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Abstract. This study evaluates the seismic performance of multi-story reinforced concrete buildings using pushover analysis as part of a Performance-Based Seismic Evaluation (PBSE). Two seismic-resisting systems are examined: special moment-resisting frames (SMRF) and dual systems incorporating shear walls, with building heights of 6, 15, and 30 stories. Capacity curves, performance points, plastic hinge distribution, base shear, and roof displacement are analyzed to assess the structural response under seismic loading. The results indicate that the addition of shear walls in low-rise structures tends to reduce overall capacity due to excessive stiffness. In contrast, for mid- and high-rise buildings, dual systems exhibit higher structural capacity compared to SMRF. Performance point analysis shows that SMRF systems generally perform better across different heights, with performance points shifting less toward higher displacements. Plastic hinge evaluation reveals that SMRF models achieve better seismic performance, with most hinges remaining in the Immediate Occupancy range, while dual systems show slightly greater damage tendencies though still within safe limits. Moreover, dual systems demonstrate higher base shear capacity and lower roof displacements, reflecting improved stiffness and lateral resistance. The comparative analysis suggests that SMRF systems may be more advantageous for lower- and mid-rise buildings, while dual systems provide enhanced lateral resistance in taller structures.
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INTRODUCTION
Shear walls and building frames generally provide the strength required to resist lateral loads in multi-story buildings. In certain cases, shear walls are much stiffer than the building frames, so they carry the majority of the lateral load (1). The addition of shear walls significantly reduces lateral deflection in both directions and makes structures more rigid. This enhanced stiffness ensures structural stability and effectively minimizes displacement and interstory drift (2).
However, building height significantly affects shear wall behaviour under seismic loads. The aspect ratio of shear walls influences their failure modes: lower ratios are primarily governed by shear failure, while higher ratios are dominated by flexural failure (3). This makes high-rise shear walls more favourable due to their well-understood bending action. On the other hand, the addition of shear walls in tall buildings does not always provide an effective seismic resistance solution, as it may unnecessarily increase building weight and consequently cause higher base shear (4). In some cases, moment resisting frames already offer sufficient ductility to resist imposed seismic loads. Therefore, an analysis to better comprehend the seismic behaviour of buildings with and without shear walls needs to be conducted.
One method that can be adopted to investigate the seismic behaviour of buildings is pushover analysis. Pushover analysis is a static, nonlinear procedure that applies horizontal loads in a prescribed pattern incrementally until failure or collapse conditions are reached (5). The analysis involves pushing the structure laterally and plotting the total applied shear force against the corresponding lateral displacement at each increment. This produces a capacity curve that represents the force–displacement relationship of the structure. Pushover analysis enables the determination of performance points that indicate expected seismic performance levels. The method evaluates structures against established performance criteria, including Immediate Occupancy (IO), Life Safety (LS), and Collapse Prevention (CP) (6).
This paper aims to evaluate the seismic behaviour of buildings using pushover analysis as a tool to perform Performance-Based Seismic Evaluation (PBSE). The seismic resistance systems under evaluation are moment resisting frames and dual systems with shear walls, with varying heights and number of floors. The performance of the buildings under seismic loads is assessed through the generated capacity curves, performance levels, and the development of plastic hinges in the structural elements.
METHODS
In this study, a typical symmetrical building plan is used. Reinforced concrete buildings are made with four different heights, that are 6 floors, 15 floors, and 30 floors which are intended to represent medium and high-rise buildings. The initial planning for the dimensions of the moment resisting frame and dual system with shear wall refers to SNI 2847-2019 (Requirements for Structural Concrete for Buildings and Explanations), with the dimensions of structural elements adjusted for high ductility (Table 1 to 3). A typical story height of 4.0 m and 6.0 m bays is considered for the example buildings (Figure 1 and 2). The live loads are 2.40 kN/m2, with the loading width is 6.0 m. The concrete compressive strength for the beam members is assumed equal to 30 MPa. The minimum yield strength of the reinforcement is also assumed equal to 400 MPa. The RC special moment-resisting frame (SMRF) and dual system with SMRF and shear wall is selected as the structural system. 
The consideration used is that the building is in an area with a high earthquake risk (taken by an area with high spectral acceleration, SS and S1) and has a seismic design category of level D. The site class is taken as SE, which means the building is on soft ground. The building load and load combination is calculated based on SNI 1727-2013 (Minimum Load for Design of Buildings and Other Structures). The three models have the same structural conditions, which is the frames (beams and columns) are designed to withstand gravity and earthquake loads. All buildings are designed based on the Indonesian building codes and satisfy the drift criterion and the strong-column weak-beam (SCWB) philosophy. The reinforcement detailing of the beam and column elements conform to the SNI 2847-2019 requirements for RC SMRFs.
The seismic behaviour of the building examples is investigated based on Performance-Based Seismic Evaluation (PBSE) using pushover analysis as the tool. The analysis is conducted using software ETABS. The performance of the buildings under seismic loads is assessed through the generated capacity curves, performance levels, and the development of plastic hinges in the structural elements.

Table 1 Dimensi dan Elemen Struktur 6 Lantai
	 
	Story
	Frame
	Dual System

	Beam (cm)
	All
	30 x 60
	30 x 60

	Column (cm)
	1-6
	70 x 70
	70 x 70

	S. Wall (cm)
	All
	-
	30










Table 2 Dimensi dan Elemen Struktur 15 Lantai
	 
	Story
	Frame
	Dual System

	Beam (cm)
	All
	40 x 80
	40 x 80

	Kolom Interior (cm)
	1-3
	90 x 90
	90 x 90

	
	4-9
	80 x 80
	80 x 80

	
	10-15
	70 x 70
	70 x 70

	Kolom Pojok (cm)
	1-3
	-
	110 x 110

	
	4-9
	-
	90 x 90

	
	10-15
	-
	70 x 70

	S. Wall (cm)
	All
	-
	30




Table 3 Dimensi dan Elemen Struktur 30 Lantai
	 
	Story
	Frame
	Dual System

	Beam (cm)
	All
	40 x 80
	40 x 80

	Kolom Interior (cm)
	1-6
	110 x 110
	110 x 110

	
	7-12
	100 x 100
	100 x 100

	
	13-21
	90 x 90
	90 x 90

	
	22-30
	80 x 80
	80 x 80

	Kolom Pojok (cm)
	1-6
	-
	140 x 140

	
	7-12
	-
	120 x 120

	
	13-21
	-
	100 x 100

	
	22-30
	-
	80 x 80

	S. Wall
	All
	-
	35
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Figure 1 Pemodelan 3D Struktur 6 dan 15 Lantai
[image: ]
Figure 2 Pemodelan 3D Struktur 30 Lantai
RESULTS AND DISCUSSION
Figure 4 presents the capacity curves of the different building models, derived from the relationship between base shear and structural displacement. In the X direction, the dual system in the 15- and 30-story structures exhibits greater structural capacity compared to the SMRF system. In contrast, for the 6-story structure, the dual system demonstrates lower capacity than the SMRF system, indicating that the inclusion of shear walls in low-rise buildings primarily contributes to increased stiffness rather than enhanced strength.


Figure 3 Capacity Curve in the X Direction
Figure 5 illustrates the capacity curves in the Y direction, where shear walls are incorporated in the dual system. The results show that all structural models with the dual system achieve higher capacity than the SMRF system, with the 6-story dual system in particular exhibiting a significantly larger lateral load capacity.


Figure 4 Capacity Curve Y Direction

The graph in Figure 6 shows the relationship between spectral acceleration, spectral displacement, and structural demand. In the Acceleration Displacement Response Spectra (ADRS) format, the capacity curve is represented by spectral acceleration, which corresponds to base shear, and spectral displacement, which corresponds to roof displacement. The intersection point between the capacity curve and the demand curve is referred to as the performance point, which reflects the structural response to the design earthquake. In this study, the performance points of buildings with different heights were analyzed using values of SS = 1.107 and S1 = 0.507. The results indicate that the performance point shifts to the right with increasing seismic intensity, suggesting that the structures become more vulnerable to earthquake loads.
Tables 4 and 5 present the number and status of plastic hinges for different building heights and seismic-resisting systems. When the earthquake shaking intensity exceeds the design threshold, the condition of the plastic hinges tends to deteriorate. The results of this study indicate that the extent of plastic hinge failure increases with building height.

Table 4 Number And Status Of Plastic Hinges X-Dir In The Model
	Type of Model
	No. of Hinges
	HINGE STATUS

	
	
	IO
	LS
	CP

	
	
	No.
	% Total
	No.
	% Total
	No.
	% Total

	6 SRPMK
	1764
	1432
	81.18
	292
	16.55
	40
	2.27

	6 GANDA
	1716
	1256
	73.19
	457
	26.63
	3
	0.17

	15 SRPMK
	4410
	4050
	91.84
	319
	7.23
	41
	0.93

	15 GANDA
	4290
	3587
	83.61
	652
	15.20
	51
	1.19

	30 SRPMK
	8820
	7974
	90.41
	822
	9.32
	24
	0.27

	30 GANDA
	8580
	8171
	95.23
	393
	4.58
	16
	0.19







Table 5 Number And Status Of Plastic Hinges Y-Dir In The Model
	Type of Model
	No. of Hinges
	HINGE STATUS

	
	
	IO
	LS
	CP

	
	
	No.
	% Total
	No.
	% Total
	No.
	% Total

	6 SRPMK
	1764
	1550
	87.87
	214
	12.13
	0
	0.00

	6 GANDA
	1716
	1256
	73.19
	457
	26.63
	3
	0.17

	15 SRPMK
	4410
	3946
	89.48
	434
	9.84
	30
	0.68

	15 GANDA
	4290
	3587
	83.61
	652
	15.20
	51
	1.19

	30 SRPMK
	8820
	7868
	89.21
	952
	10.79
	0
	0.00

	30 GANDA
	8580
	7242
	84.41
	1232
	14.36
	106
	1.24
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Figure 5 Performance Point Pada Struktur
Tables 6 and 7 present the base shear and roof displacement values at the performance point, which reflect the level of structural damage observed in this study. The results indicate that the structural condition lies between the elastic stage and the Life Safety (LS) performance level, still ensuring occupant safety.









Table 6 Base Shear (V) and Roof Displacement X-dir at Performance Point
	Performance Points
	SEISMIC ZONE V

	
	

	Type of Model
	6 SRPMK
	6 GANDA
	15 SRPMK
	15 GANDA
	30 SRPMK
	30 GANDA

	V (kN)
	27700.423
	25158.366
	11105.391
	21483.624
	40719.998
	40612.974

	D (m)
	0.278
	0.317
	0.406
	0.373
	1.232
	0.939

	Performance level
	IO
	IO
	IO
	IO
	IO
	IO

	
	
	
	
	
	
	



Table 7 Base Shear (V) and Roof Displacement Y-dir at Performance Point
	Performance Points
	SEISMIC ZONE V

	
	

	Type of Model
	6 SRPMK
	6 GANDA
	15 SRPMK
	15 GANDA
	30 SRPMK
	30 GANDA

	V (kN)
	26721.384
	65554.959
	13411.135
	76002.413
	42483.101
	71861.185

	D (m)
	0.275
	0.090
	0.470
	0.508
	1.218
	1.113

	Performance level
	IO
	IO
	IO
	IO
	IO
	IO

	
	
	
	
	
	
	



CONCLUSION
The analysis leads to several conclusions. First, based on the capacity curves, the addition of shear walls in low-rise structures results in lower capacity, as the presence of shear walls makes the structure excessively stiff. Second, from the performance points obtained, it can be observed that for all structures with dual systems, the performance point tends to shift to the right, indicating that even up to 30 stories, the use of SMRF systems provides better performance compared to dual systems. Third, the number and status of plastic hinges show that the SMRF models demonstrate superior seismic performance compared to the dual system, with the majority of plastic hinges remaining at the Immediate Occupancy level. Although the dual system models are still within the safe range, they exhibit a slightly higher tendency for damage. Finally, the dual system structures exhibit higher base shear capacity and smaller roof displacements, indicating greater stiffness and improved lateral resistance. All structural models satisfy the Immediate Occupancy criteria, confirming that from a seismic performance perspective, the designs already meet the required standards.
References
1. 	Surahman A. Modeling Effects on Forces in Shear Wall-Frame Structures. J Eng Technol Sci [Internet]. 2015 May 31;47(2):117–25. Available from: http://journals.itb.ac.id/index.php/jets/article/view/1436
2. 	Zad N. A Parametric Study on the Effects of Shear Wall Locations in a Typical Five-Story Reinforced Concrete Structure Subjected to a Severe Earthquake. Curr Trends Civ Struct Eng [Internet]. 2021 Sep 15;7(5). Available from: https://irispublishers.com/ctcse/fulltext/a-parametric-study-on-the-effects-of-shearwall-locations-in-a-typical-five-story-reinforced.ID.000675.php
3. 	Mansour MY, Dicleli M, Lee JY. Nonlinear Analysis of R/C Low-Rise Shear Walls. Adv Struct Eng [Internet]. 2004 Aug 1;7(4):345–61. Available from: https://journals.sagepub.com/doi/10.1260/1369433041653525
4. 	BAIG MA, Rashid R. EFFECT OF SHEAR WALL ON PERFORMANCE OF MULTISTOREY BUILDING. Int J Eng Sci Technol [Internet]. 2020 Sep 28;4(5):26–39. Available from: https://www.granthaalayahpublication.org/ojs-sys/index.php/ijoest/article/view/IJOEST_111_1
5. 	Suwondo R, Alama S. Seismic evaluation of reinforced concrete moment resisting frames using pushover analysis. IOP Conf Ser Earth Environ Sci. 2020;426(1). 
6. 	Kalibhat M, Kumar M AY, Kamath K, Kalibhat MG, Kumar AY, Shet S, et al. Seismic Performance of R.C. Frames With Vertical Stiffness Irregularity From Pushover Analysis. IOSR J Mech Civ Eng [Internet]. 2019;(July):2320–34. Available from: www.iosrjournals.org

CAPACITY CURVE X-Dir 

Struktur 6 Lantai SRPMK	0	34.923999999999999	73.198999999999998	164.95599999999999	251.57599999999999	298.95299999999997	319.84899999999999	341.81	343.38499999999999	343.44499999999999	350.42899999999997	350.46899999999999	350.78399999999999	350.79399999999998	350.79700000000003	350.875	350.89499999999998	350.935	0	7685.1490999999996	13354.895500000001	19816.4892	26145.1793	28962.052599999999	29535.037199999999	29926.2477	29965.523399999998	29965.761900000001	30102.666499999999	30101.7382	30107.934300000001	30107.1646	30107.2431	30108.8374	30108.987300000001	30109.689900000001	Struktur 6 Lantai Sistem Ganda	0	56.204999999999998	144.28700000000001	229.792	287.76100000000002	287.76900000000001	291.31599999999997	291.32400000000001	293.834	293.84199999999998	295.31900000000002	401.964	475.464	476.77699999999999	480.29500000000002	0	8169.1496999999999	15436.880800000001	21266.784800000001	24284.827600000001	24237.333900000001	24384.0131	24369.202700000002	24474.623100000001	24383.680499999999	24484.331200000001	27806.732100000001	29357.951300000001	29369.522799999999	29427.5874	Struktur 15 Lantai SRPMK	0	85.953000000000003	100.529	106.11199999999999	132.827	186.97	190	192.16200000000001	196.33600000000001	249.79499999999999	268.38600000000002	292.32100000000003	296.45600000000002	413.84100000000001	448.44600000000003	448.45699999999999	450.90199999999999	0	9326.5195000000003	10630.96	10946.635700000001	11091.9265	11194.989299999999	11198.1333	11199.3714	11200.7343	11207.717000000001	11209.183800000001	11204.027700000001	11202.449699999999	11098.21	11064.8197	9850.8698999999997	9853.8066999999992	Struktur 15 Lantai Sistem Ganda	0	139.98400000000001	159.357	189.328	235.852	309.42	377.18900000000002	0	16856.626700000001	18427.063600000001	19536.651999999998	20408.6397	21106.038499999999	21507.235799999999	Struktur 30 Lantai SRPMK	0	210	331.25799999999998	546.68600000000004	766.86400000000003	990.68899999999996	1274.33	1383.7819999999999	0	12403.6068	19565.689999999999	26370.3128	31293.423500000001	35920.599300000002	41564.401599999997	43594.118399999999	Struktur 30 Lantai Sistem Ganda	0	384.85	583.46100000000001	1006.553	1058.9870000000001	0	22087.919099999999	32009.152099999999	42249.3868	43339.111100000002	Displacement, mm


Base Shear, kN




CAPACITY CURVE Y-Dir 

Struktur 6 Lantai SRPMK	0	37.152000000000001	75.004999999999995	159.85499999999999	244.18100000000001	301.44299999999998	301.45100000000002	301.459	301.584	301.60500000000002	317.22399999999999	0	7675.7622000000001	13109.8308	19109.3292	24942.738499999999	28260.375899999999	28250.1898	28198.9228	28205.863399999998	28206.127100000002	28710.511500000001	Struktur 6 Lantai Sistem Ganda	0	42	42.706000000000003	85.495000000000005	130.75700000000001	173.97399999999999	219.74600000000001	262.59100000000001	306.11500000000001	387.97699999999998	420	0	30956.256700000002	31476.237799999999	62278.539499999999	93957.8024	124025.83560000001	155825.4852	185569.71040000001	215775.606	272576.58010000002	294799.94890000002	Struktur 15 Lantai SRPMK	0	86.697000000000003	108.61499999999999	156.648	260.02300000000002	308.70400000000001	310.77999999999997	337.03500000000003	342.47699999999998	433.14100000000002	444.43299999999999	452.09899999999999	461.07400000000001	484.71899999999999	496.94900000000001	541.03300000000002	550.58600000000001	560.08199999999999	0	8583.5544000000009	10243.856	11788.7466	13327.056399999999	13764.9357	13772.4892	13718.081899999999	13711.7183	13472.2804	13459.2577	13456.162	13445.9722	13354.8107	13358.424000000001	13178.402	13177.9048	13178.322099999999	Struktur 15 Lantai Sistem Ganda	0	92.679000000000002	198.136	305.85399999999998	484.63600000000002	589.63599999999997	694.63599999999997	714.63099999999997	0	22354.397499999999	41428.688800000004	54333.514900000002	73608.554399999994	84560.530400000003	94143.232499999998	95946.963199999998	Struktur 30 Lantai SRPMK	0	210	372.363	586.45799999999997	807.03099999999995	1020.244	1235.1369999999999	1538.2550000000001	1708.2909999999999	0	10914.468699999999	19353.075799999999	27122.725600000002	32837.25	37926.7186	42882.453999999998	49735.618699999999	53541.410600000003	Struktur 30 Lantai Sistem Ganda	0	342.41500000000002	764.78700000000003	1206.433	1712.604	2132.6039999999998	2187.009	0	29627.240600000001	54620.507400000002	76516.839800000002	101223.1871	118555.98579999999	121155.90700000001	Displacement, mm


Base Shear, kN




image1.png
Struktr 6 Lantai Sistem Ganda

Struktur 6 Lantai SRPMK.

Struktur 15 Lantai Sistem Ganda.

Struktur 15 Lantai SREMK.
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Struktur 30 Lantai Sistem Ganda

Struktur 30 Lantai SRPMK
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