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Abstract

In rapidly growing urban areas like Kathmandu, thereasing population demands more land, leading teed for
multipurpose buildings that can address multiplebgl challenges. However, the limited space in udgrarironments has
caused changes in building structures, requiringenfunctionality within a smaller footprint and ding in irregularities.
An analytical study is conducted to investigateithpact of irregular mass distribution on a symigatrreinforced concrete
frame. This study considered variations in the gaent of heavy masses between storey. The studya¢edlthe structural
fragility of buildings with and without mass irrdguties under different conditions. The study focusa two reinforced
concrete building models, one with 9 storey andativer with 12 storey, both featuring double basemeShear walls were
incorporated into both structures to resist lateyades, making them dual system structures. Aigof each building was
designated as a hotel with a swimming pool on ¢v@ fand was subjected to slightly different loadommnpared to the rest
of the building. The structural analysis involvegponse spectrum analysis and nonlinear time hiatalysis, with seismic
design code NBC 105:2020. The study concluded tradistribution of mass in a structure can signiftyaimpact its
performance. While structures with irregular massritiution at higher levels are more susceptibleaxhquake damage in
seismic zones, those with mass concentrated lower half can show better performance than unifgwistributed (regular)
structures. The study emphasized the importanegatling structural irregularities whenever possiblewever, if they are
necessary, they must be designed in complianceawittient building regulations, and their effectsidbidoe mitigated using
appropriate design strategies.
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1. Introduction

Irregular buildings are often visually striking andique, making them attractive to architects ar
developers seeking to create distinctive structuredensely populated areas where space is limite
irregular designs allow buildings to fit into tigphaces. Nepal's location in a seismic zone maleset

irregular high-rise structures particularly vulngea during earthquakes. Therefore, selecting

structural system capable of withstanding bothrétend gravity loads is crucial. Advances it
engineering and construction technology have exgdrttle possibilities for constructing irregula
buildings that were once considered impracticabsenbuildings can be more profitable than regul
ones, commanding higher rents or sale prices dtieetounique design and prime locations. Howeve
irregular buildings also present unigue challengspecially regarding seismic safety. They requi
meticulous planning and engineering to ensure tteirctural integrity and the safety of occupant
during earthquakes. Architects and developers roababorate closely with seismic experts an
engineers to design and construct irregular bugsliwith seismic safety in mind. Any building is
considered irregular if it meets the criteria aali in clauses 5.5.1 to 5.5.2 of NBC 105:2020.

With advances in computational efficiency, theregi®wing interest in assessing the seism
performance and vulnerability of buildings. Frailiunctions, expressed as fragility curves, amdus
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to assess building vulnerability by estimating likelihood of exceeding a specified damage thrashc
across various ground motion intensities. Perfocagrased earthquake engineering (PBEE) is

emerging approach for analyzing the dynamic respafistructures during earthquakes. Increment
Dynamic Analysis (IDA) is a PBEE technique thatatwes subjecting structures to a series of nontine
dynamic analyses under scaled ground motion recvti®n combined with fragility analysis, IDA
facilitates probabilistic seismic hazard analysikich determines the mean annual frequencies df lin
state exceedance (Vamvatsikos, 2002). Becauseiotttimplicated behavior during earthquakes, ma
irregular buildings require a seismic fragility assment. Comprehending their vulnerability helps

the development of effective retrofitting techniguend enhanced construction regulations to ensi
the safety of structures in seismically vulnerabdgions (Baral, 2022). Since seismic fragility
assessment plays a key role in promoting safetsiliaece, and informed decision-making ir
earthquake-prone regions.

2. Literature Review

Bansal et al. (2012) conducted Response Spectruatygia (RSA) and Time History Analysis (THA)
on vertically irregular RC building frames with nsagregularity, stiffness irregularity, and vertica
geometry irregularity. It was observed that theebstsear of mass irregular structures was higher tt
that of regular structures. Additionally, in then& history analysis, the upper stories of irregul:
buildings exhibited slightly greater displacementnpared to regular buildings.

Agrawal et al. (2020) studied the behavior of swimgrpool in different position (i.e. One-Side, Two-
Side, Three-Side, Centre) of pool at the terramer fbf the G+9 high rise regular building and codeld
that the location of the swimming pool in elevatiersignificant in the design of the building, ahd
has been determined that the single side or ceot&tion pool qualifies as the best position fa th
selected structure.

Bhandari et al. (2022) investigated the seismifoperance of two high-rise structures with pre-erigt
torsion irregularities. A shear wall was addedre of the buildings to mitigate torsion effectsd aime
modified structure was also analyzed. The findinggealed that incorporating shear walls into
structure enhances its performance by reducingotorsSpecifically, at a PGA of 0.35g, the
performance of a 10-storied building improved byator life safety, while the performance of a 12
storied building improved by 70% for collapse pnetien.

In this study, three-dimensional finite element eloty is done for two buildings of 9 and 12 storey
followed by addition of mass heavy structure irfatiént location of the building. Non- linear time
history analysis is carried out by selecting sguains of ground motion which are later scaled toama
the site requirement. Incremental dynamic analysiformed on these models and the outcome of IL
is used to develop fragility curve.

3. Methodology

3.1. Building Description

The study investigates two reinforced concretedingl models, one with 9 storey and the other wil
12 storey, both having a double basement. Eacldibgiincludes shear walls to resist lateral force
classifying them as dual system structures. Thergnge concept of multipurpose buildings, whick
accommodate various functions like institutionalnenercial, and recreational spaces, is considert
In one-third of the structure, which is designassda hotel with a swimming pool on one floor, th
loading differs slightly from the rest of the buiid.

Figure 1 illustrates the mass irregularity in thet@ey model, where mass varies across thr
consecutive storey, resulting in three distinctesa8ottom Heavy, Middle Heavy, and Top Heavy
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based on their vertical location. Similarly, in easf 12 storey model the mass variation is in fot
consecutive storey with the three cases havingdtmrey each as in figure 2.
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The buildings are designed with a 4*4 grid layoata spacing of 7m. The structural element
including columns, beams, slabs, and shear watianaticulously designed using specific dimensior

and material grades to ensure structural integrity safety. The grade of concrete used for thenuwdu

is M35, while that for the beams, slabs, and shedis is M25. The reinforcement bars used are
grade HYSD 500. The columns are sized at 725mm*T@25for the 9-storey model and
900mm*900mm for the 12-storey model. Beams aredsie/00mm*500mm for the 9-storey mode
and 800mm*750mm for the 12-storey model. Secondaams are sized at 400mm*300mm for the ¢

storey model and 600mm*400mm for the 12-storey rhode

POOL 1

POOL 2

Figure 3: Pool Position (Plan View)

The basement walls are 9 inches thick, and ther staks are 6 inches thick. The slabs have a umifor
thickness of 5 inches across all floors, while ss@mming pool features an 8-inch thick slab. Th
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swimming pool is located at the center of the stamed has two sections with different heights: tn00
for Pool 1 and 1.50m for Pool 2. Geometric nondrity is considered by applying the P-delta effec
Beams and columns are modeled non-linearly by aisgjglastic hinges based on ASCE 41-17 Tab
10-7 for beams, and Tables 10-8 and 10-9 for cofurhear walls are modeled with an auto fib
hinge provided by ETABS. Material non-linearityascounted for using Manders' stress-strain cur
for concrete and Park’s model from ETABS for rel@ncrete exhibits degrading hysteresis behavit
while rebar exhibits Kinematic hysteresis behawiarspecified by Baral, 2022.

Figure 5(L-R): Regular 12 Storey Building Model followed by Models with Mass Irregularity (Pool) at 12, 8" and 4
floor

3.2. Incremental Dynamic Analysis (IDA)

Incremental Dynamic Analysis (IDA) is a computatbmethod in earthquake engineering used
comprehensively assess how structures behave wwedEmnic loads. It builds upon the results ¢
probabilistic seismic hazard analysis to estimastracture's seismic risk. IDA is akin to a dynami
version of static pushover analysis. In IDA, a ctiwal model is subjected to one or more grour
motion records, each scaled to various intensitgl$ resulting in one or more curves showing gdoul
motion intensity versus structural response pararsethe process of conducting IDA is complex ar
time consuming. Vamvatsikos et al. (2002) propassidnplified technique where the intensity measu
is incrementally increased from zero until the stige collapses. Prior to analysis, the incremahiey
and stopping criteria must be defined.

The intensity measure reflects the ground motieffésst on the structural response and can be aldeal
qguantity like peak ground acceleration (PGA), pgedund velocity (PGV), or spectral acceleratio
(Sy). In this study, PGA is used as the intensity measThe Damage Measure (DM) is the output «
IDA, quantifying the structural damage. DM can Bpressed in various forms such as base shear, n
rotation, global drift ratio, or inter-story drifatio (IDR). In this study, IDR is used as the D¥he

performance levels specifying the structure's daaygit are derived from the Federal Emergenc
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Management Agency (Huret, 2017). They include ImistedOccupancy (10), Life Safety (LS), anc
Collapse Prevention (CP) with inter-story driftiodimits of 0.5%, 1%, and 2%, respectively.

The devastating Mw 7.8 Gorkha (Nepal) earthquakeckton April 25, 2015, approximately 60
kilometers northwest of Kathmandu, the capital @phl. It ruptured 150 kilometers of the Mair

Himalayan Thrust (MHT) beneath the central Nepahélaya (Avouac, 2015).

For this study, si:

earthquakes with reverse fault mechanisms and rualgs ranging from 6.5 to 8, along with a ruptur
distance greater than 20, were selected from PE&&bdses. Ground motion data from the Gorkl
earthquake were also included. Previous literatarassessing building response to seismic acfivity
the Trans-Himalayan region (THA) was consulted esference for ground motion selection.

. . . R
S.N. Grognd Station Year| Magnitude Mechanism up
Motion (km)
1 | Chuetsu-Oki Joetsu Kita 2007 6.8 Reverse 439
2 | Tabas Iran Boshrooyeh 1978 7.35 Reverse 928.
. . R
3 Loma Prieta Agnews State Hospital 1989 6.93 e\{erse 24.57
Oblique
4 | Northridge QSQWOOd'W'"Oughby 1999|  6.69 Reverse 23.01
5 | San Fernado Whittier Narrows Dam 1971 6.61 veRee 39.45
Reverse
6 | Chi Chi CHYO002 1999 7.62 _ 24.96
Oblique
7 | Gorkha Patan 2015 7.8 Reverse 6(

Initially, the ground motions were downloaded igitloriginal form without scaling from the databsise
Seismomatch 2021 (Student Version) with a 0.3 amlee is employed to align and adjust the groui
motion. The selected ground motions are then s&adledr up or down to align with the target spettru
specified by NBC 105:2020 for soil type D. Both izontal directions were accounted for in th

selection process to capture variations in respuaiithén the recorded data.

@mwﬁ

Figure 6: Unmatched Ground Motion Data (X)
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Figure 8: Unmatched Ground Motion Data (Y) Figure 9: Matched Ground Motion Data (Y)

33 Er agl I |ty Curve Selection of Ground Mation
|

Fragility curves are valuable tools fa ) |
predicting the probability of structural systel Incremental Dynamic Analysis
damage under varying ground motic ; &
intensities. These curves can be develog - - :
using various seismic parameters, includil Incremental Dynamic Analysis Curve
PGA, which is utilized in the IDA. From ) l

fragility curves, the mean (i) and standa
deviation 6) are obtained. The fragility
function developed by (Kirgil, 2006) is use I
to determine the cumulative probability ¢

damage, as expressed in the equation:

S

Drift Limit State ]

Repeat analysis with different structures and ground motion

InX — p
P o) = & (—) ]
o InX-p
[ Use equation, P (JC) = ¢ (TL)
Where, |
)
o = standard norma [ Fragili: Gleve ]
distribution,
X = lognormal

distributed peak ground acceleration,
u ando = mean and standard deviation of InX

According to FEMA 356 2000, there are three defidaohage states: Immediate Occupancy (10), Li
Safety (LS), and Collapse Prevention (CP). Theasestcorrespond to drift limits of 0.5%, 1%, an
2%, respectively. When using Incremental Dynamialgsis (IDA) plots, the mean and standar
deviations of the logarithms of Peak Ground Acalens (PGASs) at these various damage states
obtained. The procedure for fragility analysis andve is shown in the above flow chart.

4. Result and Discussion

4.1. Incremental Dynamic Analysis (IDA)

In the ETABS software, nonlinear time history asédyis conducted by subjecting the building mode
to bidirectional earthquake excitation. The maximstorey drifts are determined from load case
involving the X component of earthquake in the Xedtion, the Y component of earthquake in the
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direction, and vice versa (i.e., Y component ofttegrake in the X direction and X component ¢
earthquake in the Y direction). The maximum stateff represents the highest drift observed betwe:
the X and Y directions. A higher Peak Ground Acrlien (PGA) value in the earthquake groun
motion leads to a greater structural response.litremental Dynamic Analysis (IDA) curves plot
peak ground acceleration on the y-axis against maixi inter-storey drift ratio on the x-axis.
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The analysis is conducted on 9 storey models aflae@nd mass irregular structure located at tog, v
and bottom of the structure. The top heavy strecsthowed lower value of PGA at different damac
state followed by mid heavy, regular and bottomvigesiructure.

The IDA curves show the values of PGAs that exdbhedlrift limits at damage states. There are sev
distinct PGAs values that reach the drift limit @istructure in a damaged state. The fast nonline
approach of time history analysis only makes litie of nonlinearity. As a result, the IDA curves a
nonlinear only to a limited extent. The logarithintitese PGAs values is used to calculate the me
and standard deviation that are tabulated below.

Table 1: Mean and standard Deviation for 9 Storeyl®s

Immediate Occupancy (10)

Life Safety (LQ) Collagarevention (CP)

Damage States

H o
Regular -1.939 0.083
Top -2.023 0.040
Middle -1.935 0.071
Bottom -1.914 0.075

Jacem, Vol.9, 2024

u o u c
-1.275 0.077 -0.597 70.0
-1.369 0.043 -0.696 0.046
-1.268 0.071 -0.587 Q.07
-1.244 0.083 -0.563 0.08
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The analysis is also conducted on 12 storey madetsgular and mass irregular structure located &
top, mid and bottom of the structure. The top gestvucture showed lower value of PGA at differer

damage state followed by mid heavy, regular antbboheavy structure.
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The IDA curves show the values of PGAs that exdhedlrift limits at damage states. There are sev
distinct PGAs values that reach the drift limit @istructure in a damaged state. The fast nonline
approach of time history analysis only makes litie of nonlinearity. As a result, the IDA curves a
nonlinear only to a limited extent. The logarithintikese PGAs values is used to calculate the me
and standard deviation that are tabulated below.
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Table 2: Mean and Standard Deviation for 12 Stddegels

Immediate Occupancy (10) Life Safety (LQ) Collapgarevention (CP)
Damage States
s} o M o s} o
Regular -2.269 0.024 -1.576 0.024 -0.883 249.0
Top -2.384 0.031 -1.691 0.031 -0.998 0.031
Middle -2.293 0.017 -1.600 0.01y -0.906 @.01
Bottom -2.244 0.028 -1.551  0.028 -0.858 8.02

4.2. Fragility Curve

The fragility curves demonstrate the probabilityexiceeding the drift limitations for damage stat
immediate occupancy, life safety, and collapse gméen at varying PGAS levels. The fragility curve
of 9 storey model in different cases and for défdrperformance level is shown in figure 18. Acdogd
to Nepal Building Code PGA of 0.35g indicates thetlequake with a return duration of 475 years fc
the specified site.
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Figure 18: Fragility Curve of 9 Storey Model

From figure 18, it can be seen that probabilitgxdéeeding LS is 100% for all cases of 9 storey rhoc
at 0.35g PGA. The probability of exceeding LS i9%) 99.90%, 99.05% and 99.83% for Top Heav
Mid Heavy, Bottom Heavy and Regular Models respetyiat 0.35g PGA. The performance of bottor
heavy models is better than other cases in thelibgil The probability of exceeding CP is about 0¢
for all cases in the building at 0.35g PGA. HoweWeym the calculation data it can be observed th
the performance of bottom heavy models is slightiyter than other models. Bottom heavy mod
displayed the best performance and top heavy veawéiakest among the four cases studied. From

figure it can be seen that Top Heavy Model meeétiircollapse and final collapse at 0.45g and 6.5
respectively whereas the bottom heavy model h#aliand final collapse is shifted to 0.46g and2@.7

respectively.
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Figure 19: Fragility Curve of 12 Storey Model
The fragility curve of 12 storey model in differezdses and for different performance level is shov
in figure 19. From the figure, it can be seen thrabability of exceeding LS is 100% for all caséid
storey building at 0.35g PGA. The probability oterding LS and IO is 100% for all Top Heavy, Mit
Heavy, Bottom Heavy and Regular Models at 0.35g PG¥ performance of bottom heavy models
better than other cases in the building. The pritibabf exceeding CP is about 4.5% for Top Heav
and 0% in all other cases in the building at 0.B&A. From the calculation data it can be observ
that the performance of bottom heavy models idijigetter than other models. Bottom heavy mod
displayed the best performance and top heavy veagéiakest among the four cases studied. From
figure it can be seen that Top Heavy Model meeétiircollapse and final collapse at 0.34g and §.4
respectively whereas the bottom heavy model h#aliaind final collapse is shifted to 0.39g and/@.4
respectively. The influence of position variatigriésser in 12 Storey model compared to 9 Stohey,
reason is due to increase in dead load of thetateias the size of member section has increagéd v
the increase in number of storey. As the weighwafer is constant in both 9 and 12 storey mode
increased dead load reduced the influence of therweeight on the overall seismic weight of th
second model resulting in lesser variation comp&wete first one.

5. Conclusion and Recommendation

The seismic behavior of 9 and 12-storey RCC buysliwas investigated, considering variations in tf
placement of heavy masses at different storey dewietremental Dynamic Analysis is carried out o
these eight models using seven pair of ground mat@t were scaled to the required intensit
Followed by prepared of fragility curves. The fildgicurve illustrates that the top-heavy mode
experiences initial collapse and final collaps®.d6g and 0.57g, respectively, in the 9-storey rhod
In contrast, the bottom-heavy model has initial dimdl collapse shifted to 0.46g and 0.72¢
respectively. Similarly, in the 12-storey modele ttop-heavy model encounters initial collapse ar
final collapse at 0.34g and 0.41g, respectivelyijeMine bottom-heavy model experiences initial ar
final collapse at 0.39g and 0.47g, respectivelyesehresults indicate that the location of heavysme
significantly influences the structural performance

It is evident that although a frame with mass ialagty at higher levels is prone to damage i
earthquake-prone areas, if placed in the lower dfathe structure, these models can exhibit bett
performance compared to uniformly distributed (fegustructures. While any form of irregularity in
a building should be avoided, if such irregulagtreust be introduced for specific reasons, theylsho
be carefully designed in accordance with prevailmglding codes, and their effects should b
minimized or balanced using appropriate designriegtes. Despite the risk of earthquake damage
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complex-shaped buildings, they are gaining prefageiherefore, these buildings should be design
meticulously, taking into account their dynamic &elbr, to ensure their structural integrity andesaf
during seismic events.

Hence the study suggests avoiding irregularitieisigtier levels wherever possible and recommen
further research into mitigation measures for r@aythe impact of top-heavy mass irregular struegur
Additionally, it notes that the current analysisdees on RC bare frames with shear walls as per ci
requirements, but it is suggested to extend thaydtuinclude complete infill walls for a more risaic
building performance assessment. Furthermore, tilndy sassumes a fixed base for the structur
considering soil-structure interaction for a mokxwate representation of structural behavior
recommended. As water in the pool is consideretidis load, dynamic behavior of water in swimmin
pools can be further studied. In this analysis fastlinear analysis has been used due to its fas
computation. Direct integration method of nonlintaue history analysis can be done with use offasi
computing devices. Hence further study can beexout considering these factors to understand mu
precise behavior of the structure.
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