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Abstract
The need for industrial buildings has increased multifold, with a wide range in the irregular distribution of floor mass and 
stiffness. The uneven distribution of floor mass causes mass eccentricity in the floor, inducing torsion in the building. The 
aim of the present study is to highlight the influence of torsional irregularity due to mass eccentricity on the multi-directional 
floor response spectra. IS 1893 (Part 4): 2015 suggested time-history analysis of the design basis earthquake to develop floor 
response spectra, adopting linear analysis technique. Eleven sets of real orthogonal records were chosen to perform time-
history analysis to obtain a mean response. The present study observed that the building’s with regular geometry and without 
stiffness variation in it, a slight mass eccentricity significantly increases floor response spectra. Moreover, actual industrial 
buildings have significant variations in mass, stiffness, and strength, resulting in further intensifying floor response spectra. 
Thus, the structural designer needs to use tri-directional floor response spectra for precise and protective non-structural 
component support design for appropriate response. IS 1893 (Part 1): 2016 suggests reduced stiffness for beam and column 
for earthquake analysis. Floor response spectra with reduced stiffness were also studied here, and the response was compared 
with non-linear analysis. Non-structural components lateral design forces as per floor response spectra approach and Indian 
Standard provisions are also included in the study.

Keywords  Industrial buildings · Seismic design · Non-structural component · Time-history analysis · Floor response 
spectra · Torsional irregularity

Introduction

In recent years, the demand for industrial structures has 
surged, supporting a wide range of equipment and opera-
tions, especially vertically. Buildings have basic structural 
elements (beam, column, and slab) as the primary struc-
tural system to support the secondary system. The second-
ary systems, also referred to as non-structural components 
(NSCs), include mechanical (boilers, hoppers, storage tanks, 
piping systems, fire prevention systems, water supply units, 
and heating ducts) and electrical (electric motors, interior 
fittings, power supply units, HVAC units, and elevators) 
components, etc. The loss of NSCs after the earthquake is 
something greater than structural damage [1]. These losses 

are divided into direct property damage and indirect eco-
nomic losses [1].

The preliminary study on the NSC response started with 
caution and safety of the nuclear power plant’s critical com-
ponents [2]. After this preliminary study, the US Nuclear 
Regulatory Guide [3] was established. Many researchers 
[4–14] stated in their studies that floor response spectra 
(FRS) is required to get the acceleration demand on NSCs. 
Medina et al. [15] noted that the placement of NSCs on 
primary structures influenced the shape and magnitude of 
FRS. Also, the yielding of the main structure has a complex 
impact on the NSC reaction. Further, [16–18] perceived 
remarkable differences in the acceleration demand on NSC 
are due to ground motion characteristics, higher mode 
effects, and different building irregularities.

FRS could be established through a direct spectra-to-
spectra approach or a time-history analysis (THA) approach 
[19]. In the study by Duff [20], a single selection of earth-
quake excitation in three directions was used to monitor 
FRS, and the author discovered that the FRS obtained was 
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not accurate. As a result, FRS can necessitate a more signifi-
cant number of sets of earthquake excitation in three direc-
tions to get a reliable probabilistic definition.

Singh [11, 21] introduced the concept of random vibration 
for a direct approach and researchers [2, 22, 23] developed a 
study on direct spectra-to-spectra techniques to lighten the 
limitations of THA approaches. The FRS methodically com-
municated with the modal analysis parameters (frequencies, 
mode shapes, and modal participation factors) and ground 
motion spectra of the primary structure in the direct method. 
Since the 1970s, many direct spectra-to-spectra methods for 
obtaining FRS have been available. Still, they have not been 
widely employed in the nuclear sector because it is uncer-
tain how conservative or unconservative the FRS is. The 
FRS results should be conservative, but not excessively so; 
otherwise, the cost of seismic qualification and components 
would vary dramatically.

The various studies [11, 13, 24–29] on THA converge 
to smooth mean and median FRS. And [14, 30–35] con-
sidered the smooth mean, median FRS generated by THA 
as exact FRS and used it as a baseline to verify the direct 
method’s accuracy. Further, the researchers [29, 32, 33] gen-
erated FRS based on a decoupling analysis, revealing that 
the equipment’s interaction with the supporting structure is 
minimal.

As per IS1893 (Part 4): 2015 [36], for the development of 
FRS, THA should be performed for design basis earthquake 
(DBE), adopting a linear analysis technique. Also, it stated 
that if the ratio of the mass of flexible mounted equipment to 
the sum of the mass of the primary structural system and the 
mass of rigidly mounted equipment is less than 0.25, then 
no interaction between the primary structures and the equip-
ment should be considered. In such a case, flexible mounted 
equipment’s mass should be considered lumped at appropri-
ate locations. The aim of the present study is to highlight the 
influence of torsional irregularity due to mass eccentricity 
on the Tri-directional FRS used in industrial buildings. For 
comparative analysis, G + 2 storey, regular building, and tor-
sional irregular building with irregular mass distribution are 
considered, and their elastic FRS response studied. IS 1893 
(Part 1): 2016 [37] suggests reduced stiffness for beam and 
column for earthquake analysis. Therefore, elastic FRS with 
reduced stiffness was also studied at considered NSC loca-
tions with appropriate lump mass and response compared 
with non-linear analysis. For THA, actual ground motion 
records were obtained using the PEER NGA-West 2 [38] 
database. The study was carried out using the SAP-2000 
[39] computer software.

Limitations of the study

The study’s outcomes are limited to low-rise reinforced 
concrete special moment-resisting bare frame structures 

that were analysed assuming most of the industrial build-
ings are having few infill walls and are designed accord-
ing to [36, 37, 40–42] for a specific input. In the current 
analytical work, the influence of soil-structure interaction 
was also neglected. The building on soft strata may change 
the structural parameters. The paper does not include any 
experimental validation.

Details of buildings considered for study

The behaviour of a building during an earthquake depends 
on several factors. The present study included a G + 2 sto-
rey, three bays, reinforced concrete (RC) low-rise three-
dimensional building. Buildings are analysed with a spe-
cial moment-resisting frame (SMRF). Geometric details 
of buildings with beam and column positions are shown in 
Fig. 1. A storey height of 3 m and a bay width of 4 m were 
taken for the buildings. The comparative analytical study 
considered a regular building (RB) and another RC building 
with torsional irregularity (TIRB). The TIRB has the same 
geometry and stiffness as the RB but an unequal distribution 
of floor mass (Fig. 1a and b). The unequal distribution of 
floor mass has been considered by varying brick wall load 
and live load on the slab, as shown in Fig. 1-b. This floor 
mass variation is constant on all three floors. The brick wall 
is 230 mm thick, and the floor slab is 150 mm thick with 
floor finish load and live load of 1 kN/m2 and 5 kN/m2, 
respectively, considered as per Indian standard IS 875: Part 
1 and Part 2 [43, 44].

Each floor has mass eccentricity in the X and Y directions 
because of the uneven distribution of floor mass. Table 1 
shows the positions of the centre of mass (X-CM, Y-CM), 
the centre of rigidity (X-CR, Y-CR), and eccentricity (ex, ey) 
in the analysed buildings. The varying horizontal displace-
ment at the extreme end of the identical floor is induced 
by this eccentricity. As per IS 1893 (Part 1): 2016 [37], a 
building is torsionally irregular if the maximum horizontal 
displacement at one end of the floor is larger than 1.5 times 
the minimum displacement at the other end of the same level 
in the same direction. Table 2 illustrates the horizontal dis-
placement in the X direction at the two ends of the identical 
floor for both buildings. The RB building model has the 
same horizontal displacement at the floor ends, as shown in 
Table 2. However, the maximum displacement (at grid 1-D) 
of the same floor in the same direction in the TIRB building 
model is larger than 1.5 times the minimum displacement 
(at grid 4-D) of the same floor in the same direction for all 
three stories. As a result, the TIRB building was classified 
as a torsionally irregular structure, satisfying the torsional 
irregularity clause of IS 1893 (Part 1): 2016 [37].



Innovative Infrastructure Solutions (2022) 7:34	

1 3

Page 3 of 13  34

The building’s location is considered in zone V [37] 
(i.e. the highest seismic zone in India) and is located on 
medium soil. M30 grade concrete was used to model the 
RC beams and columns. Floor diaphragms were consid-
ered to be rigid in the analysis. The building is designed 
as per codal requirements, and the designed sizes are 
adopted. It is also ensured that the total column design 
strength is 1.4 times that of the beam design strength at 
every beam-column joint. To prevent further strength 
and stiffness irregularities in the building, the beam size 
(230 mm × 400 mm) and column size (350 mm × 350 mm) 

in the RB and TIRB buildings have been kept constant in 
all three stories.

Dynamic properties of buildings

The dynamic analysis was performed for RB and TIRB 
buildings, and the linear mode shapes and corresponding 
periods for the first five modes are shown in Fig. 2 and 
Table 3. The modal participation mass ratio for the RB and 
TIRB building models in each mode is illustrated in Table 4. 
It shows that mass participation in the third mode (torsional 
mode) in the X and Y directions is zero in the RB model. 
In contrast, in the TIRB model, mass participation in the 
third mode in the X and Y directions is 8% and 11%, respec-
tively, indicating torsional behaviour. In this study, a total 
of twelve modes were considered. The Indian standard [37] 
specifies that the number of modes in the analysis is to be 
considered until the total mass participation exceeds 90%. 
Table 5 illustrates the cumulative modal mass participation. 
The cumulative mass participation exceeds 90% in the fifth 
mode, which is observed in Table 5.

(a) Typical Floor Plan of RB (b) Typical Floor Plan of TIRB (c) Typical Buildings Elevation

Brick wall      Slab with floor finish        Live load on slab storey height and bay width in meter

Fig. 1   G + 2 Storey RC Buildings

Table 1   Mass eccentricity in 
building (m)

Building Model RB

Storey Number X-CM Y-CM X-CR Y-CR ex ey

3 6 6 6 6 0 0
2 6 6 6 6 0 0
1 6 6 6 6 0 0

TIRB
3 6.90 5.22 6.00 6.00 0.90 -0.78
2 6.86 5.26 6.00 6.00 0.86 -0.74
1 6.86 5.26 6.00 6.00 0.86 -0.74

Table 2   Horizontal X-direction displacement (mm)

Building Model RB TIRB

Storey Number Grid 1-D Grid 4-D Grid 1-D Grid 4-D

3 25 25 23 14
2 19 19 17 10
1 9 9 8 5
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Floor response spectra (FRS)

An acceleration time-history on each building floor 
obtained from the base excitation must be used to design 
the NSCs supports attached to the floor. IS 1893 (Part 4): 
2015 [36] says that FRS is necessary for NSC analysis 
and design in critical conditions. It also said that when 
the ratio of the mass of flexible mounted equipment to 
the sum of the mass of the primary structural system and 
the mass of rigidly mounted equipment is less than 0.25, 
then no interaction between the primary structures and the 
equipment should be considered, which is called decou-
pled analysis. In such a case, flexible mounted equipment’s 

mass should be considered lumped at appropriate loca-
tions. On the other hand, when the ratio is greater than 
0.25, the interaction between the equipment support and 
the primary structure should be considered by suitable 
modelling of the support system, known as coupled analy-
sis. Many researchers [4, 12, 13, 29, 45, 46] in their stud-
ies mentioned that FRS is a decoupled analytic method in 
which the primary and secondary systems are analysed 
separately. That means the primary structure is subjected 
to a dynamic study first, with the secondary system’s 
effects overlooked.

Figure 3 illustrates that the appropriate ground motion 
histories are used as input for the primary structure analysis. 
Then, the responses of the primary structure at the nth floor, 
i.e. the floor’s acceleration history, are fed into an SDOF sys-
tem to generate FRS. As a result, FRS estimated the maxi-
mum response for the NSC design. Figure 3 also shows that 
the floor's acceleration time-history is not the same as the 
ground’s acceleration time-history. Seismic excitation in 
both orthogonal horizontal and vertical directions is com-
monly used in seismic design (Fig. 3). The FRS is evaluated 

Fig. 2   Linear mode shapes for considered building models

Table 3   Modal Periods (sec)

Building Model Mode 1 Mode 2 Mode 3 Mode 4 Mode 5

RB 0.61 0.61 0.57 0.19 0.19
TIRB 0.54 0.51 0.44 0.17 0.16

Table 4   Modal Participating 
Mass Ratio in Each Mode

Building Model Mode No 1 2 3 4 5 6

RB UX 0.22 0.64 0.00 0.08 0.03 0.00
UY 0.64 0.22 0.00 0.03 0.08 0.00

TIRB UX 0.29 0.49 0.08 0.04 0.06 0.01
UY 0.38 0.37 0.11 0.05 0.05 0.01

Table 5   Cumulative Modal 
Participating Mass Ratios

Building Model Mode No 1 2 3 4 5 6

RB UX 0.22 0.86 0.86 0.94 1.00 1.00
UY 0.64 0.86 0.86 0.89 0.97 0.97

TIRB UX 0.29 0.78 0.86 0.90 1.00 1.00
UY 0.38 0.75 0.86 0.91 0.96 0.97
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on the required floor of the building using standard dynamic 
theory. To study the influence of torsional irregularity on 
the tri-directional FRS input time-history as per subsequent 
section, has been considered.

Input time‑history

According to [47–50], simulated or artificial accelerograms 
generate a scattered and unrealistic response. As a corol-
lary, [51–54] encourages the use of real ground motion data. 
Thus, an actual ground motion database has been obtained 
using the PEER NGA-West 2 [38]. Time-history analysis for 
DBE adopting linear analysis technique is required for the 
development of FRS [36]. A total of 11 sets of real orthogo-
nal records were considered to obtain mean responses to per-
form tri-directional time-history analysis [55–57]. Table 6 
shows the key properties of the selected ground motions. 
The selected records have moment magnitudes ranging from 
6 to 7. The nearest horizontal distance to the rupture plane’s 
surface projection (Joyner Boore distance ‘Rjb’ in kilome-
tres) varied from 10 to 30 km. In addition, Table 6 shows 
the average shear wave velocity of the top 30 (Vs30) metres 
of soil.

The IS 1893 (Part 1): 2016 [37] DBE zone V target spec-
tra, 11-ground motion individual response spectra, and its 
mean spectra are represented in Fig. 4. To minimize the 
record-to-record spectral divergence in the selection of 
ground motions, an add-on condition of ± 50% limit to the 

target spectra [47, 58, 59] was utilized. In addition, as per 
the amplitude-scaling clause [19], the mean spectra should 
not be underneath 90% of the target spectra in the indicated 
period range. This period range’s upper limit is twice the 
most significant first mode period. In addition, the period 
range covering at least the number of modes required to 
attain 90% mass participation is the smaller limit. Figure 4 
shows the mean spectra that satisfy the criteria described 
above.

In this investigation, the computer software SAP-2000 
[39] was used to numerically solve the dynamic equation of 
motion using the step-by-step linear acceleration approach. 
As discussed earlier section, the beam and column moment-
resisting frames with rigid floor diaphragms are used to 
model the lateral force-resisting systems. The RB and TIRB 
building models were subjected to ground motion data. The 
FRS with 5% damping was produced, and the results are 
presented in the discussion below.

Results and observations

Elastic FRS of RB and TIRB buildings

Linear time-history assessments under 11 earthquake 
records (as revealed in previous section) in two horizontal 
(X and Y) and one vertical (Z) directions were conducted 
individually. Elastic FRS for each ground motion at the dif-
ferent nodes of the gridlines of the entire three floors was 

Fig. 3   Generation of FRS
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obtained. In this section, the final FRS result is the mean 
FRS obtained from these 11 linear time-history analyses. It 
is essential to compute the spectrum ordinates at the funda-
mental natural period of the primary structure or at a suf-
ficiently close period, which results in valid response spectra 
[3]. When the FRS is plotted over a wide number of periods, 
maximum spectrum peaks should emerge at the fundamental 
natural period of the supporting structure [60]. For the FRS 
results with 5% damping, the vertical axis indicates the mean 
spectral acceleration ‘Sa’ in g units, and the horizontal axis 
is used to indicate the period ‘T’ in seconds.

Figures 5a and b show the first to third floor’s accelera-
tion FRS for RB in X and Y orthogonal directions when 
subjected to seismic excitation in X and Y, respectively. 
The FRS examinations revealed a gradual increase in 

response from the lower to the highest floors [15, 61, 62]. 
It is apparent that the spectrum shows maximum peaks at 
the first mode period of RB (shown by the black dotted 
line), i.e. T = 0.61 s [60]. Because of modal interaction, 
energy can be transferred from the fundamental mode to 
higher modes [63], resulting in a peak in the spectrum dur-
ing the 4th mode period also (i.e. T = 0.19 s, as indicated 
by the red dotted line).

According to the study, FRS spectral accelerations were 
also enhanced compared to ground spectral accelerations 
(i.e. mean spectra as per previous section). Kumar et al. 
[57], Maddaloni [64], and Petrone et al. [65] found similar 
results in their studies. In addition, [24, 66, 67] stated that 
the FRS at lower floors tends to follow the input ground 

Table 6   Selected ground motions details

Earthquake Record 
Sequence 
Number

Magnitude Station Year Vs30 (m/sec) Rjb (km)

Imperial Valley-06 169 6.53 Delta 1979 242.05 22.03
Superstition Hills-02 728 6.54 Westmorland Fire Sta 1987 193.67 13.03
Spitak_ Armenia 730 6.77 Gukasian 1988 343.53 23.99
Loma Prieta 777 6.93 Hollister City Hall 1989 198.33 27.33
Northridge-01 960 6.69 Canyon Country—W Lost Cany 1994 325.6 11.39
Kobe Japan 1116 6.9 Shin-Osaka 1995 256 19.14
Chuetsu-oki Japan 4883 6.8 Niigata Nishi Kaba District 2007 254.68 27.83
Iwate Japan 5774 6.9 Nakashinden Town 2008 276.3 29.37
Darfield New Zealand 6953 7.0 Pages Road Pumping 2010 206 24.55
Darfield New Zealand 6969 7.0 Styx Mill Transfer 2010 247.5 20.86
Christchurch New Zealand 8134 6.2 Styx Mill Transfer 2011 247.5 11.24
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motion spectra and its properties influence the NSC sup-
port design at lower floors.

The node-to-node response on each grid in the X, Y, and 
Z directions has been examined in the RB model for earth-
quake excitation in the X, Y, and Z directions. It is noticed 
that the RB model only shows the response when the earth-
quake excitation and response directions are the same. If 
the earthquake excitation direction is X and the response 
direction is Y and vice versa, no response quantities have 
been obtained. The spectral acceleration in the Z direction 
using earthquake excitation in the Z direction as input was 
determined to be very low. Hence, the data is not shown. The 
X and Y direction FRS for X and Y earthquake excitation 
direction is found to be identical in the RB model, which can 
be observed in Fig. 5.

In the TIRB model, node-to-node response on each grid 
was evaluated in the X, Y, and Z directions following earth-
quake excitation in the X, Y, and Z directions, respectively. It 
has been observed that nodes on the same grid have the same 
response when earthquake excitation is parallel to the grid, 
while nodes on other parallel grids have different responses. 
(i.e. Grid-1 nodes (A-1, B-1, C-1, and D-1) indicate the same 
response in the X direction when the earthquake excitation 
direction is X, while Grid-2, Grid-3, and Grid-4 responses 
will differ from grid-1 for the X-seismic excitation direc-
tion). In addition, when the earthquake excitation direction 
is X, nodes on Grid-1 (A-1, B-1, C-1, and D-1) indicate 
different responses in the Y direction. It will also be appli-
cable if the earthquake excitation and response directions 
are altered in the manner described above. Based on this, 
Fig. 6a–f indicates the FRS results of TIRB for earthquake 
excitation directions X and Y. The results are not presented 
because the spectral acceleration in the Z direction is found 
to be very low with earthquake excitation in the Z direction 
as input.

The FRS increases in response from lower to upper lev-
els in the TIRB model as well. For comparative study, only 

upper floor findings, i.e. 3rd floor results, are given in Fig. 6. 
It shows a FRS with the highest peak near the 1st mode 
period of the TIRB model (i.e. T = 0.54 s, as indicated by 
the dotted line). Like the RB model, in the TIRB model, a 
peak in the spectrum during the 4th mode period has been 
observed (i.e. T = 0.17 s, as indicated by the red dotted line). 
Also, the 3rd mode period shows the maximum spectral peak 
in Grid A (Fig. 6b) and Grid 1 (Fig. 6d).

The FRS maximum spectral peaks in the Y direction 
response are nearly 60% than in the X direction response, as 
shown in Figs. 6a and b. The same observation is observed 
in Figs. 6c and d, where the earthquake excitation input 
changed to the Y direction. Thus, when the earthquake and 
response directions are the same, the peak spectral accelera-
tion is higher. Furthermore, the peak spectral acceleration is 
even higher in the Y direction of earthquake excitation. In 
addition, Figs. 6e and f exhibit the FRS for X and Y direc-
tion earthquake excitation input and Z direction response, 
respectively, demonstrating that a vertical direction spectral 
peak exists, but they are minor.

Amplification in floor response in buildings with short 
periods, i.e. TIRB, is higher than RB. Even though the build-
ing’s geometry is regular and there is no stiffness variation 
in the orthogonal direction, a tiny mass eccentricity can sig-
nificantly alter the FRS response.

Influence of variation in building stiffness on elastic 
FRS

For structural analysis of RC buildings, IS 1893 (Part 1): 
2016 [37] specifies that the moment of inertia of beams and 
columns shall be considered as 35% of Igross and 70% of 
Igross, respectively. The idea of using the moment of iner-
tia factor (MIF) for structural analysis is introduced for the 
first time in IS 1893 (Part 1): 2016 [37]. Cracks will occur 
in the concrete’s tension zone due to varying loads applied 
to the RC members. Therefore, the moment of inertia will 
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be less than the gross moment of inertia of RC members. 
Thus, the moment of inertia factor (MIF) is used in the code 
to account for the reduced moment of inertia. In addition, 
the columns experience more axial compression than the 
beams; the number of cracks in the columns is lower than 
the number of cracks in the beams. As a result, the MIF of 
the column is higher than that of the beam.

As a basis, the comparative analytical investigation 
included another G + 2-storey TIRB building with MIF. The 
building model is designated as TIRB-MIF, and its geom-
etry and floor mass distribution are identical to those of the 

TIRB building model. As discussed in the introduction, the 
mass of flexible mounted equipment should be considered a 
lumped mass at appropriate locations. Therefore, the lumped 
mass of NSC at P and Q locations on the 3rd floor of the 
TIRB and TIRB-MIF building models has been considered 
(as shown in Fig. 7).

The dynamic properties of the TIRB-MIF building 
model are shown in Table 7. The building’s total stiffness is 
reduced when the moment of inertia of beams and columns 
is reduced. As a result of the reduced stiffness, the building 
became comparatively flexible. So the fundamental natural 
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period of TIRB-MIF is larger than the TIRB natural period 
(Table 3 and 7). The cumulative modal participating mass 
ratio exceeds 90% at the fifth mode, which can be observed 
in Table 7.

In this part, elastic FRS for X and Y direction excitation 
was calculated for 11 earthquake data at the P and Q loca-
tions. Figure 8 shows the mean FRS response in the X and Y 
direction for 5% damping. The response of NSC locations at 
P and Q attached to the TIRB building model is shown with 
a continuous line, and NSC locations at P and Q attached to 
the TIRB-MIF building model is shown with a dotted line. 
As discussed above section, when the earthquake excitation 
input and FRS response directions are the same, the peak 
spectral acceleration is higher. The same observation was 
observed for NSC locations at P and Q, shown in Fig. 8a–d.

The TIRB-MIF building’s total stiffness is reduced when 
the moment of inertia of beams and columns is diminished. 
As a result of the reduced stiffness, the structure became 
comparatively more flexible than the TIRB, attracting fewer 
seismic forces. The seismic force values are proportional to 
the building’s spectral acceleration, i.e. the lower the seismic 
force, the lower the spectral acceleration. As a result, even 
though the mass values in the TIRB and TIRB-MIF building 
models are constant, the floor response is reduced by having 
a lower stiffness.

Elastic and inelastic FRS comparison

To incorporate non-linearity into the building, a lumped 
plastic hinge model as per ASCE 41–17 [68] has been used 
to simulate the non-linear behaviour of members. In the 
non-linear performance assessment of reinforced concrete 
building models, the non-linear behaviour of beams and 
columns has been typically represented by concentrated 
plastic hinges at both ends of the members. In the case 
of beam members, M3 hinges (i.e. uncoupled moment 
hinges about the major axis) and for column members, 
P-M2-M3 hinges (i.e. coupled axial force and biaxial 
bending moment hinges) have been assigned. In addition, 
the Takeda Hysteresis model [69] has been used to pretend 
the degradation of the RC element in the non-linear analy-
sis. This simple hysteric model does not require additional 
parameters and is also appropriate for reinforced concrete. 
The non-linear time-history under 11 earthquake records 
(as revealed in previous section) in two horizontal (X and 
Y) directions were conducted for the TIRB building with a 
lumped mass on the 3rd floor (Fig. 7). Elastic and inelastic 
FRS results of NSC at P location are shown in Fig. 9. It 
has been noted that inelastic FRS (dash lines) represents 
a reduction in floor spectral accelerations compared to 
elastic FRS [24, 70, 71]. But the peak spectral accelera-
tion of inelastic FRS is close to the elastic FRS with MIF 
building models.

NSC lateral design forces

IS 16700: 2017 [41] codal provisions give the lateral 
design force formulation for acceleration-sensitive NSC. 
Therefore, the comparison of NSC design forces as per 
the FRS approach, and Indian standard Codal provi-
sion (at the P location) has been done and is shown in 
Table 8. The weight of the NSC at the P location has been 
taken as 20 kN. From Table 8, it can be observed that 
the NSC is subjected to varying design forces as per the 
input-response direction in the FRS approach, whereas 
the Indian standard codal provision gives a single design 
force. The design force as per IS 16700: 2017 [41] was 
found to be conservative.

Fig. 7   NSC locations at 3rd Floor of TIRB and TIRB-MIF

Table 7   Dynamic Properties of 
TIRB-MIF Model

Mode No 1 2 3 4 5

Period (sec) 0.76 0.72 0.60 0.22 0.21
Modal Participating 

Mass Ratios
UX 0.30 0.48 0.06 0.04 0.07
UY 0.40 0.36 0.08 0.06 0.05

Cumulative Modal 
Participating Mass 
Ratios

UX 0.30 0.78 0.84 0.88 0.95
UY 0.40 0.76 0.84 0.90 0.95
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Conclusion

The FRS results have been examined for a regular and 
torsional irregular building in the current investigation. 
The primary goal of this research study is to highlight the 
influence of torsional irregularity with mass eccentricity 
on the Tri-directional FRS used in industrial buildings. It 
has been observed that the maximum peak spectral accel-
eration in the torsional irregular building is higher in both 
X–Y orthogonal directions as compared to the regular 
building. Furthermore, it is verified that the lateral design 
force for NSCs as per Indian standards is conservative than 
the lateral design force for NSCs as per FRS. There is no 
consideration of the building irregularity factor in the lat-
eral design force formula for NSCs in the Indian standard.

The following are some key findings from the study.

1.	 Industrial buildings with variations in mass, stiffness, 
and strength result in further FRS intensification. Thus, 
for precise and protective non-structural component 
support design, the structural designer must use three-
direction response spectra.

2.	 The IS 1893 (Part 4): 2015 – “Criteria for Earthquake 
Resistant Design of Industrial Structures” needs to 
expand on sections relevant to the FRS.

3.	 Using the moment of inertia factor for beam and column 
in the structural analysis could generate an equivalent 
response to that of the non-linear analysis.

It must be emphasized that the findings mentioned 
above and the conclusions are limited to low-rise rein-
forced concrete bare frame structures that were analysed 
and designed according to [36, 37, 40–42] for a given 
input. A broad parametric study is encouraged to gener-
alise the results and investigate higher mode impacts on 
FRS in irregular buildings with and without infill walls.
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Fig. 8   FRS results at NSC locations P and Q
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Table 8   NSC Design Forces at 3rd Floor

As per FRS As per IS 16700

NSC Design Force Formula Fp = ma Fp = z
(

1 +
x

h

)

ap

Rp

IpWp

where where Z—Seismic Zone factor
m—mass of NSC Ip—Importance factor of the NSC
a—peak spectral acceleration Rp—component response modification factor

ap—component amplification factor
Wp—weight of the NSC,
x—height of point of attachment of the NSE 

above top of the foundation of the building
h—overall height of the building

Input-Response direction 90
X-X X–Y Y-Y Y-X

NSC Design Forces (kN) Elastic FRS 52 18 46 21
Inelastic FRS 41 12 38 15
Elastic FRS with MIF 45 13 38 16
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