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Abstract
Incremental dynamic analyses are conducted for a suite of low- and mid-rise reinforced-concrete special moment-resisting 
frame buildings. Buildings non-conforming and conforming to the strong-column weak-beam (SCWB) design criterion are 
considered. These buildings are designed for the two most severe seismic zones in India (i.e., zone IV and zone V) follow-
ing the provisions of Indian Standards. It is observed that buildings non-conforming to the SCWB design criterion lead to 
an undesirable column failure collapse mechanism. Although yielding of columns cannot be avoided, even for buildings 
conforming to a SCWB ratio of 1.4, the observed collapse mechanism changes to a beam failure mechanism. This change in 
collapse mechanism leads to a significant increase in the building’s global ductility capacity, and thereby in collapse capac-
ity. The fragility analysis study of the considered buildings suggests that considering the SCWB design criterion leads to a 
significant reduction in collapse probability, particularly in the case of mid-rise buildings.

Keywords Capacity design · Collapse probability · Incremental dynamic analysis · RC moment-resisting frame buildings · 
Strong-column weak-beam design

List of symbols
R  Response reduction factor
T  Average period of vibration
βM  Log-normal standard deviation representing model-

ling variability
βRTR   Log-normal standard deviation representing record-

to-record variability
βT  Log-normal standard deviation representing total 

variability
μT  Period-based ductility
Ω  Overstrength factor
ρ  Redundancy factor
θp  Pre-capping plastic rotation capacity
θpc  Post-capping plastic rotation capacity

Introduction

At present, the seismic design codes of many countries all 
over the world (e.g., ASCE 7-10 2010; Eurocode 8 2004; IS 
1893 2002) still follow a force-based design (FBD) approach 
which defines the target performance levels ‘No Damage’ 
and ‘No Collapse’ for a minor and major earthquake, respec-
tively. The FBD methodology is based on prescriptions, in 
which the inelastic energy dissipation of the structures is 
accounted through a ‘response reduction factor’ (R), often 
also referred to as ‘behaviour factor’. This simplified ‘R’ 
factor is in generally dependent on a building’s structural 
system, and considered to be strongly influenced by the 
building’s ductility capacity (μT). In addition, both struc-
tural overstrength (Ω) and redundancy (ρ) are considered 
important contributors to the ‘R’ factor (NIST 2012).

The ductility capacity of a building μT is strongly cor-
related with the failure mechanism which is in turn gov-
erned by the relative strength of the different members. 
Major international seismic design codes (i.e., ACI 318-14 
2014; Eurocode 8 2004; IS 13920 2016) contain provisions 
for capacity design (strength hierarchy). One of the crucial 
provisions of capacity design for moment-resisting frames 
controls the relative strength of beams and columns, using a 
‘strong-column weak-beam (SCWB) ratio’ (i.e., the ratio of 
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the sum of nominal moment capacities of all columns to the 
sum of nominal flexural strengths of beams, framing into the 
same joint, in the direction under consideration).

A review of the major international seismic design code 
provisions (i.e., ACI 318-14 2014; Eurocode 8 2004; NZS 
3101 2006; IS 13920 2016) reveals that significant variations 
exist in terms of the defined SCWB design requirements. 
ACI 318-14 (2014) suggests a SCWB ratio of 1.2, whereas 
Eurocode 8 (CEN 2004) suggests a factor of 1.3. A more 
stringent approach is adopted by New Zealand’s code (NZS 
3101 2006) with a SCWB ratio of 1.3. In addition, NZS 
3101 also applies a dynamic magnification factor for the 
upper floors, as these are significantly affected by higher 
mode effects. The dynamic magnification factor varies with 
building period (T) as well as along the height.

The previous Indian capacity design and detailing code 
IS 13920 (1993) does not suggest any factor to ensure the 
SCWB design, although it was mandatory to construct spe-
cial moment-resisting frame (SMRF) buildings in seismic 
zones IV and V. Therefore, it is a general practice in the 
Indian design industry to design buildings without ensur-
ing the SCWB design criterion. In the latest revision of the 
Indian capacity design and detailing code (IS 13920 2016), 
a SCWB ratio of 1.4 is recommended. This provision was 
declared mandatory for SMRF buildings in seismic zones 
IV and V.

Until now, only few studies (Dooley and Bracci 2001; 
Kuntz and Browning 2003; Ibarra and Krawinkler 2005; 
Haselton et al. 2011 and Cagurangan 2015) have been con-
ducted in which the adequacy of SCWB design provision of 
seismic design codes is assessed. In the context of seismic 
design of new buildings, the influence of the SCWB ratio 
on the collapse performance of buildings has already been 
identified as a high-priority study (NIST 2012). Dooley and 
Bracci (2001) studied the response of 3- and 6-storied build-
ings with varying SCWB ratio from 0.80 to 2.40 and recom-
mended a SCWB factor of 2 for satisfactory performance of 
reinforced-concrete (RC) frame buildings in general. Kuntz 
and Browning (2003) investigated the seismic response of 4- 
to 16-storied buildings and suggested a location-dependent 
SCWB ratio along the height of the building. Ibarra and 
Krawinkler (2005) focused on 9- to 18-storied RC frame 
buildings and observed that, to avoid column hinging, a 
SCWB ratio as high as 3 is required. Haselton et al. (2011) 
studied the effect of SCWB ratio on the seismic performance 
and the inherent collapse probability of RC frame build-
ings. They observed that for a 4-storied building, a SCWB 
factor of 1.2 is adequate, whereas for a 12-storied build-
ing the building performance continues to improve up to a 
SCWB ratio of 3, and therefore, suggested a dependency of 
the SCWB ratio on the building height, too.

One of the major limitations of previous studies lies in 
the fact that all were conducted on two-dimensional models, 

subjected to uni-directional earthquake excitations. Further, 
none of the studies, except for the one by Haselton et al. 
(2011), examined adequacy of the existing code provi-
sions on the SCWB ratio in terms of their effect on collapse 
probability. Consequently, there is no consensus about the 
values for the SCWB ratio for seismic design of RC frame 
buildings.

The main objective of the present study is to quantify the 
effect of the SCWB design criterion on the seismic fragil-
ity of RC frame buildings. Therefore, buildings with three 
different heights (2, 4 and 8 storeys) designed for two dif-
ferent seismic zones (i.e., zone IV and zone V) are con-
sidered. These buildings are designed non-conforming and 
conforming to SCWB design provisions of IS 13920 (1993) 
and IS 13920 (2016), respectively. Bi-directional incremen-
tal dynamic analyses (IDA) are conducted on 3D building 
models considering a general far-field ground-motion record 
suite recommended in FEMA P695 (2009). A total of 3279 
nonlinear IDA are conducted on the considered building 
models. Further, comparisons of the observed collapse 
mechanisms, adjusted collapse margin ratios (CMR) and 
collapse fragilities are presented for the considered build-
ing models.

Selection of building archetypes and design

For the numerical studies, a representative generic building 
plan (Fig. 1) is chosen based on field surveys in the National 
Capital Region of India (DEQ 2009; Haldar 2013; Surana 
et al. 2018a). In the present study, 12 generic RC moment-
resisting frame buildings with different dimensions in the 
two principal building axes are considered. These models 
are representative for low- (2-storey and 4-storey), and 
mid-rise (8-storey) buildings prevalent in northern India. A 
string is assigned to each building model which identifies the 
building height, seismic zone and the corresponding SCWB 
design criterion as summarized in Table 1. For the consid-
ered building models, the storey height is kept constant to 
3.3 m, which is most commonly observed at multi-storey RC 
buildings in northern India (DEQ 2009; Haldar 2013; and 
Surana et al. 2018a).

The building models are generated in the integrated build-
ing analysis and design software ETABS 2016 (CSI 2016). 
Beams and columns are modelled using three-dimensional 
(3D) frame elements, while the slabs are defined as rigid dia-
phragms. The cracked section properties of both beams and 
columns are derived following ASCE 41-13 (2013) guide-
lines. Both dead and live loads are assigned to the building 
models according to IS 875 Part 1 (1987a) and IS 875 Part 
2 (1987b), respectively. All the buildings are designed fol-
lowing the provisions of the relevant Indian standards (IS 
456 2000; IS 1893 Part 1 2002; IS 1893 Part 1 2016; IS 
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13920 1993; IS 13920 2016). Local subsoil conditions are 
represented by soil type I (i.e., hard soil/rock) following the 
soil classification defined by Indian code IS 1893 Part 1 
(2016). P-delta effects are considered both in the design and 
structural analysis process.

Material strengths, periods of vibration (shown as arith-
metic mean of the periods of vibration in the two princi-
pal directions of the building), design forces and obtained 
member sizes for the considered building models are sum-
marized in Table 2. Member sizes are identical for both 
seismic zones and are chosen such that the reinforcement 
in columns is ranging from 1 to 3% and 2 to 4% for build-
ings designed for seismic zone IV and V, respectively, con-
sistent with engineering practice in India. On the other 
hand, beam reinforcement is provided between 0.5 and 
1.5% on each face, irrespective of seismic zone. In case 

of buildings non-conforming to the SCWB design crite-
rion, the column reinforcement is derived from the design 
forces, while the SCWB ratio is identified as being close to 
1.0; whereas in case of buildings conforming to the SCWB 
design criterion, the column reinforcement (obtained from 
design) is increased to achieve a SCWB ratio of 1.4. To 
compute the SCWB ratio, the nominal moment capacities 
for columns are computed at factored axial force consist-
ent with the provision of IS 13920 (2016) and ACI 318-
14 (2014). The investigated building models have slightly 
higher SCWB ratios in the longitudinal direction as com-
pared to the transverse direction, due to the shorter span 
of beams in the longitudinal direction. Further, this differ-
ence in SCWB ratio is higher in case of low-rise buildings 
designed for seismic zone IV, due to the increased effects 
of the gravity loads.

Fig. 1  Details of the generic building models chosen for the seismic 
fragility study: a Plan, and b Elevation of the 4-storey building model 
in longitudinal direction (elevations of the other building models 
are not presented here for the sake of brevity; L and T represent the 

models’ longitudinal and transverse direction, respectively; the dotted 
lines represent the boundaries of the floor slab). All dimensions are 
in meters

Table 1  Overview of the 
considered building models

C conforming, NC non-conforming

Seismic zone Design spectral parameter SCWB 
requirements

Height class and corresponding string

(2-storey) (4-storey) (8-storey)

Zone IV EPGAMCE = 0.24 g
SDS = 0.45 g
SD1 = 0.18 g

NC 2IVNC 4IVNC 8IVNC

Zone V EPGAMCE = 0.36 g
SDS = 0.67 g
SD1 = 0.27 g

NC 2VNC 4VNC 8VNC

Zone IV EPGAMCE = 0.24 g
SDS = 0.45 g
SD1 = 0.18 g

C 2IVC 4IVC 8IVC

Zone V EPGAMCE = 0.36 g
SDS = 0.67 g
SD1 = 0.27 g

C 2VC 4VC 8VC
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Nonlinear modelling of building archetypes

The nonlinear behaviour of RC frame members can be 
simulated using continuum, fiber, and lumped-plasticity 
models. The continuum and fiber models can accurately 
capture the effects such as cracking of concrete and yield-
ing of reinforcement bars but they are unable to capture the 
strength degradation effects associated with reinforcement 
bar buckling, bond-slip and shear failure causing strain 
softening (Haselton et al. 2007, 2011). As these effects 
are more critical for the structural collapse assessment, 
the lumped-plasticity models have gained more popularity 
for seismic response simulation of RC buildings (Haselton 
and Deierlein 2007; PEER/ATC 72-1 2010; Haselton et al. 
2011; Farsangi and Tasnimi 2016).

In lumped-plasticity models, the force–deformation 
behaviour of an element is confined by an envelope, known 
as the “backbone curve”. This backbone curve has three 
most important parameters, namely the elastic stiffness, 
post-yield stiffness and post-capping stiffness (strain sof-
tening). The post-capping stiffness (softening) and the 
displacement (ductility capacity) at which this softening 
occurs, are the most important contributors affecting the 
seismic collapse capacity (Ibarra and Krawinkler 2005; 
Haselton et al. 2011; Farsangi and Tasnimi 2016). ASCE 
41-13 (2013) provides the generic backbone curves for RC 
members having different reinforcement detailing, axial 
force and shear force. These backbone curves are based on 
cyclic test results and are primarily meant for design pur-
poses, hence they are considered to be on the conservative 
side (PEER/ATC 72-1 2010; LATBSDC 2014). An alter-
native procedure based on the monotonic backbone curve 
has been suggested by Haselton et al. (2007) in which the 

cyclic degradation of stiffness and strength is considered 
in the hysteretic model.

In the present study, uniaxial moment plastic hinges and 
P–M–M interaction hinges have been assigned at both ends 
of beams and columns, respectively. These hinges are capable 
of simulating the side-sway collapse mechanism associated 
with RC SMRF buildings (FEMA P695 2009). The strength 
deterioration effects are inherently considered in the ASCE 
41 backbone curves as these were obtained from the cyclic 
envelope (PEER/ATC 72-1 2010; LATBSDC 2014), whereas 
the degradation of stiffness and energy dissipation capacity is 
modelled explicitly using a peak-oriented degrading hysteresis 
model based on cumulative energy dissipation in ETABS 2016 
(CSI 2016). This hysteresis model has been calibrated with 
experimental results obtained by Dadi and Agarwal (2015). 
Further details on calibration of the hysteresis model can 
be found in Surana et al. (2018b). ASCE 41 defines back-
bone curves in which strength drops suddenly post-capping. 
However, such sudden drops are highly unrealistic and cause 
numerical instability problems in the solution algorithm 
(PEER/ATC 72-1 2010; LATBSDC 2014). Therefore, a grad-
ual reduction in strength as recommended in PEER/ATC 72-1 
(2010) and FEMA P-58 (2012) is used for the estimation of 
collapse capacity of the building models. The typical backbone 
curve used in the present study is presented in Fig. 2 and the 
corresponding parameters are listed in Table 3. 

Incremental dynamic analysis

To investigate the dynamic response of the considered 
structural models, incremental dynamic analyses (IDA) 
are conducted under bi-directional excitation (i.e., 

Table 2  Details and member sizes of the considered building models

a Arithmetic mean of the periods in the two principal directions of the building

Building model Material strength Average period of 
vibration (s)a

Design base shear 
coefficient (V/W)

Column dimensions (mm) Beam 
dimensions 
(mm)Concrete (MPa) Rebars (MPa)

2IVNC 40 500 1.00 0.090 350 × 350 300 × 300
4IVNC 1.50 0.065 350 × 350 300 × 400
8IVNC 3.35 0.040 300 × 300/350 × 350 300 × 400
2VNC 1.00 0.060 350 × 350 300 × 300
4VNC 1.50 0.044 350 × 350 300 × 400
8VNC 3.35 0.027 300 × 300/350 × 350 300 × 400
2IVC 1.00 0.090 350 × 350 300 × 300
4IVC 1.50 0.065 350 × 350 300 × 400
8IVC 3.35 0.040 300 × 300/350 × 350 300 × 400
2VC 1.00 0.060 350 × 350 300 × 300
4VC 1.50 0.044 350 × 350 300 × 400
8VC 3.35 0.027 300 × 300/350 × 350 300 × 400
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simultaneous application of two horizontal components 
of the respective ground-motion record). The IDA consists 
of performing a series of dynamic analyses for a suite of 
selected earthquake ground-motion records, while each 
record is scaled in amplitude to capture the structural 
response from the elastic range to the point of dynamic 
instability (Vamvatsikos and Cornell 2002). It is consid-
ered as a very powerful tool for fragility analysis, as it ena-
bles the direct estimation of record-to-record (inter-event) 
variability in structural response. So far, various groups 
(Vamvatsikos and Cornell 2002; Haselton et  al. 2011; 
Kazemi et al. 2013; Shakib and Pirizadeh 2014; Farsangi 

and Tasnimi 2016; Moniri 2017) have applied IDA to 
buildings of both regular and irregular configuration.

The selection of ground-motion records plays an impor-
tant role for achieving reasonably accurate results with a 
limited number of analyses. In the present study, the far-
field record suite (consisting of 22 pairs of ground-motion 
records) of FEMA P695 (2009) was considered, while Sa 
(T, 5%) was used as both the scaling parameter and inten-
sity measure (IM). It is important to consider that the struc-
tural models investigated in the present study have different 
periods of vibration in the two principal directions of the 
building. Therefore, the arithmetic mean of the periods cor-
responding to the fundamental translational modes of the 
two orthogonal directions has been used for computing Sa 
(T, 5%) following the guidelines of FEMA P-58 (2012). To 
scale the bi-directional ground-motion records, the geomet-
ric mean of the spectral ordinates of individual components 
is used. Collapse is defined as the point where slight incre-
ments in the considered IM cause a large increase in damage 
measure (DM) (i.e., the maximum inter-storey drift ratio, 
representative of side-sway collapse). To model damping 
effects, a Rayleigh damping of 5% is assigned at the periods 
corresponding to both the lowest mode and the mode result-
ing in a total of 95% cumulative mass participation.

Dynamic capacity curves

For the considered structural models, IDA are carried out 
using the FEMA P695 far-field ground-motion record suite. 
Figure 3 presents the dynamic capacity curves for the 8-sto-
rey building models designed for seismic zone V, both non-
conforming and conforming to the SCWB provision of IS 
13920. The capacity curves are presented in terms of IM 
(i.e., Sa (T, 5%)) versus DM (i.e., maximum inter-storey drift 
ratio) for individual records (44 curves obtained from a suite 
of 22 ground-motion records by interchanging two horizon-
tal components along both principal axes), as well as the 
16th, 50th (median), and 84th percentile dynamic capacity 
curves. Similar results are also obtained for other building 
models though not presented here for the sake of brevity.

Fig. 2  Typical backbone curve for a RC beam

Table 3  Plastic rotation capacities of typical members

θp and θpc represent the pre-capping and post-capping plastic defor-
mation capacities, respectively

Member P/Agfc′ θp θpc

2VC (beam) 0.00 0.025 0.025
4VC (beam) 0.00 0.025 0.025
8VC (beam) 0.00 0.025 0.025
2VC (column) 0.06 0.027 0.007
4VC (column) 0.14 0.025 0.007
8VC (column) 0.19 0.020 0.005

Fig. 3  Dynamic capacity curves 
for the considered 8-storey 
building models designed for 
seismic zone V subjected to 22 
pairs of far-field ground-motion 
records: a 8VNC, and b 8VC



136 International Journal of Advanced Structural Engineering (2018) 10:131–141

1 3

It can be observed that both the 8-storey buildings (i.e., 
8VNC and 8VC) in seismic zone V are designed for the 
same base shear coefficient (Table 1), but the building model 
conforming to SCWB design requirement has a 77% higher 
collapse capacity as compared to the building model non-
conforming to the SCWB design requirement. This effect is 
consistent among all building heights, although the increase 
in collapse capacity is somewhat lower (about 25–40%) in 
case of low-rise (2- and 4-storey) buildings, mainly due to 
increased overstrength and gravity load effects (Table 4). 
This observation can be attributed to the fact that the build-
ing model non-conforming to the SCWB design requirement 
has a significantly different collapse mechanism (column 
failure mechanism defined as “columns of a single or multi-
ple storeys reaching post-capping deformation capacity”) as 
compared to the building model conforming to the SCWB 
design requirement (beam failure mechanism defined as 
“beams of a single or multiple storeys reaching post-capping 
deformation capacity”).

Comparison of collapse mechanisms 
for non‑conforming and conforming 
buildings

The collapse mechanisms for the 4- and 8-storey buildings 
(non-conforming as well as conforming to the SCWB design 
requirement) designed for seismic zone V are presented in 
Figs. 4 and 5, respectively. In the case of the 4-storey build-
ing non-conforming to the SCWB design requirements, col-
lapse occurs due to failure of the columns of the first storey 
(Fig. 4). This column failure mechanism changes to beam 
failure in the case of the building conforming to the SCWB 
requirements (Fig. 4).

For the 8-storey buildings non-conforming to SCWB 
design requirements, two collapse mechanisms are 
observed. The first collapse mechanism consists of failure 
of columns in the first storey (Fig. 5). Whereas, in the 
second mechanism (not shown in the figure), failure of col-
umns is also observed at the level of the fifth storey, where 
a change in column sizes along the height of the building 
takes place. This can be attributed to the combined effect 
of change in column sizes and a significant higher mode 
contribution. For buildings conforming to the SCWB cri-
terion, the beam failure is observed at the levels of first, 
second, and third floors. In this case, damage is distributed 
over three storeys as compared to one storey in the case of 
the 4-storey building.

The observed trends have direct implications on the 
seismic design of buildings since the earlier discussed 
‘response reduction factor’ (behaviour factor) strongly 
relies on the governing collapse mechanism. The herein 
presented results suggest that, even when designing for 
a SCWB ratio of 1.4, column hinging (yielding) cannot 
be avoided. This is in good agreement with the previous 
studies (e.g. Dooley and Bracci 2001; Kuntz and Brown-
ing 2003) in which SCWB ratios of the order of 2 or even 
higher are suggested to avoid column yielding. However, 
failure is governed by failure of beams in one storey (in the 
case of low-rise buildings) and failure of beams in three 
storeys (in the case of mid-rise buildings). The observed 
trends clearly suggest that there is still room for possible 
improvement in the capacity design procedure to involve 
the beams of all the storeys in the failure mechanism. 
Kuntz and Browning (2003) suggested that a variable 
SCWB ratio along the height of the building would be 
needed to achieve a perfect beam sway mechanism. Such 
a failure mechanism is expected to further enhance the col-
lapse capacity of the building. However, suggesting such a 
procedure to achieve simultaneous beam failure at all the 
storeys, is beyond the scope of the present study.

Table 4  Comparison of collapse 
margin ratios (CMR) for the 
considered building models

Building model Sa(T)Median (g) SSF CMR ACMR Acceptable ACMR Performance

2IVNC 0.66 1.08 2.75 3.56 1.66 Pass
4IVNC 0.44 1.15 2.75 3.80 Pass
8IVNC 0.12 1.13 1.68 2.28 Pass
2VNC 0.79 1.18 2.19 3.10 Pass
4VNC 0.45 1.23 1.88 2.77 Pass
8VNC 0.09 1.08 0.84 1.09 Fail
2IVC 0.93 1.08 3.88 5.03 Pass
4IVC 0.55 1.18 3.44 4.87 Pass
8IVC 0.15 1.23 2.09 3.08 Pass
2VC 0.99 1.13 2.75 3.73 Pass
4VC 0.60 1.27 2.50 3.81 Pass
8VC 0.16 1.20 1.49 2.15 Pass
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Collapse performance evaluation

To evaluate the collapse performance, the FEMA P695 
(2009) methodology is utilized in the present study. The 
computation of a structure’s median collapse capacity, its 
collapse margin ratio (CMR) [i.e., the ratio of the median 
collapse capacity of a building, Sa (T)Median, to the spectral 
acceleration demand corresponding to maximum consid-
ered earthquake (MCE), SaMT (T, 5%)], and its adjustment 
to spectral shape (frequency content) of the ground-motion 
records (Haselton and Deierlein 2007; Haselton et al. 2011; 
Kazemi et al. 2013; Farsangi and Tasnimi 2016) is an inte-
gral part of this methodology. In this study, the Sa (T)Median, 
and CMR are obtained from IDA, and the adjustment in 
collapse capacity for spectral shape effects is made using the 
spectral shape factor (SSF) recommended in FEMA P695 
(2009).

The SSF value for each of the building models is depend-
ent on the fundamental period (T), the period-based ductility 
(μT), and the seismic design category (FEMA P695 2009). 
The fundamental period (T) and period-based ductility (μT) 
are computed from Eigenvalue analysis and nonlinear static 
analysis, respectively. The FEMA P695 methodology is 
based on 2D building models with uni-directional earth-
quake excitation, whereas the present study is based on 3D 
building models with bi-directional excitations. Therefore, 
the arithmetic mean of the periods and the period-based 
ductility in the two orthogonal directions are used. FEMA 

P695 also recommends increasing the estimated CMR using 
bi-directional analysis, by a factor of 1.2 for comparison 
with the specified acceptable limits. In the present study, 
the building models designed for seismic zone IV, have 
SDS = 0.45 g and SD1 = 0.18 g, and the models designed for 
seismic zone V have SDS = 0.68 g, and SD1 = 0.27 g. These 
design spectral ordinates are equivalent to seismic design 
categories SDC C and SDC Dmax of FEMA P695, respec-
tively. From the obtained arithmetic mean of the periods, 
period-based ductility, and seismic design category, the SSF 
is computed and collapse capacity is adjusted.

Table 4 presents a comparison of Sa (T)Median, and CMR. 
This CMR has been corrected for the effect of bi-directional 
analysis, and for the spectral shape of the ground-motion 
records using the SSF. Consequently, the adjusted CMR 
(ACMR) is obtained as ACMR = 1.2 × CMR × SSF. ACMR 
is then compared with the acceptable CMR values recom-
mended in FEMA P695, corresponding to a 20% probability 
of collapse conditioned on the occurrence of the MCE haz-
ard. To obtain acceptable CMR values, a total system uncer-
tainty of 0.60 is assumed (also justified later in this article). 
As observed from Table 4, all the considered models, except 
for 8VNC, pass the performance criterion.

It can be observed that buildings in seismic zone V are 
designed for a 50% higher base shear coefficient (Table 1) 
when compared with their counterparts designed for seis-
mic zone IV. However, the increase in median collapse 
capacity is in the range of 2–20% only. Buildings designed 

Fig. 4  Typical failure patterns 
for the considered 4-storey 
building models designed for 
seismic zone V subjected to 22 
pairs of far-field ground-motion 
records: a 4VNC along longi-
tudinal direction (observed for 
91% ground-motion records), b 
4VNC along transverse direc-
tion, c 4VC along longitudinal 
direction (observed for 84% 
ground-motion records), and d 
4VC along transverse direction
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conforming to the SCWB criterion have significantly 
higher ACMR (almost double in the case of the 8-sto-
rey building in seismic zone V) as compared to buildings 
designed non-conforming to the SCWB criterion. Another 
salient observation from the table is, that the ACMR of 
buildings in seismic zone IV are 15–110% higher when 
compared with the counterpart buildings in seismic zone 
V. This can be attributed to the relatively increased effects 
of gravity loads for lower levels of seismic demands (i.e., 
seismic zone IV in the present study), which results in 
increased structural overstrength. Therefore, the same 
structural system designed for a lower seismic zone results 
in a higher margin against collapse for a specified level of 
seismic hazard (e.g., MCE). This observation is considered 
to be in good agreement with the FEMA P695 project 
work on 2D building models.

Seismic fragility analysis

The results obtained from IDA are post-processed follow-
ing the methodology suggested by Haselton et al. (2011) to 
obtain fragility curves which are log-normal distributions 
obtained from median collapse capacity and its associated 
variability. The variability in collapse capacity has two 
components: (i) record-to-record variability (βRTR ), and (ii) 
modelling (epistemic) variability (βM). The record-to-record 
variability (βRTR ) is obtained directly from the IDA results. 
Based on the study by Haselton and Deierlein (2007), Liel 
et al. (2009) showed that the modelling variability in the 
collapse fragility curves can be considered as 0.50. Fac-
tors βRTR  and βM are combined using the square-root-of-
sum-of-squares (SRSS) method (Haselton et al. 2011; Liel 
et al. 2009) to obtain total variability (βT). Table 5 presents 

Fig. 5  Typical failure patterns 
for the considered 8-storey 
building models designed for 
seismic zone V subjected to 22 
pairs of far-field ground-motion 
records: a 8VNC along longi-
tudinal direction (observed for 
61% ground-motion records), b 
8VNC along transverse direc-
tion, c 8VC along longitudinal 
direction (observed for 82% 
ground-motion records), and d 
8VC along transverse direction
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the different variability parameters for the building models 
investigated in the present study, while the corresponding 
fragility curves are shown in Fig. 6. It can be observed that, 
in case of all the investigated building models, the total vari-
ability (βT) is close to 0.6 (which was assumed earlier while 
computing the acceptable CMR).

Table 6 presents the obtained collapse probabilities corre-
sponding to the MCE hazard level for the investigated build-
ing models. The SCWB design criterion leads to a slight 
reduction in collapse probability for low-rise (2- and 4-sto-
ried) buildings, while it causes a significant reduction in col-
lapse probability for mid-rise (8-storied) buildings. Further, 
this reduction in collapse probability is more pronounced in 
seismic zone V as compared to seismic zone IV.

FEMA P695 (2009) suggests a limit of 10% probability of 
collapse conditioned on the occurrence of the MCE hazard 
level for a group of buildings, and 20% for individual build-
ings. The values shown in bold in Table 6 represent the fail-
ure of the corresponding buildings based on the FEMA P695 
dual criterion. The average collapse probability for buildings 
non-conforming to the SCWB design criterion is found out 
to be 16%, which reduces to 6% for buildings conforming 
to the SCWB design criterion. However, the 8-storey build-
ing in seismic zone V, even with SCWB design, passes the 
individual criterion of 20% probability of collapse (Table 6) 
only marginally.

Conclusions

IDA are conducted on a set of reinforced-concrete moment-
resisting frame buildings both non-conforming and con-
forming to the SCWB design requirements of Indian Stand-
ards. The effect of the SCWB design requirements on the 

governing collapse mechanism, collapse margin ratio and 
collapse fragility is investigated in detail.

Although, the conforming as well as non-conforming 
buildings were designed for identical base shear coefficients, 
the non-conforming buildings exhibit a significantly reduced 
collapse capacity as compared to the conforming buildings. 
This highlights the effect of collapse mechanism on seismic 
collapse capacity of buildings. It has been observed that the 
collapse mechanism strongly depends on the SCWB ratio 

Table 5  Record-to-record   variability (βRTR ), modelling variability 
(βM) and total variability (βT) for the considered building models

Building model βRTR βM βT

2IVNC 0.28 0.50 0.57
4IVNC 0.30 0.58
8IVNC 0.37 0.62
2VNC 0.32 0.59
4VNC 0.30 0.58
8VNC 0.30 0.58
2IVC 0.28 0.57
4IVC 0.31 0.59
8IVC 0.31 0.59
2VC 0.26 0.56
4VC 0.31 0.59
8VC 0.32 0.59

Fig. 6  Collapse fragility curves for the considered building models: 
a 2-storey buildings, b 4-storey buildings, and c 8-storey buildings. 
(the two vertical lines represent the spectral acceleration demands 
corresponding to the MCE hazard level for seismic zones IV and V, 
respectively)
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used for the seismic design. Buildings non-conforming to 
the SCWB design criterion exclusively attract column failure 
mechanism, whereas buildings conforming to the SCWB 
design criterion show beam failure mechanism. Interestingly, 
the column yielding could not be avoided, even in build-
ings designed for a SCWB ratio of 1.4. However, in these 
buildings, failure of beams in a single (in case of low-rise 
buildings) or in multiple storeys (three storeys in the case 
of the studied 8-storey buildings) governed the collapse of 
the buildings.

The fragility analysis of the building models suggests that 
buildings non-conforming to the SCWB design criterion 
lead to unacceptably high probabilities of collapse (up to 
60% in the case of mid-rise buildings) for the MCE hazard 
level. This performance improves significantly for buildings 
conforming to the SCWB criterion. Although, the 8-storey 
building designed for seismic zone V and conforming to the 
SCWB design requirements of Indian Standards, only mar-
ginally passes the FEMA P695 criterion of 20% probability 
of collapse conditioned on the occurrence of MCE hazard 
for an individual building. Nevertheless, the group perfor-
mance of the buildings conforming to the SCWB criterion 
is found out to be satisfactory.

The observed collapse mechanisms for the investigated 
building models suggest that there is still a possibility of 
improvement in the capacity design procedure to enhance 
the collapse performance of RC frame buildings. However, 
such improvements appear to be possible only by using vari-
able SCWB ratios along the height of the building, so that 
failure of beams at all storeys is involved, while this topic 
may be the subject of future investigations. The present study 
is conducted with a limited number of structural models and 

plan shapes. The observations and conclusions drawn are 
limited to the considered suite of RC SMRF buildings of 
certain heights. Further, the ground-motion record suite used 
in the present study exclusively consists of far-field records. 
Near-field ground-motion records may certainly have sig-
nificantly different characteristics as compared to far-field 
records. Therefore, separate studies are recommended to 
study the effect of near-field earthquakes on the governing 
collapse mechanism and collapse fragility.
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