express the excitation term cbation previously on each mode:

{s} = G [m]{7} (3)

where the facto is computed as follows:

G, =" @)
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N

Ln = ' mlfln (5)
=1
M, ={r3" MY } ©)
refers to story mass in story j, a is the Eigenvector or mode shape of the buildirige full spatial contribution of a

structure is simply:

{g =[vI{3 7

where is a vector of ones as the entry, symbolizing 108%tribution of mass. Finally, mass participationeach

vibrational direction of interest is then calcubhtes:

MPF, = % (8)
which in short translates to the ratio of masswagat in each mode compared to the whole mass atitheture. In conclusion,
the torsional mass participation of a mode is thsidonal mass captured in a mode, compared t@thermass corresponding
to the torsional DOF of the system.

A similar increase in torsional action is also népd by Meng et al. [3]. The research noted thsigaificant torsional
deformation may occur if the height difference begw two linked structures is significant, quitesrabling the current case
study in this paper. The research, however, was tgrfully connecting two separate structure flplans such that all ends
of the buildings are linked together. This resedtaither points out that the effect also appliegardless of the area of
connection between two multi-tower buildings. Miieimg torsional behavior is advantageous for theasgic response of a

building, given the typically constrained torsiocapacity of structural elements.

Conclusively, these phenomena occur due to théfisigmt amplification of the coupling effect betwethe two buildings
when the sky bridge is rigidly connected withoutismiation system. A visual representation regaydire coupling effect
may be evaluated clearly in Fig. 10. The colorsesent magnitudes of unitless displacements (miogiged obtained through
Eigen modal analysis. By comparing Fig. 10(a) tg. HiO(b), it is evident that coupling effects aeeluced through the
introduction of isolation.

Coupled vibration mode of Isolated vibration mode of

Tower Laboratory LT | LA ji| Hangar Laboratory
8 T, 1.67 second T, 0.69 second
i £,0.5988 Hz f, 1.4493 Hz

EENENEOWIE0 200 260 20 20 360040 440 e R ‘
(a) Model without sky bridge connection isolation b) Model with sky bridge connection isolation

Fig. 10 Mode of vibrations showing mode shapeseftuildings
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Fig. 11 shows the total dissipated energy fromtéhe buildings under the three specified ground oni This total
energy encompasses kinetic, potential, and diséganergy due to damping. Linear analysis is peréa in this research,
and a constant modal damping ratio of 5% critisahken for every mode shape response. Taken freiatsics of structural

dynamics, the balance of energy in a system dae &arthquake ground motion is computed as follows:

EM=EO+E0O+E+EQ 9)
Ec() =, mu(9du (10)
Eo(t)= _ c[u(9]’ dt (11)
Es(t) :% (12)
E,(0)= _ f(udu- E() (13)
where ., ., ,and. inorder are the energy input, kinetic energy, pimg energy, strain energy, and

yield energy at a specific tim e The terms ,#, , and g in order are the system mass, damping, displacesyemd resisting
force due to the earthquake excitation.

Fig. 11(b) confirms dissipated energy with lineaalgsis, where most of the energy is dissipateaiutin damping alone.
It may be seen from the figure that damping eneaytributes about 92.5% of the total dissipatedgnat the end of the
ChiChi ground motion excitation. The rest of thesiibated energy is then composed of kinetic amihsénergy as shown. It
is important to note that energy is the produdbate and displacement. Therefore, higher disstpatergy is anticipated as
shown in Fig. 11(a) in the model incorporating édimin, as the buildings are allowed to move mogelfr. The reason behind
it is due to the higher stiffness in the form afaaupling effect when no isolation is used, leadméewer displacements in the

model without an isolation system. In summary, éhergy escalation for the ChiChi, Kocaeli, and Leasdyround motions
reaches a maximum of 33.3%, 26.9%, and 31.1% régplycat each specific time step.

900
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e ChiChi (Isolation)
800 | ---eeeedeeeeee- Kocaeli
Kocaeli (Isolation)
--------------- Landers
Landers (Isolation)

700

600

500

400

Total energy (kNm)

300
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55

Time (s)

(a) Energy for each ground motion

Fig. 11 Total cumulative energy pl
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(b) Detailed energy dissipation for ChiChi groundtion under linear analysis

Fig. 11 Total cumulative energy plot (continued)

Fig. 12 presents the spectral displacements of &iotictures at their respective roof elevationecBal displacements
serve to depict the dynamic characteristics ofuctire when subjected to external dynamic exoitatvith specific periods.
Itis crucial to acknowledge that earthquake exiciteentails a random occurrence of waves travelingarying periods. Thus,

the actual displacements of a structure are gradtlyenced by the characteristics of the groundiomduring an earthquake

event.
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Fig. 12 Spectral displacements plot (continued)

Fig. 12(a) presented the roof spectral displaceroktiie Tower Laboratory building. Under its fundamal period of
1.71 seconds, the utilization of isolation increbtdee roof spectral displacement by about 14.3%\w@rage. Fig. 12(b) then
presented the roof spectral displacement of thegbiahaboratory building. Under its fundamentalipérof 0.69 seconds,
the roof spectral displacement by about 59.1% @name when the isolation system is employed.dbigluded that the usage
of isolation in the sky bridge induces changes@ftindamental dynamic behaviors of two connectéldings. For excitation
periods shorter than the building’s fundamentalqekrit is also seen that the sky bridge isolatias a negligible effect on
the roof displacements. Such changes in behaviggesi responses from higher vibrational modes eflthildings are

practically unchanged regardless of the restraihtee sky bridge connection.

Fig. 13 presents the distribution of maximum stelngars on each level of the structures due to dgrowstions applied
in critical directions of the buildings at the maxim time step marked in Fig. 6(a). Unusual latévate distribution is
observed when no isolation system is employedHersky bridge connection, particularly evidenthe fTower Laboratory
building, as shown in Fig. 13(a). Unusual latexacé distribution is considered where story shelarsiot incrementally
increase from the roof story to the base levehefliuilding. Diaphragm load transfer is evaluatethé the reason for this

phenomenon, as significant load transfer is seeanwlo isolation is used to the sky bridge connactio

Additionally, it is also apparent that there ardugtions in dynamic base shear when the sky bridgmects the two
buildings without isolation. A maximum dynamic batear reduction of 24.3% for the Tower Laboratauilding and 2.5%
for the Hangar Laboratory building is seen whenisidation is unused. Such behaviors may not be @bbe captured when
employing static load procedures prescribed bydingl codes. For instance, the static load procedutieed in ASCE 7-16
typically results in an incremental increase imgtshear until reaching the maximum at the growewl as the static base
shear. In essence, these behaviors underscorethssity for dynamic analyses when encountering samplex structural
behavior. Regarding the design procedure, the temtuin dynamic base shear implies a need for highale factors to align
with the base shear from static load analysis. €guently, escalation of load demands and reinfoergsnin structural

elements is expected due to the higher scale factor
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Fig. 13 Maximum story shear distribution plot

Fig. 14(a) shows the checking procedure for tomdidmegularities complying with ASCE 7-16. Accondito the code,
a building is considered to have torsional irregtyaf the maximum drift to the average drift riin any level is higher than
1.2. Furthermore, a building is considered to hexaessive torsional irregularity if the ratio exded..4. In the results shown
in Fig. 14(b) and Fig. 14(c), a significantly bettersional check result is seen when an isolasistem is introduced to the
sky bridge connection. Significant reductions & thtio by a maximum of 12% for the Tower Laboratouilding and 15.7%
for the Hangar Laboratory building. It shows bettesional behavior from the two buildings whenytlage allowed to move

independently during earthquake excitations.
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Such behavior may be explained through observatidine horizontal geometries of the structureshasve in Fig. 4(b).
It may be seen that the sky bridge is located atitne outer extreme corner of the two structiéigh such positioning, the
lateral stiffness of each structure increases at emd only without the isolation (rigidly connecteds a result, more
displacements are seen at the other end of théibgdl, amplifying the torsional behavior in the gess when the sky-bridge

is connected without isolation.

For clarity, Fig. 15 highlights the deformed shap¢he structure at the maximum time step markeign 6(a). It may
be seen visually that the isolation helps in redgadhe torsional effect, specifically during thed&ti and Landers ground
motion where significant floor distortion is seenthe Hangar laboratory without the isolation. Regey design procedures
complying with design codes, some benefits of hguawer torsional behavior are reduced accidemtaidn amplification

factors and a smaller redundancy factor of 1.0 Wwhitow for more economical and efficient design.

(a) ASCE 7-16’s definition of torsional irregularit

(b) Results for Tower Laboratory building

Fig. 14 Torsional irregularity check



37C International Journal of Engineering and Technagtdgnovation, vall4, no. 4, 2024 pp. 355-377

(c) Results for Hangar Laboratory building

Fig. 14 Torsional irregularity check (continued)

Fig. 15 Maximum deformed shapes due to each growtébn
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Fig. 15 Maximum deformed shapes due to each grawtén (continued)

Tensile stresses of concrete were an interestrtolate cracking that may occur at the sky bridgeesy. As mentioned
previously, SAP2000 is used for this analysis du#he finite element modeling limitation of ETABBIg. 16 displays the
stresses that occur at the sky bridge before dadthak usage of isolation. A limiting stress of BIPa is used as the threshold
of the stress contour as it relates to the rupstnength of the concrete material. It may be evallian Fig. 16(b), that the
usage of isolation significantly reduced the stilessgl at the sky bridge system. The reduced stsesgaluated to be lower

than the modulus of rupture of the concrete, inmgythat cracks at the sky bridge are eliminateoudh the usage of isolation.

(a) Without isolation (b) With isolation
Fig. 16 State of stresses at the sky bridge element

Design verification and reinforcement design aradtwted following the building code, adhering to IAX18M-14
standards. The reinforcements are designed sutbkdbh structural element can resist the requiesdling, shear, torsional,
and axial demands. The detailing for the cross@esdf the sky bridge beams based on the requéiatbrcement areas may
be evaluated in Fig. 17. As seen in the figurdgaiicant reduction of reinforcement is seen upba usage of movement
isolation at the sky bridge connection. The reductf reinforcement needed is due to reduced leadathds and stress
transfers when the isolation is introduced, as destrated previously. It may be evaluated that dgiired longitudinal bars
decreased significantly, while the required tramsedars did not decrease as significantly. Theore#or this is due to the
required confinement provisions for axially loadeémbers as specified in ACI 318M-14 standards gomgrthe design.
The reductions of the required reinforcements imgigt a more efficient structure both in economieapects and

constructability aspects is obtained by the usdgsotation.
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(a) Without isolation (b) With isolation
Fig. 17 Reinforcement details of sky bridge

(a) Fully transferred model

(b) Reinforcement of sky bridge
Fig. 18 Transferred BIM model in Revit

Further reinforcement detailing is performed diethirough the ETABS detailing feature to obtaie tietailing of each
structural element. It is crucial to establish paeters such as development lengths, minimum dietbetween bars, splicing
positions, and other relevant reinforcement dgiailameters before the detailing. The parameters pursply with the

required detailing provisions of the selected strad system. In this research, the detailing \deiss were made to comply



International Journal of Engineering and Technoldggovation, val 14, no. 4, 2024 pp. 355-377 373

with special moment resisting frame provisions asighed. The model with its detailing was thengfarred to Autodesk
Revit for further output processing. The fully tséerred model with the reinforcement detailing rbayseen in Fig. 18(a). As
shown in the figure, the reinforcement detailingstatbs, columns, and beams is obtained in the raired view of the BIM

model. For clarity, the reinforcement detailingtioé sky bridge element alone is shown in Fig. 18(bjay be seen visually
that the detailing parameters have been corretipprted through the distributions of bars in edeiment. Conclusively, this

procedure demonstrates the BIM capability to optérthe design process through straightforward dgsigsentations.

However, it is noticed that the reinforcement ditgichoices that ETABS provided are yet to be aered efficient.
ETABS selects reinforcement bar sizes based sotetiie limitations of bar distances without consgitigthe potential excess
amount of reinforcement required to achieve econaesults. The required time for the data migrati@nalso noted to be
substantial. Transferring the model with the reioément from ETABS to Autodesk Revit for 3083 fraalements and 932
shell elements takes approximately an hour on geerBhis reported duration is based on using a coenpvith an Intel Core

i7 processor and 16 GB of memory and may vary ddipgron hardware specifications and model compjexit

Comparisons of the resulting reinforcement volurakwations through the BIM usage are reported abl@ 2 and
visualized in Fig. 19. Applying an isolation systéarthe sky bridge connection reduces total recgorent volumes by 4.32%
for the Tower Laboratory building and 1.98% for thengar Laboratory building. This volume calculati@sults imply that
the structure response is marginally better whensalation system is provided to the sky bridge remstion due to the
reduction of force demands in the structural elesmeviore significant changes may be evaluated énstty bridge element
itself. As reported in Table 2, a reduction of 8k bridge’s reinforcement volume by 36.91% is sedren the isolation
system is used. This volume calculation in the fenther demonstrates the advantage of using BIMctviailows convenient
data processing after the structural design prosefimished. Particularly for this research, BIMIps in evaluating the

guantities of the required reinforcement volumeaagighe 3D transferred model.

Table 2 Reinforcement volume calculation

Tower Laboratory buildin Hangar Laboratory buildir Sky bridge eleme
Element Without With Without . . Without With
isolatior isolatior isolatior With isolation isolatior | isolatior
Beam (kg 410 20( 389 36( 73 91: 74 17( 2613 124¢
Column (kg 129 58 123 51( 62 46( 60 82( - -
Slab (kg 98 21¢ 97 55( 18 25¢ 16 57( 236¢ 189(
Total (kg 638 00: 610 42( 154 62¢ 151 56( 497¢ 313¢
Difference (% 4.32 1.9¢ 36.91

(a) Tower Laboratory building

Fig. 19 Reiforcement volumsummar
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(b) Hangar Laboratory building

Fig. 19 Reinforcement volume summary (continued)

A study from Syukri et al. [28] is used as a benahdafor the reported reinforcement volume. The aede is chosen
considering the position, size, and function of bludding that resembles the Tower Laboratory bogdrom this study. In
short, the research presented a BIM-based reinfegnevolume calculation of a 5-story laboratorylthag with an average
floor area located in Bengkalis, Indonesia. Theaesh reported on average 34836 kg of beam reigrfioeat volume per story
for the building. Assessing the Tower Laboratoty&am reinforcement volume in Table 2, on averad88&g of beam
reinforcement volume is obtained per story. Comgatfie two results, a marginal difference of 10.58%een in the reference
results of reinforcement volume. This differencehia reinforcement volume is considered acceptapl@king into account
design judgments and the fundamental differencésdmn both buildings. Furthermore, a manual quaictiiculation was
also done through the structural drawings and #teilthg produced previously. A slight error of %35s reported from the

manual calculation and is considered to be acceptale to simplifications that were used duringrttenual calculation.

4. Conclusions

This paper extends studies in isolation systemsKgrbridges by an applied case study of multi-toluglding design.
Bidirectional isolation systems are applied tod¢banection of the sky bridge to allow isolated moeats during earthquake
excitation. Linear time history analysis is usedl@signing the structures, complying with buildoades of ASCE 7-16 and
ACI 318M-14. BIM integration is used throughout #tedy in assisting design visualizations and olxigi accurate volume

calculations. Several points that are concludenhfiiois case study are:

(1) Improved torsional behavior is seen when tlodatgon system is used, such torsional mass ppaticin is reduced by
about 12% in the fundamental mode shapes of tHdibgs.

(2) According to ASCE 7-16, the improvement of tongl behavior is significant enough to reducettirsional irregularity
ratio by up to 15.7%.

(3) More notable benefits that the isolation offare more predictable dynamic behaviors througlepeddent vibration
responses and improved energy dissipation by &8#88&6 at maximum.

(4) BIM-based calculation of reinforcement voluneported a substantial reduction of reinforcemetime by 36.91% at

maximum when the isolation is used to the sky @idgnnection.

Further studies are suggested to fill the limitagighat this paper has. A more rigorous analysismety non-linear
analysis, is recommended to further assess noarliresponses and design optimizations through @kplefinitions of
material non-linearities. Further studies in assgssther capabilities of BIM are also recommendasl its current state

suggests the potential for further research toeaghgreater efficiencies in structural designskaodder construction practices.
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Appendix

Table Al Seismic loading parameters
(Mapped parameters adopted from Indonesia’s DeSjgttrum Response Map)

Paramete! Values
Risk categor v
Importance factore 1.kt
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Table Al Seismic loading parameters (continued)
(Mapped parameters adopted from Indonesia’s Degjgrctrum Response Map)

Paramete! Values
Site location Longitude: 106.827
Latitude:-6.360¢
Mapped acceleration parametefs S 0.891 ¢
S1: 0.419 ¢
Mapped long period 20 seconc
Site clas Site class
. e Fa: 1.187:
Site amplification factors F. 23620
MCERr spectrum parameters 2::? égg;g :
Design spectrum parameters Sos: 0.7052
Sp1: 0.6595
Design spectrum periods To: 0.187 secor
Ts: 0.935 secor
Seismic design categc D
Lateral force resisting systt Special moment resisting fra
Response modification factol 8
Overstrength factc%g 3
Deflection amplification factor 4 5.k

Table A2 Seismic risk deaggregation (Adopted frohonesia’s Seismic Hazard Map)

Variables Values

Return perio 2500 year

Earthquake sour All source!

Earthquake magnitude (M 7-8.5

Earthquake distance ( 12C-200 krr
Earthquake mechanis Revers-slip andstrike-slip

Shear wave velocity (Vs3Q) 0-175 m/s

Earthquake duratic Not limitec




