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ABSTRACT 11 

The Coupling Ratio (CR) is one of the critical parameters for the design of coupled structural wall (CSW) systems. 12 

CR is defined as the proportion of lateral load resisted by the coupling beams relative to the total overturning 13 

moment resisted by CSW system. Previous studies recommend an optimal CR range of 30–70%, but these findings 14 

are largely based on isolated CSW systems. Consequently, the recommendation is not applicable for dual lateral 15 

load-resisting systems wherein the lateral loads are shared between moment resisting frames (MRFs) and CSW 16 

systems. For such dual lateral load-resisting systems, the CSW and MRFs are designed to resist the fraction of 17 

lateral load demand imposed on them. The demand, estimated during the analysis and design stage, depends on 18 

the initial elastic lateral stiffness of the system. However, during earthquakes, significant redistribution of lateral 19 

load may occur depending on the location and mode of damage to structural elements. This redistribution of forces 20 

may lead to undesirable performance during an earthquake. This underscores the need to establish optimal CR 21 

values for dual systems to ensure reliable seismic performance considering seismic performance at the building 22 

level. Again, with growing emphasis on post-earthquake functionality and resilience, it is equally important to 23 

understand how CR influences not only strength and ductility but also repairability, downtime, and economic loss. 24 

Thus, this study examines the effect of CR on the seismic performance of reinforced concrete CSW buildings 25 

designed as per Indian Standards. Three building configurations (10-, 12-, and 16-storey) are analyzed with CR 26 

values of 40%, 50%, and 60% using nonlinear static analyses. Performance metrics include fundamental period, 27 

base shear–drift capacity, inter-storey drift distribution, and ductility demand. Further, damage and loss 28 

assessments are undertaken across multiple peak ground acceleration (PGA) levels to quantify resilience. The 29 

results provide key insights into the role of coupling ratio in enhancing both seismic performance and resilience, 30 

offering practical guidance for the design of dual lateral load-resisting systems.  31 

Keywords: Post-Earthquake; Resilience; Seismic Damage; Seismic Risk Assessment; Sustainable Urban 32 

Development. 33 
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1. Introduction 34 

Coupled Structural Walls (CSW) system, which comprises of individual structural walls interconnected 35 

with coupling beams, are widely employed in buildings to resist lateral loads and control lateral 36 

displacement. Typically, slender structural walls with overall height to length ratio greater than 2 are 37 

considered for CSW system owing to its flexural behaviour during earthquakes [1,2]. The overall lateral 38 

load resistance of CSW system is governed by two primary actions, namely: (a) flexural action of the 39 

individual structural walls and (b) the frame action mobilised through the coupling beams. The latter 40 

induces axial forces demand in walls, the magnitude of which corresponds to the cumulative shear 41 

forces developed in the coupling beams (Fig 1. (a)). Furthermore, frame action of CSW system is 42 

primarily governed by the flexural and shear stiffness of the coupling beams. As a result, the overall 43 

behaviour of CSW system is strongly influenced by the stiffness characteristics of the coupling beams. 44 

This synergistic interaction between structural walls and coupling beams enhances the lateral stiffness 45 

of the CSW system, making it significantly greater than the combined stiffness of the individual walls 46 

acting independently as uncoupled elements [3]. Consequently, the seismic response of a CSW system 47 

is inherently distinct from that of a single uncoupled wall (Fig 1. (b)). In the case of the uncoupled wall, 48 

the lateral loads are resisted predominantly through the development of a base overturning moment 49 

(Mw,unc), as illustrated in Fig 1. (b).  50 

 51 
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                Fig 1. Wall systems (a) coupled wall (b) uncoupled walls 61 
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1.1 Seismic behaviour of CSW system 62 

The seismic effectiveness of a CSW system is governed by the failure mechanism of its coupling beams. 63 

Coupling beams with a span-to-depth ratio less than or equal to two are prone to brittle shear failure. 64 

However, providing diagonal reinforcements in coupling beams (as recommended in codes) may lead 65 

to shear-flexural failure. Likewise, for coupling beams with span-to-depth ratio more than two, are 66 

controlled by either shear-flexural failure or flexural failure mode. In theory, the desired failure 67 

mechanism for a CSW system involves sequential formation of shear-flexural hinging in all coupling 68 

beams, followed by flexural hinging at wall base. This mechanism facilitates significant energy 69 

dissipation along the full building height [4,5]. The desired mechanism is akin to the strong column-weak 70 

beam design philosophy employed in ductile moment resisting frames.  71 

To achieve the desired mechanism, CSW systems are proportioned and designed to attain a target 72 

Coupling Ratio (CR). The CR, also referred to as the degree of coupling, is defined as the fraction of the 73 

total overturning moment resisted by the coupling action (i.e., the frame action mobilised through the 74 

coupling beams as shown in Fig 1. (a). Quantitatively, CR is expressed as: 75 
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=
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                                                                  (1) 76 

where M1 and M2 is the moment of resistance at the base of structural walls 1 and 2, respectively; T is 77 

the axial force demand resulting from the coupling effect; and L is the center-to-center distance between 78 

structural walls (refer Fig 1. (a)).  79 

The coupling ratio, a key parameter governing the interaction between structural walls and coupling 80 

beams in lateral force-resisting systems, has been shown to significantly affect the overall system 81 

stiffness, distribution of strength, sequence of yielding, and ductility characteristics of coupled 82 

structural wall (CSW) systems [6-10]. Recent experimental, and analytical, research on novel composite 83 

coupled wall systems [8,11] confirms that CR, design axial compression ratio, and structural aspect 84 

ratio strongly control yielding sequences of coupling beams and walls under cyclic seismic loads [12]. 85 

Recent literature recommends the use of higher CR values to ensure desired seismic performance 86 

through favourable yielding and full utilization of coupling actions [13]. Numerical studies indicate 87 
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that adopting higher CR value: (a) enhances the lateral load-resisting capacity of the CSW system and 88 

(b) reduces the post-yield deformation capacity. Conversely, adopting lower CR values promote greater 89 

system ductility [14]. Furthermore, literature indicate that adopting CR below 0.6 may result in poor 90 

seismic behaviour as the coupling beams tend to yield prematurely relative to the wall piers, thereby 91 

reducing the system’s energy dissipation capacity and overall ductility [15]. Beyond the influence of 92 

CR, the seismic performance of CSW system is influenced by other key parameters such as number of 93 

stories, stiffness of boundary columns, and the length of coupling beams [15,16]. 94 

Therefore, selecting an appropriate CR is critical to achieving the desired seismic behaviour. In practice, 95 

however, this selection often depends on designer’s judgment and experience. In general, selecting a 96 

low CR provides marginal structural benefit, as the corresponding reductions in wall moments and 97 

lateral drifts are negligible. Conversely, selecting a higher CR impose large ductility demands on RC 98 

coupling beams [6]. Additionally, CSW systems with low CR values (around 20%) are prone to higher 99 

wall rotations and storey drifts, whereas those with higher CR values (around 60%) exhibit premature 100 

crushing of walls and extensive cracking in the top portions of the wall [7]. Several studies recommend 101 

CR between 20% and 60% to ensure efficient structural design [8-10]. Consistently, both the Egyptian 102 

Code of Practice (ECP 203-2018) [17] and Eurocode 8 [18] prescribe a minimum CR of 25%. It is further 103 

noted that the assumed effective flexural and shear stiffness of structural elements significantly affects 104 

CR estimation and the associated design loads [19].  105 

1.2 Seismic behaviour of dual frame system comprising of CSWs and MRFs 106 

For dual Lateral Load-Resisting Systems (LLRS) comprising structural walls and Moment Resisting 107 

Frames (MRFs), the Indian Seismic code (IS 1893:2016) [20] recommends that the total base shear be 108 

distributed between walls and frames in proportion to their relative lateral translational stiffness. In 109 

addition, the code mandates the MRF alone be capable of resisting at least 25% of the total design base 110 

shear. However, these provisions do not explicitly address dual LLRS comprising of CSWs and MRFs 111 

(henceforth, termed as dual CSW–MRF system). Direct application of the same guidelines to such 112 

systems may lead to undesirable design outcomes and seismic performance, primarily due to the 113 

distinct role and expected damage of coupling beams during seismic loading.  114 
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During seismic action, damage to the coupling beams can: (a) reduce the coupling action of the CSW 115 

system, and (b) significantly decrease the lateral stiffness of the CSW system. As the coupling action 116 

deteriorates, the load-resisting mechanism in the CSWs transitions from axial-flexural interaction to 117 

predominantly flexural behaviour in individual structural wall. Concurrently, the reduction in stiffness 118 

causes a redistribution of lateral force demand, shifting a greater proportion of base shear to the 119 

MRFs—potentially exceeding column’s maximum shear capacity. Given the absence of specific design 120 

guidelines that address the aforementioned effects, the overall seismic performance and resilience of 121 

dual CSW–MRF system remains uncertain. This underscores the need to quantify the increased: (a) 122 

lateral load demand in MRFs and (b) shear demands in columns part of MRFs, due to redistribution of 123 

lateral force demand from CSW to MRF system during seismic action. Incorporating these 124 

considerations into seismic design provisions would ensure that both CSW and MRF systems are 125 

appropriately proportioned, designed and detailed to resist the expected demands. This is expected to 126 

improve the robustness and seismic resilience of dual CSW–MRF system.  127 

Furthermore, quantifying seismic damage is critical for evaluating the effectiveness of the seismic 128 

design of structural systems [21,22]. At present, damage is typically assessed using global deformation 129 

parameters such as roof drift and interstorey drift [23,24]. While these metrics provide a broad 130 

indication of the overall structural damage, they fail to adequately capture the localized damage in 131 

individual structural elements. In particular, member-level demands—such as plastic rotation demand 132 

in beams and walls—requires more detailed assessment to accurately understand the structural 133 

performance and failure mechanisms. Although several numerical studies [25-28] have investigated the 134 

influence of CR in CSWs, there remains a lack of focused research assessing the seismic resilience of 135 

dual CSW–MRF system. With growing emphasis on post-earthquake functionality and resilience [29-136 

31], it is equally important to understand the influences of CR on strength, ductility, repairability, 137 

downtime, and economic loss of dual CSW–MRF system. Again, addressing this gap is essential to 138 

develop a more comprehensive understanding of the overall seismic performance and failure 139 

progression of such hybrid dual frame systems.  140 

Building on the research gaps identified, this study aims to: (a) quantify the increased lateral force 141 

demand in MRFs resulting from redistribution of seismic forces with progressive damage in the CSW 142 
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system, (b) recommend column design capacities required to preclude shear failure in structural 143 

members part of MRFs, and (c) evaluate the seismic performance of dual CSW–MRF system, including 144 

resilience assessment in terms of probable loss estimates and functional recovery. Phase 1 of the study 145 

addresses objectives (a) and (b), while Phase 2 focuses on objective (c).  146 

To achieve the said objectives, the study presents preliminary numerical investigation into the seismic 147 

performance of RC dual CSW–MRF systems (proportioned with three distinct CRs – 40, 50 and 60%). 148 

Furthermore, three building configurations (with 10-, 12-, and 16-storeys) are considered to investigate 149 

the seismic performance of the said dual frame system. The details of study buildings are present in 150 

Section 2. The seismic performance of the system investigated using nonlinear static (pushover) 151 

analysis is presented in Section 3. The results of Phase 1 and 2 are present in Section 3.1 and 3.2, 152 

respectively. The scope of this study is limited to dual CSW–MRF systems, wherein the structural walls 153 

are proportioned and designed with rectangular cross-sections and are oriented along a single direction 154 

(i.e., X-direction). Although, soil-structure interaction influences the seismic response of the dual-frame 155 

system, the effects of the same are not considered in this study.  156 

2. Numerical Analysis 157 

The seismic performance of the study buildings is evaluated numerically using a commercially 158 

available software package [32]. The numerical investigation is conducted in two phases. In the first 159 

phase, the required shear capacity of columns part of MRFs is quantified. This assessment ensures that 160 

the dual CSW–MRF systems possess adequate lateral displacement capacity to withstand seismic 161 

actions. In the second phase, the seismic performance of a series of dual CSW-MRF system, designed 162 

in accordance with the recommendations derived from the first phase, is evaluated using nonlinear 163 

static (pushover) analysis. The present study considers a set of nine archetype reinforced concrete (RC) 164 

buildings designed as dual CSW–MRF system. The building set includes 10-, 12-, and 16-storey 165 

buildings, each with regular and symmetric plan geometry, as shown in Fig 2. (a). The plan layout 166 

features five bays in both the longitudinal and transverse directions, ensuring uniformity across all 167 

models. In each building, CSWs and MRFs are provided along the X-direction, while only MRFs are 168 

provided as the LLRS along the Y-direction. The coupled structural walls are located along the building 169 



7 

periphery to effectively enhance the stiffness and seismic resistance of the structure, in particular for 170 

torsional effects. The adopted layout of the CSW system is representative of commonly employed 171 

residential and office building typologies, as documented in relevant literatures [16,25,33,34]. 172 

Within each height category (say, 10-storey buildings), the CSW system is designed for three sets of 173 

coupling ratios (i.e., 40CR, 50CR and 60CR). This study considers three target coupling ratios—40%, 174 

50%, and 60%—representing low, medium, and high coupling levels, respectively. The said range of 175 

CR is considered to quantify the influence of coupling ratio on seismic performance of dual CSW–MRF 176 

system. All buildings have identical plan layout, as illustrated in Fig 2. (a), while the elevation views 177 

corresponding to different storey heights are presented in Fig 2. (b). 178 

 179 

 180 
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 187 

Fig 2. a) Floor plan view of the archetype buildings (b) Elevation of typical CSW building (c) 3D elevation 188 

The length in X-direction is 22m and in Y-direction is 25m. The total height of 10-, 12- and 16-storey 189 

buildings were 30m, 36m, and 48m, respectively, with a uniform storey height of 3m. The coupling 190 

beams have a span of 2m. All buildings are considered with structural walls of length 5m (lw) and 191 

thickness 0.3m (tw). The slabs are assumed to be 150mm thick. The base of the ground storey columns is 192 

assumed to be fixed. The archetype buildings were designed using a concrete compressive strength of 193 

30MPa and longitudinal reinforcement yield strength of 415MPa. Buildings are designed for gravity 194 

and seismic loads in accordance with IS 456:2000 [35], using appropriate load combinations. In addition, 195 

infill wall load representing 250mm thick wall is applied on the beams. 196 
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The basic live loads for typical floors and roof were considered as 3kN/m2 and 1.5kN/m2 respectively, as 197 

per IS 875 (Part 2):1987 [36]. The beam-column joints are assumed to be rigid. The buildings are assumed 198 

to be resting on hard soil stratum and situated at high seismic zone (Zone V) (with a peak ground 199 

acceleration of 0.36g), with an importance factor (I) =1 and response reduction factor (R) = 5. The 200 

buildings are assumed to be located in Guwahati (Assam), in the Northeastern part of India. Lateral 201 

force demands in each principal direction were obtained using response spectrum method by 202 

combining the responses from at least three lateral translational modes, which led to a cumulative mass 203 

participation exceeding 90% as recommended in literature [20]. 204 

In this study beams are categorized into three categories namely: (a) normal beams, (b) intermediate 205 

beams, and (c) coupling beams (Fig 2. (a)). The normal beams have a span of 5m along X and Y-direction, 206 

while both intermediate and coupling beams have a span of 2m along X-direction across all nine 207 

buildings. Beams and columns are modelled as line elements and slab is modelled as a rigid diaphragm. 208 

Columns are assumed to be axially rigid while remaining flexible in the lateral directions. Coupled 209 

structural walls are modelled using the two-dimensional equivalent frame method (Fig 3.), which has 210 

been widely adopted in previous studies to investigate the nonlinear seismic response of CSWs [37-40]. 211 

Individual structural wall is modelled using wide-column analogy wherein the wall is idealized as a 212 

column element located at the centroid of the wall section. Rigid line elements are used to connect the 213 

coupling beams to the centerlines of the walls. Effective moment of inertia of beams and columns are 214 

assumed to be less than that of the gross moment of inertia. Stiffness modifiers for beam, column and 215 

structural wall elements (i.e., Ieff of beams = 0.4 Igross and Ieff of columns and structural walls = 0.7 Igross) 216 

were adopted according to the recommendations available in the literature [20] to account for cracked 217 

section properties. For coupling beams, the effective moment of inertia is computed based on the 218 

recommendations available in literature [41]; the same is reproduced below for reference: 219 
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where, h is the depth of the beam and lc is span of the coupling beam 221 
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Fig 3. Equivalent frame model for coupled wall system  231 

The CR of the 2D-CSW system was estimated using Eqn. (1), considering code-recommended [20] 232 

distribution of lateral load along the building height. In practice, achieving a target CR is an iterative 233 

process that requires proportioning the geometric properties of both coupling beams and structural 234 

walls. The iterative procedure adopted in this study is illustrated in Fig 4. After proportioning the 235 

structural elements (i.e., coupling beams and structural walls) to attain the target CR, the 3D dual CSW–236 

MRF system was modelled. Subsequently, a linear elastic analysis of all nine-3D dual CSW–MRF 237 

system was undertaken to determine the design base shear and corresponding equivalent lateral force 238 

distribution, in accordance with IS 1893:2016 [20]. Modal analysis was conducted to determine the 239 

natural periods and mode shapes of the 3D dual CSW–MRF system (Fig 2. (c)). Subsequently, response 240 

spectrum analysis was performed to estimate the seismic lateral load demands. Finally, the adequacy 241 

of the initially assumed member proportions was then re-examined considering the updated lateral 242 

load estimates obtained from the response spectrum analysis.  243 

To facilitate a direct comparison among study buildings, the beam and column sizes in the moment-244 

resisting frames were maintained identical across all buildings (with the exception of 16-storey 245 

buildings where the column sizes were increased by 16% - refer Table 1). Variations were introduced 246 

only in the geometry of the coupling beams, which were tailored to attain target CRs. The geometric 247 

properties of structural elements adopted in the study is summarised in Table 1. For clarity, each 248 

building is denoted based on the number of storeys and coupling ratio. For instance, C10_40 represents 249 

a 10-storey building with a 40% coupling ratio. 250 
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Fig 4. Flowchart for initial proportioning of buildings 270 

The study buildings were designed and detailed in accordance with IS 456:2000 and IS 13920:2016 271 

[2,35]. All structural elements were proportioned following capacity design principles to (a) promote 272 

flexural hinging while preventing shear failure, and (b) concentrate inelastic action in beams rather than 273 

columns. Coupling beams were designed for maximum shear capacity to enhance overall displacement 274 

ductility. Furthermore, none of the coupling beams met the criteria for the provision of the diagonal 275 

reinforcement in coupling beams as stated in IS 13920:2016 [2]. Accordingly, all coupling beams were 276 

detailed with conventional longitudinal reinforcement supplemented by closely spaced transverse 277 

stirrups to resist the imposed shear demands. 278 

A summary of reinforcement detailing for the nine building models is presented in Annex A, Table A1. 279 

The longitudinal and transverse reinforcement ratios in beams was maintained within the following 280 

ranges: 10-storey buildings: 0.33%–1.47% (longitudinal), 0.07%–0.11% (transverse); 12-storey buildings: 281 

0.33%–1.74% (longitudinal), 0.07%–0.12% (transverse); and 16-storey buildings: 0.33%–2.12% 282 

(longitudinal), 0.11% (transverse). For columns, the longitudinal reinforcement ratio ranged between 283 

0.85% and 4.19%, while transverse reinforcement ratio ranged between 0.03% and 0.09% for all 284 

buildings. Structural walls were provided with longitudinal reinforcement ratio in the range of 2.44%–285 

3.01%, and transverse reinforcement of approximately 0.05%.  286 
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Table 1. Geometric properties of structural elements in study buildings 288 

 289 

Material nonlinearity was represented using a lumped plasticity approach for beams, with 290 

concentrated plastic hinges assigned at both ends of each member [42]. Flexural hinges were modeled 291 

using the Modified Ibarra–Medina–Krawinkler (IMK) deterioration model [43], with a trilinear 292 

backbone to account for the cyclic strength and stiffness degradation, thereby simulating post-yield 293 

seismic behavior. For RC structural walls and columns, a fibre-based nonlinear modeling approach was 294 

adopted [44]. In this method, each cross-section was discretized into multiple fibres. Confinement 295 

effects in concrete were incorporated using Mander’s model recommended in the literature [45]. Each 296 

column cross-section was discretized into 16 fibres for confined and unconfined concrete, along with 297 

12 fibres for longitudinal reinforcement (Fig 5).  Shear failure in moment-resisting frame components 298 

was precluded through capacity design. Nonetheless, force-controlled shear spring were assigned to 299 

beams, columns, and structural walls to monitor shear demand and safeguard against brittle failure. 300 

Location of flexural hinges and potential shear springs in structural elements were adopted as per 301 

ASCE 41-17 [46], and is summarized in Table 2. The fibre hinge locations for columns and structural 302 

walls are based on the expected locations of maximum demand considering the applied loads. Fig 5. 303 

provides an overview of the modeling assumptions and schematic diagram of idealized backbone 304 

curves. All study buildings were evaluated using nonlinear static (pushover) analysis (NSA) to assess 305 

seismic performance. Lateral loads, derived from response spectrum analysis, were incrementally 306 

applied until the buildings reached their failure mechanism. P-delta effects were included to capture 307 

the geometric nonlinearity. The NSA was terminated when either the displacement capacity of the 308 

Building  C10_40 C10_50 C10_60 C12_40 C12_50 C12_60 C16_40 C16_50 C16_60 

Beams 
Depth 

(in mm) 
Width: 
300mm 

Normal  550 550 550 500 500 500 550 550 550 

Intermediate  300 300 300 300 300 300 300 300 300 

Coupling 410 540 710 360 470 650 300 380 510 

Square Column (mm) 600 600 600 600 600 600 700 700 700 

Structural Wall (mm) 5000 x 300 

Seismic Weight (kN) 61,571 61,610 61,661 74,125 74,164 74,229 1,03,634 1,03,672 1,03,734 

Design 
Base 

Shear, 
VB (kN) 

X-Direction 2,695 2,697 2,699 2,777 2,778 2,781 3,068 3,069 3,071 

Y-Direction 3,671 3,674 3,677 3,683 3,685 3,688 3,862 3,864 3,866 
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flexural hinge or the ultimate shear capacity of the structural elements reached its ultimate limiting 309 

value.  310 

Table 2. Type and location of hinges assigned to structural elements 311 

Element Type of Hinge Location of Hinge 

Beams 
Lumped plastic hinge At a distance of half the beam depth from the column face  

Shear spring At a distance of beam depth from the column face  

Columns 
Fiber hinge At a distance of half the column depth from the beam face 

Shear spring At a distance of column depth from the beam face 

Structural Wall 
Fiber hinge At the base of the structural wall 

Shear spring At a distance of half the structural wall length from its base  

 312 

 313 

 314 

 315 

 316 

 317 

 318 

 319 

 320 

 321 

 322 

 323 

 324 

 325 

Fig 5. Graphical representation of the nonlinear modelling considered in this study 326 

3. Results and Discussions 327 

3.1 Phase 1: Influence of columns shear capacity on seismic behaviour of Dual CSW–MRF system  328 

For all study buildings, the columns (part of MRF) were initially designed in accordance with IS 329 

13920:2016. However, results from the NSA revealed that the lateral displacement capacity of the dual 330 

CSW–MRF systems was governed by shear failure of the MRF columns. As shear failure is inherently 331 

brittle, it is regarded as an undesirable failure mode. Such a failure was observed due to significant 332 
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yielding of coupling beams, which in turn reduced the lateral translational stiffness of CSW system 333 

leading to significant redistribution of base-shear between the CSW and MRF systems. For brevity, the 334 

detailed discussion on the base shear distribution between the CSW and MRF systems is omitted here 335 

but is provided in Section 3.2.(e).  336 

To address the reduced displacement capacity of dual CSW-MRF system, the shear capacities of the 337 

MRF columns were increased (and expressed as a proportion of their maximum nominal shear 338 

capacity). As per design, the columns maximum shear capacity across all buildings ranged between 339 

16% to 49% of the maximum nominal shear capacity. Here, the maximum nominal shear capacity (= 340 

bdcm  max ) for a given concrete grade was determined as the product of the partial safety factor for 341 

concrete in shear (1.18, as specified in SP 16:1978 [47]), the maximum shear stress associated with 342 

diagonal compression failure of concrete, and the column cross-sectional area. Fig 6. (a) presents the 343 

normalized lateral force-displacement response of a representative CSW-MRF system (16S_40CR) with 344 

MRF columns designed considering (a) increased shear capacity (=50% of maximum nominal shear 345 

capacity = bdcm  max5.0  ) (denoted as 16S_40CR_C1) and (b) the shear capacity recommended by 346 

IS 13920:2016 (denoted as 16S_40CR_C2).  347 

 348 

 349 

 350 

 351 

 352 

 353 

 354 

Fig 6. (a) Normalised base shear versus drift (=Roof displacement (∆)/total height (H)) for a dual CSW–MRF 355 
systems (16S_40CR) with distinct column shear capacities (b) variation in the lateral drift capacity of dual CSW–356 
MRF systems with gradual increase in the column shear capacity (Normalised shear capacity = provided shear 357 
capacity/maximum shear capacity). 358 
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The dual CSW–MRF system with increased nominal column shear capacity exhibited a lateral 360 

displacement capacity approximately 2.27 times greater than that designed with the IS 13920:2016-361 

based shear capacity. This improvement is attributed to the prevention of brittle shear failure in the 362 
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MRF columns. It is noteworthy, however, that increasing the shear capacity beyond 50% of the 363 

maximum nominal shear capacity did not result in substantial enhancement of lateral displacement 364 

capacity (Fig 6. (b)). This finding suggests that MRF columns should be designed with shear capacities 365 

exceeding 50% of their maximum nominal shear capacity to ensure desired seismic performance.  366 

 367 
3.2 Phase 2: Seismic Behaviour of Dual CSW–MRF system 368 

For all nine buildings, the shear capacity of the MRF columns was set to 50% of the maximum shear 369 

capacity of the column section. This assumption was adopted to (a) ensure that the dual CSW–MRF 370 

system attains its maximum lateral displacement capacity, and (b) preclude shear failure in the MRF 371 

columns.  372 

(a) Modal Characteristics of Dual CSW–MRF system 373 

Table 3 lists the fundamental periods and modal properties of study buildings along X-direction. In 374 

general, it is observed that the natural period increased with building height, being largest for the 16-375 

storey buildings and lowest for the 10-storey buildings. Increasing the coupling ratio from 40CR to 376 

60CR reduced the fundamental period by about 20% in 10-storey, 19% in 12-storey, and 13% in 16-377 

storey buildings, reflecting higher lateral translational stiffness for CSW–MRF system with higher CR. 378 

In all cases, the first mode dominated the seismic response, contributing 70–73% of mass participation, 379 

while the second and third modes accounted for 13–16% and 5–6%, respectively. The effect of CR on 380 

modal properties was more significant in shorter buildings, whereas taller buildings exhibited reduced 381 

sensitivity due to increased wall flexibility. 382 

Table 3. Fundamental natural period and modal properties in X-direction 383 

Buildings T
1
(s) T

2
(s) T

3
(s) 

Mass Participation Factor 

M
1
 M

2
 M

3
 

C10_40 0.813 0.202 0.088 71% 16% 6% 

C10_50 0.747 0.192 0.086 72% 15% 6% 

C10_60 0.655 0.173 0.08 73% 15% 6% 

C12_40 1.152 0.287 0.124 70% 15% 6% 

C12_50 1.059 0.273 0.121 71% 15% 6% 

C12_60 0.935 0.248 0.113 72% 14% 6% 
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C16_40 1.605 0.428 0.192 72% 13% 5% 

C16_50 1.52 0.413 0.189 72% 13% 5% 

C16_60 1.394 0.386 0.181 72% 13% 5% 

 384 

(b) Base Shear vs. Lateral Drift Response of Dual CSW–MRF system 385 

Fig. 7 illustrates the base shear versus lateral (roof) drift response from the pushover analysis of the 386 

study buildings along X-direction. Key seismic characteristics of the study buildings are listed in Table 387 

4. For buildings with same height, both yield strength (Fy) and ultimate strength (Fu) exhibits a gradual 388 

increase with higher CR. This trend indicates that the lateral strength capacity of the building, in both 389 

elastic and inelastic ranges, enhances due to the provision of stiffer coupling beams (i.e., higher CR). 390 

Similarly, the lateral translational stiffness (K) also increases by approximately 22–52% as the coupling 391 

ratio increases from 40 to 60%. Again, the increase in K can be directly attributed to the overall increase 392 

in the lateral translational stiffness of CSW system due to the provision of stiffer coupling beams. 393 

Additionally, the overstrength ratio (=Fu/design lateral force) follows a comparable trend improving 394 

about 6 to 15% with higher CR values. Conversely, the ultimate displacement capacity (Δu) indicates a 395 

decreasing trend – reducing by approximately 6 to 38% – with increase in CR (from 40 to 60). This 396 

reduction can be attributed to the provision of stiffer coupling beams, which may lead to structural 397 

elements reaching their flexure/shear ultimate capacity relatively sooner. Except for 10-storey 398 

buildings, the yield displacement (Δy) also decreases by 26–32% with an increase in CR, likely for similar 399 

reasons, as stiffer coupling beams tend to promote earlier yielding of the primary lateral load–resisting 400 

elements. In summary, buildings with higher CR exhibited higher lateral translational stiffness, higher 401 

lateral strength and lower lateral displacement capacity. Conversely, buildings with lower CR exhibited 402 

lower translational stiffness, lower lateral strength and higher lateral displacement capacity. Lastly, as 403 

expected, for buildings with same CR, the lateral translational stiffness decreases with increase in 404 

building height. Conversely, for buildings with same CR, the yield displacement (and ultimate 405 

displacement) increases with increase in building height. The observed trends are similar to trends 406 

reported in the literature [48].   407 

 408 
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 409 

 410 

 411 

 412 

 413 

 414 

Fig 7. Normalized base shear versus lateral roof drift for dual CSW–MRF system with different CRs (a) 10-storey 415 
(b) 12-storey and (c) 16-storey building (seismic weight is available in Table 1) 416 

Table 4. Key characteristics from lateral force-displacement response of dual CSW–MRF system 417 

Building 10-Storey 12-Storey 16-Storey 

Coupling Ratio (%) 
40 

CR 

50 

CR 

60 

CR 

40 

CR 

50 

CR 

60 

CR 

40 

CR 

50 

CR 

60 

CR 

Yield Strength, Fy (kN) 4337 6096 6315 5814 5925 5778 6066 6375 6686 

Ultimate Strength, Fu(kN) 8492 9542 9803 8618 8728 9284 8098 9466 9153 

Translational Stiffness, K 
(kN/mm) 

140 160 171 86 91 126 48 65 73 

Yield Displacement, y (mm) 31 38 37 68 65 46 126 98 92 

Yield Drift (%) 0.10 0.13 0.12 0.19 0.18 0.13 0.26 0.20 0.19 

Ultimate Displacement, u (mm) 495 375 309 596 525 556 829 759 562 

Ultimate Drift (%) 1.65 1.25 1.03 1.66 1.46 1.54 1.73 1.58 1.17 

Over Strength 
(=ultimate strength/design lateral 

force) 
3.2 3.5 3.6 3.1 3.1 3.3 2.6 3.1 3.0 

 418 

(c) Performance Point and Displacement Ductility of Dual CSW-MRF system 419 

Table 5 presents the seismic performance points obtained using nonlinear static analysis of all study 420 

buildings, expressed in terms of lateral drift demand, for ten design acceleration levels. These 421 

performance points were evaluated following the stepwise procedure outlined in the literature [49]. In 422 

general, the performance point represents the equilibrium state between the structure’s capacity and 423 

the seismic demand, and is obtained by superimposing the capacity curve and the demand spectrum. 424 

Prior to this superimposition, the curves are modified to account for hysteretic and viscous energy 425 

dissipation effects, ensuring a realistic representation of inelastic demand on buildings for different 426 

shaking intensities. It is observed that the lateral drift demand increases with the intensity of ground 427 

shaking. However, for buildings of the same height subjected to identical seismic excitation, the lateral 428 

drift demand tends to decrease with increasing coupling ratio (CR). For example, in the 10-storey 429 
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building under a PGA of 0.75g, the lateral drift demand for the 40 CR configuration is 0.39%, while that 430 

for the 60 CR configuration reduces to 0.31%—approximately 26% lower. This reduction can be 431 

attributed to the enhanced lateral translational stiffness provided by the stiffer coupling beams in 432 

buildings with higher CR values. Thus, buildings designed with higher CR exhibit relatively lower 433 

lateral drift capacities and drift demands compared to those designed with lower CR values (Table 4 & 434 

Table 5). To maintain consistency, the discussions presented in the subsequent sections (i.e., Sections 435 

3.2 (e) to (i)) describe the seismic performance of the buildings corresponding to the lateral 436 

displacement demands at different PGA levels. 437 

Table 5. Lateral displacement demand corresponding to performance points for dual CSW–MRF system for 438 
different PGA levels 439 

Building 
Details  

PGA (g) (corresponding to design basis earthquake) 

0.16 0.24 0.36 0.45 0.55 0.65 0.75 0.85 0.95 1 

Lateral Drift (%) corresponding to performance points 

10S_40CR 0.07 0.11 0.16 0.20 0.27 0.33 0.39 0.45 0.50 0.50 

10S_50CR 0.08 0.10 0.14 0.17 0.22 0.28 0.35 0.41 0.47 0.48 

10S_60CR 0.06 0.09 0.13 0.17 0.23 0.29 0.31 0.34 0.39 0.41 

12S_40CR 0.06 0.12 0.18 0.22 0.27 0.33 0.39 0.46 0.53 0.58 

12S_50CR 0.06 0.11 0.16 0.20 0.26 0.32 0.38 0.45 0.52 0.56 

12S_60CR 0.08 0.10 0.14 0.18 0.23 0.30 0.37 0.41 0.44 0.46 

16S_40CR 0.10 0.14 0.21 0.26 0.31 0.36 0.42 0.48 0.55 0.59 

16S_50CR 0.09 0.13 0.18 0.22 0.27 0.32 0.38 0.44 0.50 0.54 

16S_60CR 0.08 0.11 0.16 0.20 0.24 0.29 0.34 0.41 0.48 0.53 

 440 

(d) Redistribution of demand within coupled structural wall system (i.e., walls and coupling beam)   441 

As discussed in Section 3.1, damage to coupling beams with increasing displacement demand leads to 442 

a progressive reduction in their rotational restraint on the adjoining structural walls. Consequently, the 443 

coupling interaction between the walls diminishes, reducing the overall CR. Fig 8. illustrates this 444 

reduction in CR with increasing lateral displacement under nonlinear static analysis. As the coupling 445 

action weakens, the proportion of overturning moment resisted by the coupling beams decreases, while 446 

the corresponding demand on the structural walls increases. This redistribution results in higher 447 

strength and deformation demands on the walls. For all buildings, the CR values estimated from NSA, 448 

particularly at low interstorey drift levels, deviate from those assumed during the design stage. This 449 

discrepancy arises from differences in the lateral load profiles and system configurations used to 450 

compute CR at each stage. Specifically, during design, CR is evaluated by applying an inverted 451 
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triangular lateral load distribution on the CSW system alone (i.e., coupling beams and structural walls). 452 

In contrast, during NSA, CR is determined under the design lateral force distribution applied to the 453 

dual CSW–MRF system, which includes both the CSW and MRF components. Despite these 454 

methodological differences, the extent of CR reduction with increasing drift is observed to be smaller 455 

in the 16-storey building compared to the 10-storey model. For example, at 0.4% lateral drift, the CR for 456 

the 10S_60CR building reduces to 38%, whereas the corresponding value for the 16S_60CR building 457 

remains higher at 46%, indicating improved coupling stability in taller systems. 458 

 459 

 460 

 461 

 462 

 463 

 464 

 465 

 466 

Fig 8. Variation in coupling ratio with increasing lateral drift 467 

(e) Redistribution of Base Shear in Dual CSW-MRF system 468 

The reduction in CR with increasing lateral drift demand (or PGA) leads to a corresponding decrease 469 

in the lateral translational stiffness of the CSW system (comprising the structural walls and coupling 470 

beams). This reduction subsequently lowers the overall lateral translational stiffness of the frame 471 

containing the CSW system (hereafter referred to as the CSW frame). As a result, the relative stiffness 472 

between the CSW frame and the parallel MRF frames changes with increasing PGA intensity. 473 

Consequently, the proportion of total base shear resisted by each subsystem differs with increasing 474 

PGA intensity. Specifically, the percentage of base shear resisted by the CSW frame decreases, while 475 

that resisted by the MRF frames increases, as illustrated in Fig 9. This redistribution implies that with 476 

increasing PGA intensity, the lateral force and displacement demand on the CSW frame reduce, 477 

whereas those on the MRF frames intensify. As a result, the MRF frames become more susceptible to 478 

damage due to the progressively higher force and deformation demands imposed on them.  479 
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Under low-intensity shaking (PGA = 0.16g), the CSW frame resists approximately 85% of the total base 480 

shear in the 10-storey buildings and about 72% in the 16-storey buildings. Correspondingly, the MRF 481 

frames resists only 15% and 28% of the total base shear, respectively. This indicates that at lower seismic 482 

intensities, the CSW frame primarily governs the lateral load and deformation resistance, as the 483 

coupling beams remain largely elastic and the overall lateral stiffness degradation of the CSW system 484 

is negligible. In contrast, at higher shaking intensities (PGA = 1.0g), the proportion of base shear resisted 485 

by the CSW frame decreases significantly—to about 44% for the 10-storey buildings and 8% for the 16-486 

storey buildings. The MRF frames, therefore, resist 56% and 92% of the total base shear, respectively.  487 

 488 

 489 

 490 

 491 

 492 

 493 
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 501 
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 504 
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 506 

 507 

 508 

 509 

 510 

Fig 9. Redistribution of base shear demand to MRF and CSW system with increasing intensity of shaking 511 
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This substantial redistribution of seismic forces with increasing intensity highlights that, under strong 512 

shaking, the MRF frames assume a dominant role in lateral load resistance due to the degradation of 513 

coupling action and stiffness in the CSW frame. Design of MRF frame without due consideration to the 514 

possible increase in demand may lead to poor behaviour of dual CSW-MRF system. Again, this 515 

observation highlights the need to outline specific guidelines for the design of MRF part of dual CSW-516 

MRF system. 517 

Lastly, in addition to building height, the percentage of total base shear resisted by CSW frame and 518 

MRF frame varies with CR. For buildings of similar height (e.g., 16-storey buildings), adopting a higher 519 

CR (60%) results in a smaller redistribution of base shear from the CSW frame to the MRF frames with 520 

increasing seismic intensity. However, the overall extent of base shear redistribution is observed to be 521 

more sensitive to building height than to the CR, indicating that height plays a more dominant role in 522 

governing the relative stiffness degradation and load-sharing behavior between the CSW and MRF 523 

frames. 524 

(f) Extent of damage in Dual CSW-MRF system 525 

The study evaluates the damage in the dual CSW–MRF system using two parameters: (a) the extent of 526 

damage (discussed in this section) and (b) the degree of damage (presented in Section 3.2(g)). The term 527 

extent of damage for a given lateral drift demand is quantified using the percentage of hinge formation. 528 

This parameter is defined as the ratio of the number of beam flexural hinges that reach a specified 529 

damage state to the total number of potential beam hinge locations along the direction of loading. For 530 

instance, consider a system with ten beams spanning along X-direction, with two potential hinge 531 

locations per beam (one at each end), resulting in twenty possible hinge locations. If eight of these hinge 532 

locations exhibit yielding while the remaining twelve remain elastic at a given lateral drift demand (say 533 

0.2%), the percentage hinge formation is 40% for yielding limit state (=8/20).  534 

Furthermore, the study classifies beam damage into three distinct states—minor, moderate, and 535 

severe—as illustrated in Fig 10. A beam is considered to have reached a given damage state when its 536 

rotational demand, corresponding to a specific PGA intensity (or lateral drift demand), falls within the 537 

threshold limits defined in Table 6. The minor damage state represents limited structural damage to 538 
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the component. Likewise, moderate damage state represents significant structural damage to structural 539 

element. However, the damage to the element does not lead to local structural failure thereby ensuring 540 

life safety. Lastly, severe damage state represents severe damage to structural element. Structural 541 

element in this damage state could lead to local failure, which may lead to partial/total collapse of the 542 

building. In addition, three damage states, the study considers three categories of beams: coupling 543 

beams, intermediate beams, and normal beams, as illustrated in Fig 2. (a). The stepwise methodology 544 

to develop the extent of damage (along with an example) is listed in Table 7. 545 

 546 

 547 

 548 

 549 

 550 

 551 

Fig 10. Various limit state defined for beams 552 

Table 6. Damage state and the corresponding rotational threshold values 553 

Damage State Adopted Threshold 

Minor Damage Rotation exceeds 0.98θy 

Moderate Damage Rotation exceeds θy and is below θy +0.25(θu-θy) 

Severe Damage Rotation exceeds θy +0.25(θu-θy) and is below θy+θp 

θy Yield Rotation; θp Plastic Rotation; and θu Rotation corresponding to maximum flexural capacity 

 554 

Table 7. Stepwise methodology adopted to determine the extent of damage 555 

Step Details 

Step 1 
Estimate the total number of beams hinges along X-direction (say, 10-storey building). 
Additionally, identify the number of hinge in coupling beams (=40), intermediate beams 
(=60) and normal beams (=320).  

Step 2 

For a given PGA intensity (or corresponding lateral drift demand), the number of beam 
hinges reaching or exceeding the specified rotational thresholds is estimated.  
 
For instance, under a PGA of 0.75g for the 10S_40CR building, 306 hinges in the normal 
beams exceed the yield rotation, corresponding to a 96% hinge formation (=306/320). 
Under the same shaking intensity, 60 hinges in the intermediate beams exceed the yield 
rotation, resulting in a 100% hinge formation.  
Similarly, 40 hinges in the coupling beams exceed the yield rotation threshold. Notably, 
for all 40 hinge locations, the rotational demands fall within the range corresponding to 
moderate damage. Therefore, the percentage hinge formation for both minor and 
moderate damage states in the coupling beams is 100% (see Fig 11). 

M 

My 

Mu 

Minor 

Moderate 

Severe 

θy θu 

θp 

θ 
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Fig. 11, 12 and 13 illustrates the extent of hinge formation in beams in 10-, 12-, and 16-strorey dual CSW-556 

MRF system subjected to nonlinear static analysis with PGA levels ranging from 0.16g to 1g, 557 

respectively. In general, the building height and CR significantly influence the extent of hinge formation 558 

in beams. Among the different beam categories in all buildings, yielding (i.e., minor damage state) 559 

initiates first in coupling beams, followed by intermediate and normal beams. Again, for all buildings, 560 

compared to normal beams, intermediate beams exhibit a much faster progression towards 100% hinge 561 

formation for the minor damage state. This could be attributed to higher flexural stiffness of 562 

intermediate beam due to shorter span (=2m). 563 

For the 10-storey CSW-MRF buildings, percentage hinge formation corresponding to the minor damage 564 

state initiates at relatively low PGA levels (approximately 0.16–0.45g) across all beam categories. 565 

Additionally, the rate of percentage hinge formation for this damage state is strongly influenced by the 566 

designed CR. For instance, in the case of normal beams, the percentage hinge formation corresponding 567 

to minor damage state in the 10S_40CR building reaches 100% at 0.85g, whereas in the 10S_60CR 568 

building it does not reach 100% even at 1g. This suggests that the normal beams do not participate 569 

significantly in energy dissipation when buildings are designed considering higher CR values. Thus, 570 

designing for higher CR could ensure limited damage to normal beams ensuring continuous 571 

functionality of the system as a whole. 572 

Among different beam categories, coupling beams exhibits the fastest progression towards 100% hinge 573 

formation for minor (=0.36g) and moderate damage state (=1g) in 10-storey CSW-MRF buildings. 574 

Additionally, coupling beams in 10S_40CR reaches 100% hinge formation corresponding to moderate 575 

damage state sooner (=0.75g) than 10S_60CR (=1g). This qualitatively indicates that the plastic rotation 576 

demand in coupling beams present in 10S_40CR to be higher than the same present in 10S_60R due to 577 

early formation of hinges. In summary, it is evident that the energy dissipation is predominantly driven 578 

by inelastic action in coupling beams.  579 

 580 

 581 

 582 

 583 
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 600 

 601 

 602 

Fig 11. Formation of hinges for 10-storey building with 40CR, 50 CR and 60 CR coupling ratio 603 

In general, the 12-storey CSW-MRF buildings exhibited a hinge development pattern similar to that of 604 

the 10-storey buildings, albeit with a slightly delayed initiation. This delay can be attributed to the 605 

reduced lateral stiffness associated with the increased building height. Normal beams displayed 606 

minimal hinge formation below 0.36g, with a gradual increase beyond 0.55g, ultimately reaching at 607 

least 90% hinge formation corresponding to the minor damage state at 1.0g. Consistent with the 10-608 

storey systems, coupling beams remained the primary energy-dissipating elements across all coupling 609 

ratios, exhibiting 100% hinge formation for the minor damage state at 0.36g and over 90% hinge 610 

formation for the moderate damage state at 1.0g. Overall, compared with the 10-storey buildings, the 611 

12-storey configurations demonstrated a lower proportion of hinges corresponding to the moderate 612 

damage state, indicating relatively reduced inelastic demand in taller systems. 613 

 614 
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Fig 12. Formation of hinges for 12-storey building with 40CR, 50 CR and 60 CR coupling ratio 645 

Among all configurations, the 16-storey CSW-MRF buildings exhibited the slowest rate of hinge 646 

formation corresponding to both the minor and moderate damage states across all beam categories. 647 

The onset of damage was also delayed for both damage states, which can be attributed to the reduced 648 

lateral translational stiffness associated with increased building height. Across all beam categories, the 649 

initiation of minor damage hinges occurred first in the coupling beams, followed by the intermediate 650 

and normal beams, consistent with the behavior observed in shorter buildings. Notably, unlike the 10-651 

storey systems, the percentage of hinges corresponding to the moderate damage state in the 16-storey 652 
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CSW-MRF buildings was highest for the 60CR configuration and lowest for the 40CR configuration. 653 

This trend suggests that adopting a lower coupling ratio (CR) in taller buildings helps limit damage in 654 

coupling beams. This behavior is expected, as a lower CR imparts greater overall flexibility, enabling 655 

the structure to accommodate seismic demand more elastically—thereby reducing inelastic 656 

deformation demands in the coupling beams.  657 

 658 
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Fig 13. Formation of hinges for 12-storey building with 40CR, 50 CR and 60 CR coupling ratio 680 
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(g)  Degree of damage in Dual CSW-MRF system 681 

The degree of damage represents the maximum plastic rotation demand experienced by different 682 

structural elements at varying PGA levels. To better interpret the distribution of plastic rotation 683 

demands in beams, the beam damage is classified into two categories: (i) localized damage and (ii) non-684 

localized damage. Localized damage refers to the plastic rotation demand in beams that frame into 685 

structural walls (part of the CSW system), while non-localized damage refers to that in beams framing 686 

into columns (part of the MRF system). By definition, coupling beams are classified as exhibiting 687 

localized damage, whereas intermediate beams, which are part of the moment frame, exhibit non-688 

localized damage. In the case of normal beams, some frame into the structural walls (contributing to 689 

localized damage), while others frame into columns (contributing to non-localized damage), as 690 

illustrated in Fig 2. (a). This distinction is made because existing literature [50] indicates that beams 691 

framing into structural walls experience higher plastic rotation demands than those framing into 692 

columns, owing to the greater concentration of inelastic action near wall–beam interfaces [51]. 693 

Fig 14. illustrates the degree of damage (i.e., plastic rotation demand) in beams with peak ground 694 

acceleration (PGA) for all dual CSW-MRF buildings. In general, plastic rotation demand is observed to 695 

increase nonlinearly with PGA. Additionally, the plastic rotation demand appears to increase gradually 696 

up to a PGA of 0.4g thereafter increasing sharply to reach the maximum value at 1g. This behavior 697 

reflects the transition from elastic to inelastic response as seismic intensity increases. The trend is 698 

consistent across all building heights and coupling ratios, signifying that PGA imposes greater inelastic 699 

deformation demands on the structural elements.  700 

The influence of CR is generally modest across beam types and building heights. For normal beams, 701 

changes in CR have limited impact on plastic rotation demand, suggesting lesser sensitivity to coupling 702 

ratio. In contrast, coupling beams exhibit slightly higher plastic rotation demands with increasing CR, 703 

especially at higher PGA levels, due to higher stiffness and interaction between coupled walls. For non-704 

localized damage (intermediate and normal beams framing into columns), variations across coupling 705 

ratios remain minimal, implying that the overall global performance of the dual system is relatively 706 

insensitive to moderate changes in coupling ratio. 707 
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Fig 14. Plastic rotation demand in beams 729 

In terms of structural height, taller buildings (e.g., 16-storey) show lower plastic rotation demands 730 

compared to shorter buildings under similar PGA levels. This reduction is attributed to the longer 731 

fundamental periods of taller buildings, which result in lower acceleration and drift demands. 732 

Additionally, localized damage, particularly in coupling beams, consistently exhibits higher plastic 733 
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rotation demands than non-localized damage, emphasizing the dominant role of coupling beams in the 734 

inelastic response of CSW-MRF buildings. 735 

Fig 15. illustrates the plastic rotation demand in columns. Similar to beams, damage to columns that 736 

are part of CSW frame system is categorized as localized damage. Damage to columns that are part of 737 

MRF system is categorized as non-localized damage. In general, the plastic rotation demands in 738 

columns are significantly smaller compared to the same in beams. This indicates that the columns 739 

remain nearly elastic even for strong earthquake shaking of 1g. Moreover, the variation of CR and 740 

building height exhibits no significant difference on the plastic rotation demands in columns. This 741 

indicates that the plastic rotation demand in columns is independent of CR and building height.  742 
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Fig 15. Plastic rotation demand in columns 754 
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 756 

0.000%

0.005%

0.010%

0.015%

0.020%

0.025%

0.030%

0.035%

0.040%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Localized Damage- 10 Storey

0.000%

0.005%

0.010%

0.015%

0.020%

0.025%

0.030%

0.035%

0.040%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Localized Damage- 12 Storey

0.000%

0.005%

0.010%

0.015%

0.020%

0.025%

0.030%

0.035%

0.040%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Localized Damage- 16 Storey

0.0%

0.5%

0 0.2 0.4 0.6 0.8 1 1.2

40 CR 50 CR 60 CR

0.000%

0.002%

0.004%

0.006%

0.008%

0.010%

0.012%

0.014%

0.016%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Non Localized Damage- 10 Storey

0.000%

0.002%

0.004%

0.006%

0.008%

0.010%

0.012%

0.014%

0.016%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Non Localized Damage- 12 Storey

0.000%

0.002%

0.004%

0.006%

0.008%

0.010%

0.012%

0.014%

0.016%

0 0.2 0.4 0.6 0.8 1

P
la

st
ic

 R
o

ta
ti

o
n

 D
e

m
a

n
d

PGA (g)

Non Localized Damage- 16 Storey



29 

Lastly, Fig 16. illustrates the variation of plastic rotation demand in structural walls with PGA. The 757 

plastic rotation demands in structural walls are significantly lesser than that for coupling beams and 758 

localized normal beams. This indicates that the coupling beam predominantly influences the energy 759 

dissipation in dual CSW-MRF buildings. However, the plastic rotation demand in structural walls, in 760 

general, is comparable to the plastic rotation demand in non-localized normal beams. With the 761 

exception of 16-storey buildings, the variation of CR does not lead to significant change in the plastic 762 

rotational demand in structural walls. Furthermore, for both 10- and 12-storey buildings, the plastic 763 

rotation demand in structural wall appears to be similar in magnitude.  764 

 765 

 766 

 767 

 768 

 769 

 770 

 771 

 772 

Fig 16. Plastic rotation demand in structural walls 773 

 774 

(h) Probable Loss Estimate for Dual CSW-MRF system 775 

A loss function, often denoted as L(I,T), represents a function that depends on seismic intensity (I) and 776 

recovery time (T). The said function is used to evaluate seismic damage by estimating losses resulting 777 

from earthquakes. Losses, in general, are categorized into two types; namely, direct and indirect 778 

economic losses. Direct economic losses pertain to damages to the structural and non-structural 779 

elements present in the buildings, while indirect economic losses are time-sensitive and include costs 780 

such as relocation, revenue loss, price increases, and related expenses. The loss function combines 781 

probabilistic damage estimates with associated costs, offering a comprehensive assessment of the 782 

financial impacts of an earthquake. This can aid in developing strategies to mitigate financial losses, 783 

ultimately enhancing the resilience of communities and infrastructure. 784 
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In this study, only the direct loss pertaining to damage to structural elements is quantified and economic 785 

impact is analyzed using pushover analysis. Damage to non-structural elements is not considered in this 786 

study. The loss estimates for the nine archetype buildings were quantified using the three defined 787 

damage states defined in section 3.2(f). The probability of exceedance of each damage states at the 788 

performance point was determined for different PGA levels, ranging from 0.16g to 1.0g. The direct loss 789 

was calculated using the formula outlined in the HAZUS MR4 manual [52], as follows:  790 

                                              Direct Economic Loss Function,  ( ) == kED rKDSPL   (1) 791 

where, ( )KDSPE =  is the discreet damage probability in damage state (DS); K the damage state of the 792 

building (as defined in Table 6) and kr  is the damage ratio corresponding to damage state (DS). The 793 

( )KDSPE = of a damage state (say, minor) was evaluated as the ratio of the number of beams that 794 

attained the predefined limit state (minor) to the total number of beams in the building. The kr  795 

corresponding to various damage states of the building were adopted from the HAZUS manual [52].  796 

The value of damage ratio ( kr ) for different damage levels adopted in this study are listed in Table 7. 797 

Table 8. Damage ratio considered in this study 798 

Damage States Minor  Moderate Severe 

kr  0.10 0.40 1.00 

Fig 17. illustrates the variation in probable loss estimate with increase in lateral displacement demand 799 

(or PGA intensity). The loss percentage, in general, exhibits a nonlinear trend. For 10-storey CSW-MRF 800 

buildings, the losses increase linearly from 1 to 2% (at 0.16g) to 16% (at 1g). Moreover, among the 10-801 

storey buildings, 10S_40CR indicates a consistently higher loss compared to buildings designed using 802 

either 50CR or 60CR. The trend observed for 12-storey CSW-MRF buildings are similar to that for 10-803 

storey buildings. However, the losses for 12-storey buildings are marginally lower than that for 10-804 

storey buildings. For 12-storey buildings, the loss percentage is around 4 to 5% at 0.5g and around 13 805 

to 14% at 1g. For 12-storey buildings, CR does not significantly influence the variation in loss 806 

percentage. For 16-storey buildings, the loss percentage is about 5 to 6% at 0.6g and around 10 to 14% 807 

at 1g. 16S_60CR exhibits the highest loss among 16-storey buildings. In summary, the loss percentage 808 

appears to mirror the behavior observed in the extent and degree of damage to structural elements.  809 

 810 
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 812 

 813 

 814 

 815 

 816 

Fig 17. Probable loss estimate of buildings based on damage states 817 

(i) Functional Recovery for Dual CSW-MRF system 818 

Seismic resilience refers to a structure's ability to recover and restore functionality after an earthquake 819 

event over a period defined as the control time Q(t). Resilience is generally measured in terms of either 820 

static resilience (i.e., robustness) or dynamic resilience (i.e., rapidity) [53]. The former refers to the 821 

system’s ability to minimize maximum impact. The latter refers to how quickly the system recovers 822 

from a disruption. The key characteristics of resilience of a structure are rapidity, robustness, redundancy 823 

and resourcefulness [54]. Generally, the seismic resilience for a building is quantified as an index, and is 824 

expressed as a number between 0 and 100% (Fig 18.).  825 

 826 

 827 

 828 

 829 

 830 

 831 

 832 

 833 

Fig 18. Seismic resilience curve based on functionality [55] 834 

In Fig 18, the area under the recovery line (encompassed between time t0 and TRE) represents the 835 

resilience of the system. In the above illustration, the parameter t0, refers to the time of disruption (i.e., 836 

loss in building functionality due to damage to structural elements). Likewise, the parameter TRE refers 837 

to the time required to restore full functionality of the building after the disruptive event (i.e., the time 838 
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required to repair/retrofit structural elements). This rate of dip in functionality depends on several 839 

factors including the type of hazards, preparedness of the structural system, location of the incident, 840 

and availability of resources. For a single event, resilience can be mathematically expressed as:  841 

( )

+

=

LcoE

oE

Tt

t LcdtT

tQ
R           (2) 842 

( ) ( )  ( ) ( )  ( ) REoEcREoEoERE tttfTtHttHTILtQ ,,,1 Re+−−−=      (3) 843 

where toE is the time of occurrence of event, TLC control time of the system E, L(I,TRE) loss function; H () 844 

Heaviside step function, f Rec (t, t0E, TRE) is the recovery function, and TRE recovery time from event E 845 

necessary to reach pre-disaster state. Q(t) is a percentage that changes over time, and resilience can be 846 

shown graphically as the shaded area below functionality function of a system (i.e., recovery line), (Fig 847 

18). 848 

Assessing the seismic resilience of a structure involves evaluating the recovery functions. The rapid 849 

functionality of a structure depends on the recovery functions and should be chosen based on 850 

community preparedness and structural response [56-60]. In general, three recovery functions are used, 851 

i.e., linear recovery function, exponential recovery function, and trigonometric recovery function. In this 852 

study, it is assumed that the services will be available in a timely manner and functionality can be 853 

achieved readily. Hence, the study considers a linear recovery functions to assess the seismic resilience 854 

of dual CSW-MRF buildings. The linear recovery function is computing as follows: 855 

                                                       ( ) 




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 −
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RE

oE
REoEeryre

T

tt
Tttf 1,,cov                                                        (4) 856 

where, toE is the time of occurrence of the seismic event and TRE is the recovery time of the structure to 857 

return back to its target functionality. Since no specific guidelines exist in Indian standards for 858 

estimating recovery functions, the study adopts approaches from existing literature to evaluate the 859 

resilience of existing and newly designed buildings under various levels of PGA, using predefined time 860 

intervals for recovery [60,61]. For the study, control time (TLC) of 140 days and control time of 50 days 861 

was considered. For the study, control time (TLC) of 140 days and control time of 50 days was pre-862 

assumed. The initial recovery time (TRE ) for 40 CR building was taken as 65 days, and the slope of the 863 
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function was taken as the recovery time for 50 CR and 60 CR buildings. The target functionality level 864 

was assumed to attain on the 120th day. Using Eqn. (4) the building’s functionality was determined with 865 

pre-disaster incident measured at a target functionality level of 100 percent. The functionality curves 866 

were plotted against the loss in functionality (%) and time(t) for PGA level corresponding to 1g, using 867 

linear recovery function.  868 

Fig 19. illustrates the recovery trajectory of the study buildings following an earthquake with a PGA of 869 

1.0g. Among the 10-storey buildings, 10S_40CR building exhibited the least seismic resilience, with its 870 

post-earthquake functionality reducing to 83% due to extensive damage sustained by the coupling 871 

beams (as shown in Fig 11. and Fig 14.). In comparison, 10S_50CR and 10S_60CR demonstrated slightly 872 

improved functionality levels of 86% and 88%, respectively. A similar trend was observed for the 12-873 

storey buildings, where the post-event functionality ranged between 86% and 88% across all CRs. 874 

Among the 16-storey buildings, 16S_60CR building exhibited the least seismic resilience, with 875 

functionality dropping to 86%, followed by 16S_50CR (88%) and 16S_40CR (90%). Overall, the results 876 

indicate that a higher CR tends to marginally enhance seismic resilience and functionality recovery for 877 

10- and 12-storey buildings. 878 

 879 

 880 

 881 

 882 

 883 

 884 

Fig 19. Recovery path of buildings using linear function 885 

4. Summary & Conclusion 886 

The objectives of the study are as follows: (a) quantify the increased lateral force demand (i.e., base 887 

shear demand) in MRFs resulting from redistribution of forces with progressive damage to coupling 888 

beams in CSW system, (b) recommend column design capacities required to preclude shear failure in 889 

structural members part of MRFs, and (c) evaluate the seismic performance of dual CSW–MRF system, 890 

including resilience assessment in terms of probable loss estimates and functional recovery. For this 891 
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purpose, nine buildings of different heights (10-, 12- and 16-storey) and three different coupling ratios 892 

(40CR, 50CR and 60CR) were considered. The seismic performance of the study buildings is quantified 893 

using nonlinear static analysis.  894 

The salient conclusions drawn from the study are: 895 

1. It is necessary to design columns (that are part of moment resisting frames) with a minimum 896 

shear capacity that equals 50% of maximum shear capacity of the column. This is necessary to 897 

preclude shear failure of the column, which could detrimentally reduce the lateral 898 

displacement capacity of the dual CSW-MRF buildings.  899 

2. The dual CSW–MRF system with increased nominal column shear capacity exhibited a lateral 900 

displacement capacity approximately 2.27 times greater than that designed with the IS 901 

13920:2016-based shear capacity. 902 

3. For buildings with similar height, those designed with higher CR indicate an increase in: (a) 903 

lateral translational stiffness (K) (by 22-52%); and (b) ultimate strength (by 6-15%).  904 

4. In general, for buildings designed with higher CR, the ultimate drift capacity (Δu) of the dual 905 

CSW-MRF building is reduced by 6–38%. In addition, the displacement drift demand is also 906 

reduced for buildings designed with higher CR (owing to higher initial stiffness). 907 

5. When buildings are subjected to increasing lateral drift demand, the damage to coupling beams 908 

leads to a reduction in CR. Additionally, the rate of reduction in 16-storey building is observed 909 

to be smaller than that for 10-storey building. 910 

6. When lateral drift demand corresponding to a PGA of 0.16g was imposed on the dual CSW-911 

MRF building, the CSW frame resisted approximately 85% of the total base shear in 10-storey 912 

buildings and 72% in 16-storey buildings. However, when lateral drift demand corresponding 913 

to a PGA of 1.0g was imposed on the dual CSW-MRF building, the CSW fame’s base shear 914 

resistance reduced drastically to 44% and 8%, respectively. This highlights the significant 915 

redistribution of base shear demand between the CSW frame and the MRF frame.  916 
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7. In general, with the increase in design CR, the onset of hinge formation is delayed leading to 917 

reduced plastic rotation demand in buildings with higher CR, with the exception of 16S_40CR. 918 

In addition to CR, the building height is one of the contributing factors towards the hinge 919 

formation and plastic rotation demand in dual CSW-MRF buildings.  920 

8. Among all energy dissipating elements in dual CSW-MRF buildings, coupling beams resist the 921 

maximum plastic rotation demand in the range of 1 to 1.4% (i.e., 0.01 to 0.014 radians) while 922 

sustaining a PGA of 1g. Additionally, as expected, the beams framing into the structural walls 923 

have higher rotational demand (i.e., localised damage) compared to the same for beams 924 

framing into columns that are part of MRF.  925 

9. The probable loss percentage increases nonlinearly with PGA. Relative to CR, building height 926 

appears to significantly influence the probable loss estimate. For instance, the loss estimate 927 

reaches about 16% at 1g for 10-storey, 13–14% for 12-storey, and 10–14% for 16-storey dual 928 

CSW-MRF buildings. 929 

Notwithstanding the limited number of building configurations investigated in this study, the 930 

following recommendations are proposed for consideration in the seismic design of dual CSW–MRF 931 

buildings: (a) columns part of MRF system should be provided with a minimum shear capacity of not 932 

less than 50% of their maximum shear strength to mitigate the risk of premature shear failure; and (b) 933 

the CSW may be proportioned with a CR of approximately 50% to achieve a balanced increase in lateral 934 

stiffness, lateral strength, deformation capacity, and post-earthquake functional recovery of the overall 935 

system. 936 

While the present study primarily examines the influence of coupling ratio (CR) and building height 937 

on the seismic resilience of dual CSW-MRF systems, certain aspects merit further investigation. The 938 

influence of centrally located coupled structural walls, typically incorporated around stairwells and 939 

elevator cores, warrants further investigation. Additionally, the grouping of coupling beams during the 940 

design stage and the adoption of alternative lateral load distributions during analysis could provide 941 

additional insights into the building’s seismic performance. Furthermore, the assumed recovery period 942 

of 65 days, used in computing seismic resilience, represents an idealized estimate and may vary under 943 
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practical post-earthquake conditions; hence, sensitivity analyses considering variable recovery 944 

durations are recommended.  945 

The current assessment also excludes losses associated with non-structural components, which recent 946 

seismic events have shown to significantly affect overall functionality and recovery. Future studies 947 

should therefore incorporate these effects to achieve a more comprehensive evaluation of resilience. 948 

Finally, as the findings presented herein are based on a limited number of representative building 949 

models, further analyses involving a broader set of dual CSW-MRF configurations subjected to 950 

nonlinear time-history simulations are required to establish generalized design recommendations, 951 

particularly for the moment frame columns.  952 
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Annex A 972 

Table A1. Reinforcement details of study buildings (Member sizes are available in Table 1) 973 

 974 

 975 

Building Members 
Longitudinal Reinforcement Details (%) 

Shear Reinforcement (%) 
Top Bottom 

C10_40 

Beam 0.33%-0.87% 0.33%-0.45% 
NB-2L-8mm@200mm 

IB-2L-10mm@150mm 

CB-2L-8mm@150mm 

Column 0.85% 3L-10mm@150mm 

Structural Wall 2.44% 2L-12mm@150mm 

C10_50 

Beam 0.34%-1.36% 0.34%-1.36% 
NB-2L-10mm@100mm 

IB-2L-8mm@100mm 

CB-2L-8mm@100mm 

Column 0.85% 3L-10mm@150mm 

Structural Wall 2.44% 2L-12mm@150mm 

C10_60 

Beam 0.34%-1.47% 0.33%-0.87% 

NB-2L-10mm@100mm 

IB-2L-8mm@150mm 

CB-2L-8mm@100mm 

Column 0.85% 3L-10mm@150mm 

Structural Wall 2.44% 2L-12mm@150mm 

C12_40 

Beam 0.33%-1.47% 0.33%-1.31% 

NB-2L-10mm@100mm 

IB-2L-10mm@100mm 

CB-2L-10mm@100mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 2.44% 3L-12mm@120mm 

C12_50 

Beam 0.33%-1.74% 0.33%-1.58% 

NB-2L-10mm@100mm 

IB-2L-10mm@100mm 

CB-2L-8mm@100mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 2.44% 2L-12mm@120mm 

C12_60 

Beam 0.33%-1.74% 0.33%-1.64% 

NB-2L-10mm@100mm 

IB-2L-8mm@100mm 

CB-2L-8mm@100mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 2.44% 2L-12mm@120mm 

C16_40 

Beam 0.42%-2.05% 0.38%-1.69% 

NB-2L-10mm@120mm 

IB-2L-8mm@150mm 

CB-2L-8mm@120mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 3.01% 3L-12mm@120mm 

C16_50 

Beam 0.42%-2.05% 0.38%-1.69% 

NB-2L-10mm@120mm 

IB-2L-8mm@150mm 

CB-2L-8mm@120mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 3.01% 2L-12mm@120mm 

C16_60 

Beam 0.33%-2.12% 0.33%-1.98% 

NB-2L-10mm@100mm 

IB-2L-8mm@150mm 

CB-2L-8mm@120mm 

Column 1.18-4.19% 3L-12mm@150mm 

Structural Wall 3.01% 2L-12mm@120mm 
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A1. Detailing of Beams  976 

Building 
Details 

Normal Beams Intermediate Beams Coupling Beams 

10S_40CR 

   

10S_50CR 

   

10S_60CR 

   

12S_40CR 

   

240 mm 

2#16mm  

300 mm 

3
00

 m
m

 

3#12mm  

Stirrups 

2L-10mm @  

150mm spacing 

3#22mm  

3#20mm  

Stirrups 

2L-10mm @  

100mm spacing 

 

240 mm 

300 mm 

5
50

 m
m

 

240 mm 

3#16mm  

300 mm 

3
00

 m
m

 

3#12mm  

Stirrups 

2L-8mm @ 

 100mm spacing 

3#22mm  

3#22mm  

Stirrups 

2L-10mm @ 

 100mm spacing 

240 mm 

300 mm 

5
50

 m
m

 

240 mm 

3#16mm  

300 mm 

3
00

 m
m

 

3#12mm  

Stirrups 

2L-8mm @ 

 150mm spacing 

3#25mm  

3#20mm  

Stirrups 

2L-10mm @ 

 100mm spacing  

 

240 mm 

300 mm 

5
00

 m
m

 

240 mm 

2#16mm  

300 mm 

3
00

 m
m

 

2#16mm  

Stirrups 

2L-10mm @  

100mm spacing  

3
80

 m
m

 

300 mm 

4
10

 m
m

 

Stirrups 

2L-8mm @  

150mm spacing 

 

2#16mm 

2#16mm  

3#16mm  

3#16mm  

Stirrups 

2L-8mm @ 
 200mm spacing  

 

240 mm 

300 mm 

5
50

 m
m

 

5
10

 m
m

 

300 mm 

5
40

 m
m

 

 

Stirrups 

2L-8mm @  

100mm spacing 

 

3#22mm 

3#22mm  

6
80

 m
m

 

300 mm 

7
10

 m
m

 

Stirrups 

2L-8mm @ 

 100mm spacing 

3#20mm  

4#20mm  

3
30

 m
m

 

300 mm 

3
60

 m
m

 

Stirrups 

2L-10mm @  

100mm spacing 

2#25mm  

3#25mm  
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12S_50CR 

   

12S_60CR 

   

16S_40CR 

   

16S_50CR 

   

3#25mm  

3#25mm  

Stirrups 

2L-10mm @ 

 100mm spacing  

 

240 mm 

300 mm 

5
00

 m
m

 

240 mm 

2#16mm  

300 mm 

3
00

 m
m

 

2#16mm  

Stirrups 

2L-10mm @ 

 100mm spacing 

 

3#25mm  

3#25mm  

Stirrups 

2L-10mm @  

100mm spacing  

 

240 mm 

300 mm 

5
00

 m
m

 

240 mm 

3#12mm  

300 mm 

3
00

 m
m

 

3#12mm  

Stirrups 

2L-8mm @ 

 100mm spacing 

 

3#22mm  

3#22mm  

Stirrups 

2L-10mm @  

120mm spacing  

 

240 mm 

300 mm 

5
50

 m
m

 

240 mm 

2#16mm  

300 mm 

3
00

 m
m

 

3#16mm  

Stirrups 

2L-8mm @ 

 150mm spacing 

 

3#22mm  

3#25mm  

Stirrups 

2L-10mm @  

120mm spacing  

 

240 mm 

300 mm 

5
50

 m
m

 

240 mm 

2#16mm  

300 mm 

3
00

 m
m

 

3#16mm  

Stirrups 

2L-8mm @ 

 150mm spacing 

 

4
40

 m
m

 

300 mm 

4
70

 m
m

 

Stirrups 

2L-8mm @  

100mm spacing 

3#22mm  

3#22mm  

6
20

 m
m

 

300 mm 

6
50

 m
m

 

Stirrups 

2L-8mm @ 

 100mm spacing 

 

3#25mm  

3#25mm  

2
70

 m
m

 

300 mm 

3
00

 m
m

 
Stirrups 

2L-10mm @  

100mm spacing 

 

3#25mm  

3#25mm  

3
50

 m
m

 

300 mm 

3
80

 m
m

 

Stirrups 

2L-8mm @  

100mm spacing  

 

3#25mm  

3#32mm  



40 

16S_60CR 

   

Note: All cross-sectional profiles are illustrations and are not drawn to scale. 

 977 

A2. Detailing of Column  978 

10 Storey 12 Storey 16 Storey 

   

Note: All cross-sectional profiles are illustrations and are not drawn to scale. 

 979 

A3. Detailing of Structural Wall 980 

  981 

 982 
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 984 
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2#16mm  

300 mm 

3
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3#16mm  

Stirrups 

2L-8mm @  

150mm spacing 

 

4
80

 m
m

 

300 mm 

5
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m

 

Stirrups 

2L-8mm @  

100mm spacing 

3#28mm  

3#28mm  

600 mm 

520 mm 

6
00

 m
m

 

12#18mm  

Stirrups 

3L-10mm @  

150 mm spacing  

600 mm 

520 mm 

6
00

 m
m

 

12#28mm  

Stirrups 

3L-12mm @  

150mm spacing  

Stirrups 

3L-12mm   @  

150mm spacing 

 

700 mm 

620 mm 

7
00

 m
m

 

10#32mm  

X 

Y 

3
0
0
 m

m
 

5000 mm 

36#36 mm  Stirrups 

3L-12mm @ 150mm spacing 
X 

Y 
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