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Abstract: Nonstructural components (NSCs) are the systems that are attached to the floors of a
building structure. NSCs have become critical in sustaining post-earthquake functionality while
constructing seismic-resilient structures. The seismic behavior of the NSCs primarily depends upon
the behavior of the structure to which the NSC is attached. Building structures are subjected to
earthquake loads and behave differently when the supporting soil type varies. In light of this, this
study investigates the seismic demands on NSC attached to the floors of an elastic-reinforced concrete
building frame supported by different soil types. The present study considered a regular building
frame and a building frame with mass irregularity on the lower story. A total of 3 sets of 11 horizontal
spectral-matched ground motions consistent with each soil type are considered. Floor response
spectra (FRS) can be used to measure the seismic load on non-structural components. Primarily, it
was found that the ordinates of FRS depend on the floor height, the vibration periods of the building,
and the soil type. The presence of mass irregularity at the lower story amplified the floor response
at all floor levels. Additionally, the values of floor spectral acceleration increase as soil flexibility
increases. The amplification factors are critical for generating the floor response spectra, and their
variation along the building height is discussed. The floor acceleration was found to vary non-linearly
with the height of the building. Finally, artificial neural networks (ANNSs) are employed to develop
the prediction models for dynamic amplification factors. The results calculated by the dynamic time
history analyses are utilized to validate the proposed prediction models.

Keywords: floor amplification factor; non-structural component; floor response spectra; soil type;

seismic demand

1. Introduction

Non-structural components (NSCs) are elements of buildings but they do not resist
loads [1]. Damage to NSCs might result in more considerable direct and indirect economic
losses than principal structural members. The destruction of NSCs, including essential and
expensive equipment, may affect the functioning of structures, particularly critical facilities
such as hospitals, airports, and historic/culturally valuable systems [2,3]. These findings
demonstrate that the seismic performances of NSCs are as important as those of structural
components. The present Standards and Guidelines have been created mainly based on
empirical techniques developed from prior experiences and engineering expertise [4]. Thus,
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non-structural components must be earthquake-designed to keep them safe and ensure that
the building can continue to function after an earthquake. In order to accomplish this, the
floor response spectrum (FRS) needs to be determined at the point where the non-structural
component is attached to the primary structure.

The floor response spectrum (FRS) approach is a decoupled analysis method [5-8].
The primary structure is dynamically analyzed first, without regard for the influence
of the secondary system. At the floor level where the NSC is attached, the acceleration
response history is used as input to a secondary structure to construct the FRS. Therefore,
the maximum design force for the design of the NSCs can be obtained from the generated
FRS. The seismic performance of components exposed to the ground motion was studied
and it was concluded that the amplification in the response of the primary structure would
increase the damage probability of NSCs [9]. In the 1970s, researchers started looking
into FRS generation techniques. The NSC and its supporting structure were formerly
typically treated as single degree of freedom (SDOF) systems in several methods. A novel
technique is developed and validated for directly determining floor acceleration spectra [10].
Wei Jiang et al. [11] constructed floor response spectra to examine seismic demands on
nuclear plants and concluded that the FRS from time history analysis had considerable
variations, particularly in tuning cases. The floor response spectrum of multi-storied
structures [12-17] has been investigated. Although numerous FRS generation techniques
have been documented in the pertinent literature [15,18,19], none can adequately examine
the effect of different soil types on the FRS.

In earthquake engineering, studying the soil type is crucial. [20]. The interaction
between soil and structure has been the subject of a lot of research in recent decades
because of the potential impact that soil has on structural response. [21-24]. According to
Jayalekshmi and Chinmayi [25], the earthquake damages do not follow the same pattern
even though the buildings are in the exact location [26]. The structure’s properties solely
determine the seismic response of structures built on rock. The seismic response of a
building is significantly affected by the interaction between the soil and the structure
when it is built on soft soil. It can produce frequency shifts and amplitude alterations in
the structure’s floor response spectrum [27]. As a result, the effect of different soil types
should be included while developing the structural model to simulate the seismic response
realistically.

In this research, an effort has been made to study the effect of various types of soil
on the floor acceleration response of the regular and irregular building models. Two
five-story reinforced concrete (RC) buildings are considered in this research. The NSC is
modeled as an elastic SDOF system and attached to the RC building at a single point. The
mass ratio (non-structural components mass to the primary structural mass) is assumed
to be 0.001 for this investigation [8,28]. The decoupling analysis of primary and non-
structural components (i.e., neglecting the dynamic interaction that takes place between the
supporting building and the NSC) is appropriate for lighter NSCs [29]. The primary goal of
this research is to assess the elastic floor acceleration response of the regular building and
buildings with mass irregularity on the lower story. Such mass irregularity exists when
a specific floor is used for car parking, equipment storage, etc. The floor amplification
factors, peak component acceleration, component dynamic amplification factors, and floor
response spectra play an essential role in assessing seismic demands on NSCs. Therefore,
all the specified factors and spectra are evaluated for building models under different soil
types. The amplification factors are compared with those obtained from the code-based
formulations. In the generation of FRS, component dynamic amplification factors play
an important role as they reflect the amplification of NSCs. Therefore, in the current
study, artificial neural networks (ANNSs) are employed to develop the model to predict the
component dynamic amplification factors. The created ANN model is used to generate a
detailed design expression. The developed ANN-based expression is compared with the
literature formulation. The effectiveness of the prediction model has also been assessed
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by comparing the component amplification factors computed from the ANN equation to
those acquired through dynamic time history analysis of building models.

The organization of the paper can be broken down into the following sections: Section 2
describes the modeling and analysis of considered building models. The overview of the
FRS is discussed in Section 3. Section 4 gives the details of the ground motion for different
soil types. Section 5 presents the results and discussion. Section 6 describes the ANN model
and shows the procedure to develop the prediction expression, and concise conclusions are
drawn in the last section (i.e., Section 7).

2. Modeling and Analysis of Buildings

In this particular study, two five-story reinforced concrete buildings are considered,
as displayed in Figure 1. The considered buildings are 2D special moment-resisting bare
frames consisting of one regular building (Mg) and another building with mass irregularity
(Mjr). In model Mjg, the seismic weight of the lower story (first floor) is assumed to be
200% more than that of the subsequent floor levels. As a result, the irregular building frame
satisfies the IS 1893 (Part 1) [30] irregularity requirement. The structures are assumed to be
in the highest seismic zone (Zone V, according to IS 1893-2016). Both frames maintain a
constant 4 m bay width and 3 m story height across all stories. Steel and concrete grades
used in reinforced concrete models are considered to be high-yield strength deformed bar
of HYSD 415 and M30, respectively. Floor finishes and live load were set at 1 kIN/ m? and
5 kN/m?, respectively, as per the recommendation of IS 875-Part 2 [31]. The limit state
design method is used to create a frame for a medium-rise building that can withstand
tributary loads up to 4 m in height.
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2 2
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Figure 1. Elevation of five-story regular and irregular building models.

Frames have consistent beam sizes (300 mm x 450 mm) and column sizes (450 mm
x 450 mm). The building frames are considered to be placed on three soil types (hard,
medium, and soft). Each building frame was subjected to separate analysis for each soil
type. To assess the seismic behavior of the building frames, the linear elastic response
of bare frames was explored from the time history analysis using the Structural Analysis
Program SAP2000 [32]. A Rayleigh damping model of 5% (associated with the first two
modes in the ‘X’ direction) is defined to model the damping effects in the dynamic analyses.
The ground motion selection approach employed in the current investigation is discussed
in the next section.
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3. Generation of FRS

The input load of an NSC to a major structure is typically calculated using the floor
response spectrum. [15,16,33]. To the same extent as ground response spectra, floor re-
sponse spectra define the most extreme characteristics of a floor’s reaction to a motion. The
dynamic interaction between the NSC and the main structure has always been ignored in
calculations used to construct floor response spectra [5,33,34]. The floor responses are estab-
lished once the primary structure is excited at its base. The corresponding floor response
(floor acceleration time history) must be utilized to design the non-structural components.
The steps involved in creating the FRS are depicted in Figure 2. The appropriate ground
motion history is utilized as input for the primary structure analysis, as shown in Figure 2.
The responses of the primary structure at the floor level, i.e., the acceleration history of the
floor, are then input into an SDOF system to create FRS.
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Figure 2. Generation of floor response spectrum.

4. Selection and Scaling of Ground Motions

In the seismic response assessment procedure, actual ground-motion records produce
a realistic response [35,36]. The PEER [37] NGA-West2 Database has such records readily
available. Hence, in the present study, 11 horizontal actual ground motion excitations were
considered as per ASCE 7-16 [38] for each soil type. According to the NEHRP [39] site
classification system, ground motions are selected based on shear wave velocity (Vs39)
to represent hard, medium, and soft soils. The details of the excitations with respect to
hard (Soil A), medium (Soil B), and soft soil (Soil C) are shown in Tables 1-3, respectively.
Ground motions consistent with the design spectrum are chosen in this study because they
can significantly save computing work [40]. The time-domain spectral matching approach
suggested by [41] is used to produce spectrum-compatible earthquake excitations.
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Table 1. Details of ground motions consistent with hard soil.

Earthquake Year Station My, Rjp (km) Vs30 (m/s)
Helena_ Montana-01 1935 Carroll College 6 2.07 593.35
Helena_ Montana-02 1935 Helena Fed Bldg 6 2.09 551.82

Kern County 1952 Pasadena, CIT Athenaeum 7.36 122.65 415.13

Kern County 1952 Santa Barbara Courthouse 7.36 81.3 514.99

Kern County 1952 Taft Lincoln School 7.36 38.42 385.43

Southern Calif 1952 San Luis Obispo 6 73.35 493.5
Parkfield 1966 Cholame, Shandon Array #12 6.19 17.64 408.93
Parkfield 1966 San Luis Obispo 6.19 63.34 493.5
Parkfield 1966 Temblor pre-1969 6.19 15.96 527.92

Borrego Mtn 1968 Pasadena, CIT Athenaeum 6.63 207.14 415.13

Borrego Mtn 1968 San Onofre, So Cal Edison 6.63 129.11 442 .88

Table 2. Details of ground motions consistent with medium soil.

Earthquake Year Station My, Rj, (km) Vs30 (m/s)

Humbolt Bay 1937 Ferndale City Hall 5.8 71.28 219.31

Imperial Valley-01 1938 El Centro Array #9 5 32.44 213.44
Northwest Calif-01 1938 Ferndale City Hall 55 52.73 219.31
Imperial Valley-02 1940 El Centro Array #9 6.95 6.09 213.44
Northwest Calif-02 1941 Ferndale City Hall 6.6 91.15 219.31
Northern Calif-01 1941 Ferndale City Hall 6.4 44.52 219.31
Borrego 1942 El Centro Array #9 6.5 56.88 213.44
Imperial Valley-03 1951 El Centro Array #9 5.6 24.58 213.44
Northwest Calif-03 1951 Ferndale City Hall 5.8 53.73 219.31

Kern County 1952 LA, Hollywood Stor FF 7.36 114.62 316.46
Northern Calif-02 1952 Ferndale City Hall 52 42.69 219.31

Table 3. Details of ground motions consistent with soft soil.

Earthquake Year Station My, Rjp (km) Vs30 (m/s)
Imperial Valley-06 1979 El Centro Array #3 6.53 10.79 162.94
Imperial Valley-07 1979 El Centro Array #3 5.01 14.54 162.94

Coalinga-01 1983 Parkfield, Cholame 2WA 6.36 43.83 173.02

Coalinga-01 1983 Parkfield, Fault Zone 1 6.36 41.04 178.27

Morgan Hill 1984 Foster City, APEEL 1 6.19 53.89 116.35
Superstition Hills-02 1987 Liquefaction Array 6.54 23.85 179
Superstition Hills-01 1987 Liquefaction Array 6.22 17.59 179
Whittier Narrows-01 1987 Carson, Water St 5.99 26.3 160.58

Loma Prieta 1989 Foster City, Menhaden 6.93 4542 126.4

Loma Prieta 1989 Foster City, APEEL 1 6.93 43.77 116.35

Loma Prieta 1989 APEEL 2, Redwood City 6.93 43.06 133.11

SeismoMatch [42], a computer software, was used to spectrally match the ground
motions to the target spectrum. SeismoMatch is an application that uses the wavelet
approach to change earthquake ground motions and build a response spectrum almost
identical to the target spectrum in a period range of interest. In this procedure, carefully
selected basic wavelets are added and removed from the original record so that no further
displacement is imposed. The essential properties of the original record in terms of the
amplitude and frequency content of the record over the time history duration are retained,
and the generated design time histories have spectra that are identical to the design spectra.
Figure 3 shows the IS 1893:2016 target spectra associated with 5% damping and mean
spectra of ground excitations for three different soil types. The average spectrum cannot be
less than 90% of the target spectrum for the full period range, as stated in ASCE 7-16. From
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the figure, it can be observed that the mean spectra are well above 90% of the target spectra
in all soil types. Figure 4 shows the initial three linear modes, and Table 4 shows the first
three modal periods of the considered building models. The mass participation ratios of

structures are detailed in Table 5.
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Figure 3. Target and mean acceleration spectra for various soil types.
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Figure 4. Mode shapes of regular and irregular building models.

Table 4. Modal periods (seconds) of the two building models.

Regular Model Irregular Model
1st mode 0.603 0.612
2nd mode 0.189 0.219
3rd mode 0.104 0.130

Table 5. Modal mass participation ratios of regular and irregular building models.

Regular Model Irregular Model
Mode

ux uz ux uz
1st 0.82 0 0.72 0
2nd 0.93 0 0.94 0
3rd 0.97 0 0.99 0
4th 0.99 0 1.0 0
5th 1.0 0.63 1.0 0.61
6th 1.0 0.63 1.0 0.61
7th 1.0 0.63 1.0 0.61
8th 1.0 0.86 1.0 0.83
9th 1.0 0.86 1.0 0.83
10th 1.0 0.93 1.0 0.93
11th 1.0 0.93 1.0 0.93
12th 1.0 0.96 1.0 0.96

5. Results and Discussion
5.1. Elastic FRS for Regular and Irregular Buildings

The mean response spectra were obtained from the floor response at various floor
levels of two different building models. Floor response in the ‘X’ direction was calculated
using a time history analysis of the building models for all three soil types by utilizing
the ground excitations shown in Tables 1-3. The floor response obtained for each ground
motion is sent into the SDOF system, which generates the floor response spectrum. The
resulting individual response spectra are then used to calculate the mean floor response
spectrum. The generated FRS is associated with the 5% damping ratio. Figures 5 and 6
show the elastic FRS for the regular and irregular buildings for all three soil types. Primarily,
it can be observed from both figures that the response increases from the bottom first story
to the top fifth story for all types of soils. Moreover, the figures show that the various
peaks in the FRS correspond to the different fundamental modes of the building models.
The peaks observed in the FRS are recorded close to elastic modal periods (Table 4). This
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observation is consistent with the findings of the earlier study [14]. It has also been noted
that mass irregularity (Figure 6) increases the floor spectral acceleration in all the floor
levels for all soil types compared with the regular building model. It can also be inferred
from the figures (Figures 5 and 6) that the floor spectral acceleration is observed to be more
significant for soft soil (Soil C) than for medium and hard soils at all floor levels.
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Figure 5. FRS of a regular building for various soil types.



Appl. Sci. 2023,13,1817

9 of 26

8
3 4] —— 1% Floor
2 —— 2" Floor
n
= 67 3" Floor
'% 5 ——— 4" Floor
— th
% 4] —— 5" Floor
(]
g 3
g 2
3]
S 1-
7

O T T T

0.0 0.5 1.0 15 2.0 25

Time Period, T (sec)

8

3 ) —— 1*'Floor
ns —— 2" Floor

n
= 67 —— 3"Floor
2 54 —— 4" Floor
©
3 4] —— 5" Floor
8
g 4
T 2
[S]
S 14
7

0 T

0.0 05 1.0 15 2.0 25
Time Period, T (sec)

8

4] —— 1% Floor
—— 2" Floor

6+ —— 3" Floor

5 ——— 4" Floor

4 —— 5" Floor

Spectral Acceleration, S, (9)

0.0 0.5 10 15 2.0 25
Time Period, T (sec)

Figure 6. FRS of an irregular building for various soil types.

In the FRS curves for the building models, the first, second, and third peak refers to the
maximum response proximity to the first, second, and third modal periods, respectively. In
the case of the Mg model (Figure 5), the first peak of spectral acceleration is the uppermost
for the second, third, fourth, and fifth floor levels, whereas second and third peak floor
spectral acceleration values are foremost for a lower story (first floor level). Similarly, for
the Mg model (Figure 6), two peaks are observed where the second peak acceleration
value is the foremost for two floors (first and second floor levels), whereas the first peak
response value is the uppermost for the remaining floor levels (third, fourth, and fifth).
From Figures 5 and 6, it can be inferred that the spectral acceleration values increase with
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soil flexibility. To better understand the effect of soil type on the FRS, the floor spectral
acceleration of the building models with respect to the first modal period is shown in
Figure 7. From the figure, the effect of soil type on the building models can be seen and
is significant at higher floor levels. It can also be observed that the difference in the floor
spectral acceleration between the medium and soft soil is less, whereas it is more between
the hard and soft soil. The difference in the response between various soils increases with
the floor level. Interestingly, under medium and soft soil, the floor spectral acceleration of a
regular building rises by 32.4% and 41.3%, respectively, compared with the response under
hard soil at the top level (5th floor). Compared with hard soil, the floor spectral acceleration
of an irregular building at the highest floor level (5th floor) increases by 29.2% in medium
soil and 41.5% in soft soil. Additionally, it can be shown that the irregular building exhibits
an increase in floor response for hard soil of 26.1% and 10%, respectively, at the 1st and
5th floor levels, compared with the regular building. In medium soil conditions, the floor
response increases in the irregular building by 14.04% and 7.5% at the 1st and 5th floor levels
compared with the regular building. The floor spectral acceleration response increases in
the irregular building by 17.7% and 10.12% at the 1st and 5th floor levels compared with
the regular building for soft soil conditions. As a result, the existence of mass irregularity in
the building frame has a substantial influence on the elastic building frame floor responses.
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Figure 7. Peak floor spectral acceleration for different soil types with respect to 1st modal time period.

5.2. Normalized Floor Amplification

This research assesses a normalized floor amplification factor to examine the influence
of irregularity on the floor response relative to the building’s height (relative height is the
ratio between the height of the structure with respect to the base and the height of the
roof of the structure with respect to the base). Figure 8 shows the variation of peak floor
response (PFR) normalized with a peak ground acceleration (PGA = 0.36 g) with the height
of a building. This study considers the peak floor acceleration response as the PFR. It can be
prudently observed from Figure 8a that the PFR/PGA values for regular buildings are 3.17,
3.79, and 3.85 on the 5th floor level for Soil A, Soil B, and Soil C conditions, respectively. At
the same floor level, PFR/PGA values for irregular buildings (Figure 8b) are higher and are
3.60, 4.17, and 4.54 for Soil A, Soil B, and Soil C conditions, respectively.

Figure 9 compares the variation of the floor amplification for regular and irregular
building models for different soil profiles. It is noted from Figure 9 that the ratio of
PFR/PGA is larger for irregular buildings than regular buildings for all soil types. The floor
acceleration is shown to be higher under soft soil (Soil C) conditions in both regular and
irregular building models. It is clear from the figure that the values of the ratio PFR/PGA
for all soil conditions range from 1.08 to 3.85 for regular buildings and 1.53 to 4.55 for
irregular buildings. The variation of floor acceleration throughout the building height is
found to be nonlinear irrespective of the type of building and the soil condition. A similar
conclusion was derived with the help of a height factor in the study of Shang et al. [18].
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Relative Floor Height

Several code formulas exist to assess the variation of peak floor acceleration along with
the structure’s height. The floor amplification factor (PFR/PGA) specifications for several
seismic codes, including ASCE 7-16 [38], Eurocode 8 [43], and GB 50011-2010 [44], are
provided by Equations (1)-(3), respectively.

PFR/PGA =1+22
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Figure 8. Normalized floor amplification of (a) regular building; (b) irregular building.
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Relative floor height Relative floor height

Relative floor height

From Figure 10, it can be observed that ASCE 7-16 overestimates the PFR demands
for a regular model and underestimates those for an irregular model at a lower story
(first floor level) in all soil types. ASCE 7-16 underestimated the PFR demands in regular
and irregular building models for the remaining floor levels. Eurocode 8 and GB 50011
also underestimated the PFR demands in regular and irregular building models along
with the height of the building except at the first floor level. Figure 11 compares the
floor amplification factors acquired in this study with those derived from the formulation
suggested by the Applied Technology Council (ATC) in the USA. This formulation can be
seen in Equations (4)—(7).
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Figure 10. Comparison of floor amplification factors between the considered building models and
current codes.
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Figure 11. Comparison of floor amplification factors between the considered building models and
ATC-USA.

According to ASCE/SEI 7-16 [38] equation 12.8-7, Tjp;44, also known as the estimated
fundamental translational period of the building, is as follows:

Tapiag = Ctly @)

where I, is the height of the building in meters, and the coefficients C; and x are determined
from Table 12.8-2 of ASCE/SEI 7-16 [38].

From the ATC-USA formulation, it can be inferred that the floor amplification factor
depends on the fundamental period of the building. It is noted from the figure (Figure 11)
that the PFR/PGA values from the ATC formulation correlate well with the values from
the regular model for soil A. It underestimates the PFR demands of an irregular model
in soil A and regular and irregular models in soil B and C conditions. Therefore, it can
be inferred that the linear hypothesis in the code-based formulae may result in an under-
or overestimation of PFR demands. The current code-based formulae may be modified
by incorporating the effects of soil type and structural irregularity in the analysis, as their
effect can be seen on the PFR demands. In light of this, it can be said that the code-based
relationships do not adequately estimate the peak response of non-structural components
together with building height.

5.3. Peak Component Acceleration

The highest ordinate value in the floor response spectrum (FRS) is the peak component
acceleration (PCA). The ASCE/SEI 7-16 gives the equation for a normalized PCA to the
PGA (PCA/PGA) as defined in Equation (8):

PCA/PGA = ap(l +2%) ®)
where ay, is the dynamic amplification factor of a component equal to 2.5 for flexible NSCs
and 1.0 for rigid NSCs. The variation of PCA/PGA values along with the relative floor
height (z/h) is shown in Figure 12 for both regular and irregular building models for
different soil types.

From Figure 12, it can be observed that the values of the PCA response were found to
be more significant for irregular buildings under all soil conditions. The soil type shows
a significant effect on the PCA response, and the corresponding values were larger for
soft soil (soil C) when compared with the other two soil types, especially at the top story
level. It can also be observed that the formulation given by ASCE 7-16 underestimates the
PCA response along the building height. The ASCE formulation underestimates the PCA
response by 89%, 150%, and 167% for a regular building model, and by 107%, 169%, and
194% for an irregular building model for soil types A, B, and C, respectively, at the top story
level. From this analysis, it can be concluded that the code-based linear formulation cannot
accurately estimate the peak acceleration response of the NSCs.
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Figure 12. Normalized PCA values for (a) regular buildings; (b) irregular buildings.

5.4. Component Dynamic Amplification Factor

This section investigates the amplification in the acceleration of the component relative
to the floor acceleration to which it is attached. The top-story FRSs of a regular and irregular
building model under different soil types normalized by the corresponding peak floor
accelerations (PFAs) are shown in Figure 13. The ratio of FRS to the PFA is known as a
component dynamic amplification factor (CDAF). The CDAF of the building models in the
present study is compared with the definitions of ASCE 7-16 [38] and FEMA P-750 [39].
As per the definition of ASCE 7-16, the component amplification factor is 2.5 for flexible
NSCs whose time period is larger than 0.06 sec. For rigid NSCs (T < 0.06 s), the value
of the amplification factor is 1. From Figure 13, it is clear that the definition of ASCE 7
underestimates the CDAF for periods closer to the vibration periods of the regular and
irregular building models for hard soil, while it underestimates the CDAF for a period
closer to the fundamental vibration period of the building models for medium and soft
soil conditions. The maximum amplification factors for the top story of a regular building
model are 4.47, 4.93, and 5.19 for soil A, B, and C, respectively. The corresponding values
for an irregular building are 4.32, 4.83, and 4.85 for soil A, B, and C, respectively. As shown
in Figure 13, this underestimation is also included in the definitions of FEMA P-750.

The effect of the damping ratio of NSC (¢ s) on the seismic behavior of non-structural
components must be assessed, as NSCs are characterized by different periods and damping
ratios [45]. Hence, in this particular study, component dynamic amplification factors are
evaluated for different {ns (0.1%, 0.2%, 0.5%, 1%, 2%, 5%, 10%, and 20%). Figure 14 shows
the top floor CDAF spectrum of regular and irregular building models for different NSC
damping ratios (0.5%, 2%, and 10%). Lower ¢yg values resulted in higher amplification
factor values, as expected. The effect of the damping ratio of NSC is found to be more
significant at modal periods of the building models for all soil types. It is worth noting that
the effect of ¢ is insignificant over both very short and very long periods. As a result, this
study attempted to develop a CDAF spectrum prediction model using one of the machine
learning techniques known as artificial neural networks (ANNS).
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Figure 14. CDAF spectrum for a top floor at various damping ratios of NSC.
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6. Artificial Neural Network (ANN) Model

Artificial neural networks (ANNSs) are assisting in the resolution of a wide range of
engineering issues [46,47]. ANNs are expressed mathematically as a simplified model
analogous to biological neural networks. Neural networks can evaluate enormous volumes
of data and deal with complex and confusing situations. As a result, neural networks are
often a better calculation and prediction tool than classic computation approaches [48].
Researchers all over the globe have effectively employed neural networks in the subject
of structural dynamics [8,49-51]. Hence, in this study, a feed-forward neural network
with two layers is used to predict the CDAF spectrum accurately. The hidden layer is one
of two layers, the other being the output layer. Neural networks with only one hidden
layer may precisely approximate any function [52]. The vibration period (T = 0 to 2 s with
0.01 interval) and damping ratio ({ns) of the NSC, soil type (S), where S =0, 1, and 2 for
Soil A, B, and C, respectively, and floor level are considered as inputs for the model. The
CDAF values represent the model’s expected output. The network’s architecture has a
more significant influence on the model’s performance. The optimum number of hidden
neurons is identified based on the minimum MSE (mean squared error) of the output. The
MSE is defined as per Equation (9) as follows:

MSE = )

LY = Yp)’
n
where Y; and Y), are the simulated and predicted outputs, and 7 is the number of data
points. Figure 15 shows the variation of MSE with the number of hidden neurons. The
figure shows that the lowest MSE is attained with 17 hidden neurons. Thus, the ANN
4-17-1 model (Figure 16) was developed by taking into consideration the 17 neurons in the

hidden layer.

A suitable learning strategy must be developed to train the hidden neurons. The
Levenberg-Marquardt (LM) back propagation (BP) technique is used to train the network.
Furthermore, the Tan-sigmoid transfer function is used in both the hidden and output
layers. The neural network model in this study was created on the MATLAB R2019b
environment. In total, 24120 CDAF values were simulated for each building model in
this study corresponding to 201 vibration periods of NSC, 8 damping ratios, 3 soil types,
and 5 floor levels. The dataset is further randomly subdivided into 3 sections: training
(70% of the total dataset), validation (15% of the total dataset), and testing (15% of the total
dataset). Before training, the entire dataset must be preprocessed. The dataset must be
normalized between -1.0 and 1.0 in order to provide equal weightage to the variables. This
normalization can be conducted using Equation (10):

2(X — Xpin)

X, = o min)
! (Xmax - Xmin)

-1 (10)
where X;, is the normalized value, and X, and X,,;,, are the maximum and minimum
values of the variable X. The prediction capability of the ANN model is evaluated by
defining the performance measurement functions. The coefficient of correlation (R) and
mean square error (Equation (9)) are two performance measuring functions used in this
study. The following is a definition of the coefficient of correlation (Equation (11)):

Y2 -y (Y. —Y,)?
R — \/Z s %(Yz 17) (11)
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Figure 15. Variation of MSE with the number of hidden neurons.
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Figure 16. ANN 4-17-1 model.

The results of the model’s performance are shown in Table 6. The R value should be
as high as possible, and the error (MSE) should be minimal. Figures 17 and 18 show the
correlation between the simulated and predicted CDAF of regular and irregular building
models. These figures show that all simulated data points are close to the 45-degree line.
The 45-degree line represents the residual-free line (i.e., predicted data = simulated data).
The predicted data are obtained by the prediction model (ANN), whereas the simulated
data are generated using the approach described in Section 5.4. The points should be on the
45-degree line if the model delivers extremely accurate predictions. Otherwise, the points
are spread out along that line. The correlation coefficient is near to unity, indicating that
the model well predicts the component dynamic amplification factor values.
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Figure 17. Simulated and ANN'’s predicted CDAF for a regular building model.
Table 6. Performance of ANN model.
Regular Model Irregular Model
Dataset
R MSE R MSE
Training 0.989 0.00091 0.984 0.0012
Testing 0.987 0.00096 0.983 0.0019
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Figure 18. Simulated and ANN'’s predicted CDAF for an irregular building model.

6.1. Predictive Expression Using ANN Model

In this section, the relationship between the inputs and output is developed. The
weights and bias values between the inputs and output from the trained ANN mod-
els are utilized to develop the predictive expressions. Prior research has demonstrated
the value of such expressions, and built comparable prediction correlations for various
problems [8,51,53,54]. Tables 7 and 8 provide the weights and biases of the ANN model for
regular and irregular building models, respectively.
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Table 7. Weights and biases of the ANN model for regular building.
Input-Hidden Weight Hidden-Output Weight Bias
Hidden Neuron

T NS S Floor CDAF Hidden Output
1 —68.809 —3.090 46.460 —4.962 —0.143 —8.113
2 3.427 0.113 —0.063 —0.021 —1.425 0.611
3 —68.642 —6.979 11.368 0.189 0.053 —34.320
4 0.137 4.842 0.009 0.019 —13.283 7.106
5 22.380 0.396 8.460 1.107 0.130 11.461
6 —5.362 —0.109 4.665 —1.013 4.460 —3.463
7 —32.567 —1.630 28.505 27.228 0.044 25.297
8 —17.193 —0.253 0.019 —0.010 14.987 —7.060
9 17.085 0.202 —0.018 0.015 15.110 7.019 10.732
10 34.729 0.493 0.056 —1.679 0.370 31.978
11 5.423 0.078 —4.727 1.190 —8.203 4.012
12 —2.685 0.239 —0.038 1.322 —0.239 —2.188
13 —5.118 —0.085 4.431 —1.058 —12.737 —3.639
14 2.966 0.081 0.020 0.519 0.976 2.195
15 —46.845 —43.367 —0.059 0.496 0.078 —60.467
16 —33.267 —0.202 —0.096 —0.223 —11.119 —27.673
17 30.736 0.220 0.099 0.261 —11.738 25.571

Table 8. Weights and biases of the ANN model for irregular building.
Input-Hidden Weight Hidden-Output Weight Bias
Hidden Neuron

T éNs S Floor CDAF Hidden Output
1 —1.823 —7.929 —0.136 0.233 —2.726 4917
2 1.926 13.893 0.032 —0.192 1.251 3.018
3 —1.796 0.169 0.061 —0.003 2.886 0.085
4 —5.367 —0.440 —6.494 2.704 0.118 —1.311
5 —6.863 6.238 0.071 —0.298 2.718 2.136
6 —6.562 5.712 0.081 —0.301 —2.957 1.885
7 8.947 —1.633 0.050 7.035 —0.100 —3.219
8 20.749 2.468 0.057 —0.922 0.482 20.907
9 26.644 0.166 0.027 0.403 —4.378 21.303 —3.109
10 —14.638 0.262 0.007 —0.020 —8.095 —5.555
11 0.157 4.150 0.014 —0.001 1.447 3.074
12 7.773 0.332 11.839 —7.140 —0.103 13.698
13 —14.563 0.188 0.010 —0.012 8.206 —5.490
14 —36.300 —1.397 0.126 —3.951 —0.289 —26.922
15 32.328 0.135 0.024 0.279 3.800 25.904
16 -0.177 0.404 —0.010 —0.005 —14.903 —0.063
17 3.627 —0.032 1.161 —2.418 —0.157 —1.237

By inserting the weights and biases (Tables 7 and 8) into Equation (12) [8], the pre-

dictive expression for CDAF can be developed. The procedure explained in the reference
study [8] to develop a predictive expression (normalized) was followed precisely in the
current study to establish a proper relationship between the inputs and outputs. The
resultant denormalized predictive expressions for CDAF are as shown in Equations (13)
and (14) for regular and irregular building models, respectively:

Yn :fo{

h
bo+ Y

k=1

m
Wi X fi (bhk +) wiani>

i=1

} (12)
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where b, = bias of the output layer; w; = weight connection between hidden layer neuron
(k) and single output neuron; by, = kth hidden neuron bias; w; = weight between the
input and hidden layer neuron (k); X,;; = input parameter; f;, = transfer function of the
hidden layer (Tan-sigmoid); and f, = transfer function of the output layer (Tan-sigmoid):

CDAFrpguiar = (10.25 x CDAFn,,egula,) +10.29 (13)

CDAFypsequiar = (9.735 x CDAPn,i,,ggulH,) +9.7691 (14)

where CDAFE, yequ1ar and CDAF, jyyequiqr are the normalized component dynamic amplifica-
tion factors of regular and irregular building models, respectively. Only the dataset range
for which the ANN model was developed should be utilized in Equations (13) and (14).
The maximum and minimum input parameter constraints are shown in Table 9.

Table 9. Limits of input and output parameters.

Input Parameters Output Parameter
CDAF
T (sec) ¢ns (%) S Floor
Regular Model  Irregular Model
Max 2 20 2 5 20.545 19.504
Min 0 0.1 0 1 0.038 0.034

6.2. Validation of ANN-Based Predictive Expression

This study attempted to assess the applicability of the ANN model/s in forecasting
the dynamic amplification factors of non-structural components attached to the regular and
irregular building models for different soil types. For such validation, the CDAF spectra
of the top floor (5th floor) of the considered building models were generated for all soil
types by considering 0.7% and 3% as the damping ratios of NSC. The considered damping
ratio values for the validation were not utilized in developing ANN prediction models.
Figure 19 shows the simulated and predicted CDAF spectra for regular and irregular
building models. It can be seen that there is relatively excellent agreement between the
predicted and simulated spectra for all the investigated cases.
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Figure 19. Cont.
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Figure 19. Top floor simulated and ANN’s predicted CDAF spectra: (a) regular model; (b) irregular

model.

Furthermore, the efficiency of the ANN models was verified by comparing the ampli-
fication factors obtained in this study with those obtained from the formulation given in
the reference study [18] which is defined as shown in Equation (15) [18]:

)70.864 (15)

Amplification factor = 30.136 x (1 + ¢y

The amplification factor is defined as the maximum value of the CDAF described in
the previous sections. Figure 20 shows the comparison of amplification factors of the top
floor of the considered building models for all soil types by the proposed ANN models
of Equations (13) and (14) with those obtained from Equation (15) [18]. It is clear from
Figure 20 that the variation of predicted amplification factors with damping ratio follows
the same pattern as that of the existing formulation of Ref. [18]. The slight difference
between them is due to the difference in considered building models, ground motions,
target spectrum, and soil type. However, the proposed formulation of Equations (13) and
(14) closely relates to the existing formulation for soil type C (soft soil). This is because
the existing formulation in the reference study [18] was developed by considering the soft
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soil (Type III) as per the Chinese seismic design code [44]. Therefore, the proposed ANN
models of Equations (13) and (14) can effectively estimate the seismic demands of NSC for
all soil types.
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Figure 20. Comparison of amplification factors: (a) regular model; (b) irregular model.

7. Summary and Conclusions

Non-structural components (NSCs) have become critical in sustaining post-earthquake
functionality while constructing seismic-resilient structures. Floor response spectra can be
used to measure the seismic load on non-structural components. The present study was
dedicated to assessing the seismic demands on NSC via FRS. The NSCs studied are single
degree of freedom structures. The building structures considered are five-story regular and
irregular reinforced concrete framed structures. The mass irregularity was considered at
the first story level in the case of an irregular building as per the requirement of IS 1893:2016
(Part 1). The major goal of this research was to examine how different soil types affect the
seismic response of NSCs. According to the IS 1893 code, three types of soil are considered:
soil A, soil B, and soil C. For the time history analysis, 11 ground motions for each soil type
were considered and they were made compatible with the IS code-based design spectrum.
The building structures were subjected to those 11 numbers of spectrally matched ground
motions for each soil type. The response of the regular and irregular structures on each
floor is calculated for different soil types and spectrally matched ground motions. The
mean floor response spectra were constructed from the floor responses at each floor level.
Based on the analysis of the building models, the following conclusions are drawn:

o  The peaks observed in the floor response spectra correspond to the fundamental
natural periods of the considered building models.

e  The presence of mass irregularity at the lower story of the considered building models
amplified the floor acceleration response at all floor levels for all soil types.

e  Floor acceleration response increased in the irregular building by 26.1% and 10% at
1st and 5th floor levels for hard soil compared with the regular building.
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e  Floor spectral acceleration values increase with an increase in soil flexibility. In compar-
ison with the hard soil, the floor spectral acceleration of a regular building’s 5th story
increases by 32.4% in medium soil and by 41.3% in soft soil. Similarly, the floor spectral
acceleration of an irregular building at the highest floor level (5th floor) increases by
29.2% in medium soil and 41.5% in soft soil compared with hard soil.

e Independent of building and soil type, it is found that the floor acceleration varies
nonlinearly with building height. The values of the floor amplification factor increase
with the building height and range from 1.08 to 3.85 for regular buildings and 1.53 to
4.55 for irregular buildings.

e  The linear assumption in the code-based floor amplification formulation may lead to
overestimation (first floor) and underestimation (second to fifth floor) of peak floor
response demands.

e  The code definitions underestimate the peak component acceleration and dynamic
amplification factors for all soil types.

e  The code definitions underestimate the CDAF for non-structural component periods
closer to the vibration periods of the regular and irregular buildings for hard soil,
while for medium and soft soil types, code definitions underestimate the CDAF for a
non-structural component period closer to the fundamental vibration period of the
building.

e  The 4-17-1 ANN models developed in the present study can accurately predict the
component dynamic amplification factors (CDAF) using various input parameters.

The observations made during this research are confined to the examined buildings
and the ground motions. A comprehensive research study is encouraged by considering the
various low- and high-rise buildings in generalizing the findings. This study is limited to
only the five-story building structure and mass irregularity as a preliminary investigation.
The nonlinear behavior of the building model needs to be considered for more generalized
results. A future investigation can be extended to study high-rise structures with different
irregularities (e.g., stiffness and vertical geometric).
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