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Rajan Dhakal ™, Rajesh Rupakhety ™ and Dipendra Gautam?*

" Faculty of Civil and Environmental Engineering, Earthquake Engineering Research Center, University of Iceland, Selfoss,
Iceland, ? Department of Architecture and Civil Engineering, City University of Hong Kong, Kowloon Tong, Hong Kong

To identify dynamic characteristics of representative reinforced concrete frame buildings
with brick infills, ambient vibration measurements were taken in two four-storied
buildings—one situated in soft soil and the another in stiff soil. Non-parametric as well
as parametric system identification (SID) algorithms were used to estimate vibration
frequencies and damping of the two buildings. The numerical models of the buildings
were created using the finite element method. The modal frequencies and damping ratios
obtained from ambient measurements were used to calibrate and tune the finite element
models. The comparison between measured vibration frequencies and those obtained
from finite element model highlights the need for accuracy in modeling assumptions, in
particular, consideration of the stiffness of infill walls and the flexibility of foundation soil.
The finite element models calibrated with SID results were used to estimate the response
of the two buildings when subjected to strong ground motion recorded at different places
in the Kathmandu Valley during the 2015 Gorkha earthquake. The results show that not
considering flexibility of foundation and stiffness of infill walls, as is commonly done in
engineering practice, can lead to inaccurate estimates of seismic demand.

Keywords: system identification, drift ratio, reinforced concerte, brick infill, ambient vibration measurement

INTRODUCTION

Accurate modeling of dynamic properties of buildings and other structures is essential to estimate
their capacity to resist dynamic loads imposed by ground shaking during earthquakes. Response
spectral analysis, which is the most commonly used method in seismic design of ordinary buildings,
requires an estimate of the fundamental period of vibration of the structure being designed. Such
periods are often estimated from empirical equations based on the height of the building. Such
empirical estimates are associated with large uncertainties owing to their simplicity. Alternatively,
such periods can be estimated from numerical models of the building, [for e.g., through eigen
analysis of their finite element model (FEM)]. Although generally more accurate than empirical
models, the reliability of an FEM is conditioned on the accuracy of modeling methods and
parameters. For an FEM to be accurate for estimation of vibration periods, the mass, and stiffness
of different components of the building being analyzed need to be properly modeled. While there
is not much uncertainty associated with building mass, modeling its stiffness can be challenging
due to reasons such as need to create simple models and lack of knowledge. For example, stiffness
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contribution by infill walls in a reinforced concrete (RC) frame
building is often ignored. Flexibility of the underlying soil is also
often ignored, and a rigid foundation model is adopted. Lack of
information about the underlying soil is often the reason for not
accounting for its flexibility in FEMs.

Dynamic system identification (SID), also known as
operational modal analysis, provides an alternative means of
estimating vibration properties of structures. Such identification
methods make use of measurements of excitation and response
of a structure to estimate its dynamic properties. Such
measurements can come from earthquake-induced shaking,
wind vibration, traffic induced vibration, or ambient vibration.
In case of ambient vibration, the excitation need not be measured
and is often assumed as a white noise process. Ambient vibration
measurements can be a quick and effective method for dynamic
identification of structures. Further details regarding different
algorithms and their application can be found elsewhere (see,
for e.g., Jenkins and Watts, 1968; Soderstrom and Stoica, 1989;
Ljung, 1999; Sawaki et al., 2019; among others). Alvin et al. (2003)
provide a very detailed overview of structural SID methods and
applications. SID using ambient vibration measurement is
becoming popular in recent research (see, for e.g., Goel and
Chopra, 1997, 1998; Hong and Hwang, 2000; Gallipoli et al.,
2009, 2010; Astroza et al., 2013; Vidal et al., 2014; De Angelis
and Pecce, 2019; O’Reilly et al., 2019; Sawaki et al., 2019; among
others). Boutin and Hans (2009) and Sawaki et al. (2019) made
use of earthquake-induced and ambient vibration measurement
for estimating vibration periods and damping ratios of buildings.
Vidal et al. (2014) performed ambient vibration measurement in
several buildings in Spain before and after the Lorca Earthquake.
They concluded that such measurements can be used to identify
changes in vibration periods of the buildings due to damaged
caused by ground shaking. Sawaki et al. (2019) and Vidal et al.
(2014) concluded that empirical equations given in design
standards fail to accurately estimate fundamental period of
typical buildings.

Dynamic properties of urban buildings in Nepal have not been
studied thoroughly. There are several uncertainties associated
with numerical modeling of reinforced cement concrete
buildings in Nepal, for e.g., (i) uncertainties about the material
properties due to lack of strict quality control in construction,
(ii) uncertainties about the stiffness provided by brick infill
walls, and (iii) uncertainties about the foundation and underlying
soil. Numerical models created with such uncertainties may not
be suitable for reliable design and vulnerability assessment of
these buildings and therefore need to be calibrated/updated with
independent information. Dynamic properties inferred from
SID can be an effective means for such calibration/updating.
Only a few studies have conducted SID of structures in Nepal.
Jaishi et al. (2003) conducted such studies on Pagoda style
heritage buildings. Varum et al. (2017) and Yu et al. (2017)
performed dynamic identification of high-rise condominiums.
Sawaki et al. (2019), Sawaki et al. (2018), Dhakal (2020), and
Gautam (2018) studied residential RC buildings. As RC buildings
in Nepal vary widely in terms of materials, design, layout,
and workmanship, rigorous efforts are needed to characterize
variability in their dynamic properties. Such characterization can
be based on a campaign of SID of many buildings covering

different heights, infill walls, and other characteristics. Such
a campaign is underway and expected to last a few years.
This study presents some results of this campaign. The main
objective of this work is to present how ambient vibration
measurements can be used to estimate dynamic properties of
typical buildings in Nepal and subsequently validate/update
their FEMs. Consequences of improper modeling and lack of
validation in estimating seismic demands are also highlighted by
performing numerical simulation of the response of buildings
subjected to strong ground motion recorded during the 2015
Gorkha earthquake.

METHODOLOGY

Details of SID methods and numerical modeling used in the study
are described in the following.

System Identification

Ambient Vibration Measurement

Ambient vibration measurements were performed in two four-
storied buildings in Kathmandu. The vibrations were recorded
by three triaxial accelerometers. The accelerometers were placed
tentatively at the geometrical center of the buildings in three
different floors. The accelerometers used in this study are
ETNA2 manufactured by Kinemetrics Inc., California, and CUSP
accelerometers made by Canterbury Seismic, New Zealand. Each
accelerometer is a stand-alone unit with built-in transducer and
data acquisition system. Each unit was equipped with GPS timing
signal to synchronize the measured vibrations.

Non-parametric System Identification

Non-parametric SID was performed by spectral analysis
using Welch averaged periodogram. Representing the complex
frequency response function by H(2), an estimate of its squared
amplitude can be obtained as follows:

» @)
H@| =1 ——

- M
Sua ()|

where S, (€2) and Syy (S2) are estimates of power spectral density
(PSD) functions (psdf) of excitation and response, respectively,
and @ is the circular frequency. Periodograms provide an
estimate of psdf of ergodic processes [see, for e.g., Jenkins and
Watts (1968)]. The periodograms suffer from estimation bias
and variability [see Rupakhety and Sigbjornsson (2012) for more
details], and some sort of smoothing operation is required.
Welch’s algorithm provides an estimate of psdf by dividing the
signal into several segments and averaging the periodogram of
the different segments. For an ergodic and stationary random
process, the Welch algorithm provides a good estimate of the
true spectra of the process. When the excitation is ambient noise,
the excitation can be assumed to Gaussian white noise with an
unknown variance. In this case, based on Equation 1, a scaled
(by the excitation variance) estimate of the transfer function
(squared amplitude of complex frequency response function) is
obtained directly from §yy (2). The natural vibration frequencies

can then be picked from the peaks of :9},}, (2). For vibration
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modes that have damping up to 10% of critical, the peak is
expected to occur close to the undamped vibration frequency of
the mode. Damping ratios of the corresponding models can be
estimated from the half-bandwidth method (Papagiannopoulos
and Hatzigeorgiou, 2011) as follows:

il
=27
Af = fo—fi = 2fu ()

where Af is the half-power bandwidth defined in the frequency
band where the power density of the response reduces to half its
value at the peak; f; and f, are frequencies at the corners of half
power and f}, is the frequency of the peak.

Parametric Method

There are several parametric models of SID based on time series
models [see, for e.g., Ljung (1999)]. In this study, the numerical
algorithm for subspace state space system identification (N4SID)
was used. Further details of the N4SID approach can be found
in Van Overschee and De Moor (1994). The N4SID method
relies on a state-space formulation of the system, which is a
set of input, output, and state variables linked together by first-
order differential equations. An important consideration in the
N4SID algorithm is the selection of a suitable model order.
For example, identification of a structure with a single mode
of vibration requires at least a model order of 2. As buildings
vibrate in different modes, it is not always straightforward to
know which modes of vibration are excited by ambient noise and
therefore detectable. The analyst needs to select a proper model
order and examine the stability of identified vibration frequencies
and damping ratios. Selection of suitable model number helps to
remove spurious modes and bias of the modes. Spurious modes
are either noise modes, which arise due to physical reasons, e.g.,
excitation and noise, or mathematical modes that arise due to
overestimation of the model order. Similarly, bias of the modes

can be defined as the combination of different modes (true
mode and noise mode) on identified mode, which is due to
underestimation of model order. Stabilization plots are useful
tools for selection of suitable model order, but expert judgment
is often necessary.

Finite Element Modeling

FEMs of the case study buildings were created in ETABS 2017
Ultimate, version 17.0.1 (Computers Structures Inc, 2018). The
FEM comprises three-dimensional beam column elements to
represent the moment resisting RC frame and shell elements
to model the brick masonry walls of building. FEMs with and
without soil flexibility were created to compare their vibration
frequencies to those obtained from SID. To achieve this, three
types of FEMs were created. Model 1 was created as a three-
dimensional bare frame with floor slabs modeled by shell
elements, and the bases of the columns are fixed to the ground.
The weight of the infill walls is modeled as a line load at the top
of beams and slabs. In Model 2, infill walls are modeled by shell
elements, and the base of the columns are fixed to the ground.
In Model 3, infill walls are modeled using shell elements, and soil
flexibility is modeled using spring elements placed at the base of
the columns.

Ground Motion and Structural Analysis

Elastic time history analyses were performed using horizontal
ground motion recorded during the 2015 Gorkha earthquake.
Inelastic behavior is not modeled in this study as the main focus is
on the comparison of SID results with FEMs. The buildings did
not suffer any visible damage after the damage, which indicates
that they were most likely not loaded beyond their yield limit.
The ground motions were recorded at THM, PTN, and KATNP
stations in the Kathmandu Valley. Further details of the recording
stations and the ground motions can be found in Takai et al.
(2016) and Rupakhety et al. (2017). Response spectral analysis
was also performed. Response spectral models from Eurocode

FIGURE 1 | Elastic response spectra (5% damped) of horizontal ground motion recorded at three soft soil stations in the Kathmandu Valley during the 2015 Gorkha
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8 (EC8) (European Committee for Standardization, 2004) and
the Indian standards (Bureau of Indian Standards, 2002) were
scaled to the mean peak ground acceleration (PGA) of the three
ground motions recorded at THM, PTN, and KATNP stations.
The EC8 spectral shape used here corresponds to site class D, and
the IS spectral shape corresponds to soft soil site. The EC8 and IS
response spectra along with those of the recorded ground motion
are shown in Figure 1 for comparison. The code-based spectra
capture the overall shape of the mean spectra of recorded motion
at vibration periods shorter than 1s but fail to model the long
period components of the recorded ground motions.

CASE STUDY

Two residential buildings, called Tyangla house and Nakhu
house, situated in the Kathmandu Valley were selected for
this study. Both buildings are RC cast in situ moment

resisting frames with brick masonry infill walls. The structural
layout and mechanical properties of the materials used in the
buildings are given in Table 1. Nakhu house is asymmetrical
in plan with off-grid location of columns and beams. Infill
masonry walls are made of locally made solid clay bricks with
cement-sand mortar. The FEMs of the buildings are shown
in Figure 2.

The Nakhu house is constructed on alluvial deposits
consisting of soft materials such as sand and organic clay.
Geotechnical investigation of building sites in Kathmandu
Valley is usually performed for commercial and government
buildings (Gautam 2016) only. Such investigations rely on
standard penetration tests, and SPT-N values are reported.
Gautam (2016) presents empirical equations for correlating shear
wave velocity of soils in Kathmandu Valley to the N-values
obtained from SPT tests. These correlations are represented by
the following equations.

TABLE 1 | Structural layout and mechanical properties of the materials used in the buildings being studied.

Tyangla house

Nakhu house

Structural layout

1 1 : 1
O

3810

Y (ch-2)

2

+X (ch-1)

2693

O

Total built-up area 425 m?

Height of building 15.3m

Column 300 x 230 mm

Beam 230 x 405

Foundation isolated footing 1.5 x 1.5m
Concrete M20

E.=5,000,/fo@~22,360 MPa
Reinforcement steel Fe4150)

Infill wall, compressive strength 2.5 MPa
Young modulus of elasticity 1,750 MPa

Qe o) o)
754 | 3424 v 3581
(R 1
\‘\ I 1
m
8
m
Y (ch-2)
\h e | % —
&+X (ch-1)
a
4
O 4
8
\5\ P:\ T
8
D N—E] T —_— {
Y N T el — —
05T I i

Total built-up area 220m?

Height of building 12.0 m

Column 300 x 230 mm

Beam 230 x 355

Foundation isolated footing 1.5 x 1.5 m
Concrete M15

E,=5,000,/fo@~19,365 MPa
Reinforcement steel Fe4150)

Young modulus of elasticity 1,750MPa
Infill wall, compressive strength 2.5MPa

The red rectangles on the structural layout show the locations of accelerometers used for ambient vibration measurement. The sensor orientations are marked as ch-1 and ch-2.

@ £, s the characteristics compressive strength of concrete cube in 28 days.

) Fe415 is strength grade of reinforcement based on IS 1786-1985. The specified minimum 0.2% proof stress or yield strength of corresponding grade steel is 415 N/mm?.
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FIGURE 2 | FEMs with infill walls and foundation springs, i.e., Model 3 of (a) Tyangla house and (b) Nakhu house.

TABLE 2 | Mechanical properties of soil and the corresponding spring stiffnesses.

Component Parameter Tyangla house Nakhu house
Shear wave velocity Vs 400 m/s 230 m/s
Mass density 0 1,800 kg/m® 1,800 kg/m®
Effective radius of footing r 0.85m 0.85m
Shear modulus G 288 MPa 95.2 MPa
Vertical stiffness Koot = 190 150 x 109 N/m  4.96 x 108 N/m

v

3.99 x 108 N/m
2.37 x 108 Nm
3.06 x 108 Nm

Horizontal stiffness Ky = & 1.18 x 10° N/m
_ 8Gr 8
K= 282 7.16 x 108 Nm

Ky =5.3Gr®  9.25 x 108 Nm

Rocking stiffness
Torsional stiffness

All soil conditions V; = 115.8N*?1(R? = 0.623)
Silty soil conditions V, = 102.4N%*#(R?> = 0.355) (3)
78.7N%%2(R? = 0.441)

Sandy soil conditions Vi

SPT-N values from three borehole logs near the Nakhu house
are used to estimate soil properties. Three such borehole logs
are available [see Dhakal (2020) for further details]. Each log
consists of 20-m-deep profile with N-value every 1.5m. The N-
values were converted to V using Equation 3, and average shear
wave velocity at each borehole was estimated. The estimates from
the three boreholes were averaged to obtain representative shear
wave velocity of 230 m/s for the soil layers at the Nakhu building
site. Tyangla house is built on rock site overlain by ~10 m of soft
soil. The estimated shear wave velocity of the top 20 m at Tyangla

TABLE 3 | Average values of fundamental period and damping ratio of Nakhu
house computed from ambient vibration using the non-parametric method.

Channel Fundamental period (s) Damping ratio (%)
Mean Standard deviation Mean Standard deviation

1 0.289 0.017 8.50 3.97

2 0.292 0.026 10.70 5.27

house is 400 m/s. Mass density and Poisson ratio of the soil is
taken as 1,800 kg/m?> and 0.35, respectively. The stiffnesses of soil
springs are calculated from equations given in Dutta (2010). The
mechanical properties of soils and corresponding stiffnesses of
the soil springs are given in Table 2.

RESULTS AND DISCUSSION

System Identification

Non-parametric Method

Ambient vibration records were divided into 20 equal segments.
For each segment, the mean acceleration was subtracted, and the
resulting signal was tapered with Tukey windows. The signals
were bandpass-filtered using fourth-order Butterworth filter in
the range of 0.5-20 Hz. PSD of the filtered signals was estimated
using Welch’s algorithm. More details about the PSD of ambient
vibrations recorded at the first, the second, and the third floor of
the Nakhu house are reported in Dhakal (2020). The PSD of
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the ambient vibration measurements from the Tyangla house is
reported in Sawaki et al. (2019).

Table 3 presents the fundamental vibration period and
damping ratio of the Nakhu house obtained from the PSD
functions of ambient vibrations at the three floors. In each
floor, the vibration periods are averaged over the 20 segments of
measured time series, and standard deviation is computed. Then
the average of these parameters in the three floors is computed.

The fundamental periods estimated at the different floors
did not vary significantly, for example, from 0.29 to 0.296
in channel 2. The variation in fundamental periods estimated
from different segments of the measurements was also small, as
can be seen from the standard deviations reported in Table 3.
Variation in damping ratio was higher, both between different
floors and, more significantly, between different segments of the
measurements. Damping ratios estimated from the PSD function
by using the half-power bandwidth is known to be associated with
large uncertainties because smoothing, which is a consequence
of averaging periodograms of different segments of the signal,
can flatten the peaks of the estimated PSD [see, for e.g., Peeters
and De Roeck (2001)]. The fundamental period of vibration
of the Tyangla house was estimated by Sawaki et al. (2019)

TABLE 4 | Fundamental period of vibration and damping ratio of Nakhu and
Tynagla house obtained from parametric methods of system identification.

Building Channel Fundamental period (s) Damping ratio (%)
Mean Standard Mean Standard
deviation deviation
Nakhu house 1 0.266 0.009 6.34 1.27
2 0.264 0.012 6.97 1.14
Tyangla house 1 0.269 - 5.06 -
2 0.284 - 3.35 -

using aftershocks of the 2015 Gorkha earthquake and ambient
vibration measurements. Using Welch’s average periodogram of
362 ambient vibration signals, the average fundamental period of
the house in the direction of channel 2 was reported as 0.295s
with a standard deviation of 0.02 s. The corresponding mean and
standard deviation in damping ratio were reported as 0.05 and
0.007, respectively.

Parametric Method

The N4SID method was used by Dhakal et al. (2020) to
estimate the fundamental period and damping ratio of the Nakhu
house. The results obtained from this method are presented in
Table 4. The fundamental vibration period and damping ratio
of the Tyangla house reported by Sawaki et al. (2018) using
the autoregressive method with exogeneous input (ARX) are
also presented. The results reported in Sawaki et al. (2018) are
based on vibrations caused by three aftershocks of the 2015
Gorkha earthquake.

The results obtained from the parametric method are similar
to that obtained from the non-parametric method but associated
with less variability between different segments of the measured
signal. Damping ratios of the Nakhu house estimated from SID
are higher than what is commonly adopted for such structures,
i.e,, in the range of 2 to 5%. However, the uncertainty in the
estimation of damping ratio is much higher than that in the
fundamental period of vibration. Damping ratios of the Nakhu
house obtained from the non-parametric method are higher than
those obtained from parametric method. Similar observations are
presented for the Tyangla house in Sawaki et al. (2018).

Eigen Analysis

A summary of modal parameters for Tyangla house and Nakhu
house is presented in Tables 5, 6, respectively. The corresponding
mass participation ratios are shown in the parenthesis. The
participation ratios show that the first mode of vibration of

TABLE 5 | Summary of modal period and mass participation (Tyangla house).

Modes Bare frame Infill model Spring model

Period (s) Mass participation Period (s) Mass participation Period (s) Mass participation

Ux (%) Uy (%) Ux (%) Uy (%) Ux (%) Uy (%)

1 1.251 84.1 0.0 0.280 85.8 0.1 0.308 82.6 0.1
2 1.069 0.0 79.8 0.244 0.1 75.5 0.266 0.1 74.7
3 0.987 0.0 3.1 0.201 0.3 25 0.209 0.2 11
4 0.508 0.0 0.0 0.108 9.3 0.1 0.11 9.3 0.1
5 0.508 0.0 0.0 0.086 0.0 12.6 0.088 0.0 12.5
6 0.449 8.5 0.0 0.073 0.1 1.8 0.074 0.0 1.7
7 0.413 0.0 0.7 0.068 0.9 0.0 0.069 0.9 0.0
8 0.409 0.0 0.0 0.054 0.3 0.6 0.054 0.4 0.5
9 0.366 0.1 7.7 0.053 0.4 0.1 0.053 0.5 0.2
10 0.352 0.2 0.6 0.053 0.3 0.4 0.053 0.1 0.7
11 0.293 1.9 0.1 0.052 0.1 0.2 0.051 0.0 0.4
12 0.253 0.0 0.0 0.051 0.0 0.6 0.047 0.3 0.0
SUM 96.69 91.92 97.58 94.44 94.35 91.87
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TABLE 6 | Summary of modal period and mass participation (Nakhu house).

Modes Bare frame Infill model Spring model

Period (s) Mass participation Period (s) Mass participation Period (s) Mass participation

Ux (%) Uy (%) Ux (%) Uy (%) Ux (%) Uy (%)

1 0.895 54.5 7.0 0.226 0.5 80.4 0.275 0.2 78.5
2 0.750 16.1 62.2 0.207 75.7 0.5 0.259 75.8 0.2
3 0.619 10.4 1.2 0.164 1.0 0.0 0.18 0.2 0.1
4 0.395 0.0 0.0 0.076 0.1 1.5 0.08 0.2 12.0
5 0.313 7.7 0.7 0.072 12.5 0.0 0.075 12.7 0.1
6 0.275 1.1 7.4 0.063 0.1 0.0 0.063 0.1 0.0
7 0.249 0.5 1.5 0.057 0.8 0.0 0.06 0.7 0.0
8 0.194 2.5 0.3 0.047 0.0 2.2 0.048 0.0 2.1
9 0.172 0.8 2.4 0.044 2.5 0.1 0.045 2.4 0.1
10 0.150 0.1 0.1 0.037 0.0 0.6 0.038 0.1 0.6
11 0.145 0.8 1.1 0.036 0.3 0.0 0.037 0.2 0.0
12 0.130 0.0 0.1 0.033 0.3 0.0 0.035 0.1 0.2
SUM 93.5 93.9 93.9 95.4 92.7 93.8

TABLE 7 | Comparison of the fundamental vibration period of the case study
buildings estimated by different methods.

Building Mode Finite element model System ID Empirical
Model1 Model 2 Model 3
Nakhu house 1 0.750s 0.226s 0.275s 0.264 0.24
2 0.895s 0.207s 0.259s 0.266 -
Tyangla house 1 1.251s 0.280s 0.308s 0.284 0.30
2 1.069s 0.244s 0.266s 0.269 -

both the buildings is along the Y direction (see structural layout
in Table 1). The results show that Model 1, which does not
account for the stiffness provided by the infill wall, results in
vibration periods much longer than that estimated from SID.
The results obtained from Model 3, which considers both the
stiffness of infill walls and the flexibility of foundation, are close
to those obtained from SID. Guler et al. (2008) presented an
empirical equation between fundamental vibration period and
height of RC moment resisting frames with brick infill walls
as follows:

T = 0.026H%° (4)

where ¢ is the fundamental period of the building, and H is the
height of the building in meters. The results obtained from SID
and the empirical model of Guler et al. (2008) are compared with
the results obtained from FEMs in Table 7. Table 7 shows that
the vibration periods obtained from SID are very close to the
empirical observations by Guler et al. (2008). In terms of finite
element modeling, the importance of modeling soil flexibility
is higher for the Nakhu house than for Tyangla house. This is
because Tyangla house is built on stiffer soil than Nakhu house.
Ignoring the stiffness of infill walls results in large error vibration

periods of the FEM. The fundamental period of vibration of
the Nakhu house obtained from the model with flexible soil
foundation is ~18% larger than that obtained from the model
assuming rigid foundation.

Time History and Response Spectral
Analysis

The base shear coefficients (peak base shear normalized by the
weight of the building) obtained from time history analysis are
presented in Figure 3. Three ground motions are used for time
history analysis. Ground motions recorded in the east-west
and north-south directions are applied in X (channel 1) and Y
(channel 2) directions of the buildings. Results from response
spectral analysis using the mean spectra of the three ground
motions, as well as the EC8 and IS spectra scaled to the mean
PGA of the recorded ground motions, are also shown. The
number of modes used in response spectral analysis was selected
so that that the modal mass participation is more than 95% of
the mass of the buildings. The square root of sum of squares
is used for modal combination. In most cases, the base shear
coefficients computed from Models 1 and 3 differ significantly.
In some cases, the difference is as high as 50%, for example,
in the north-south direction of the Nakhu house subjected to
ground motion recorded at PTN station. The difference in base
shear coefficients obtained from different FEMs varies greatly
with ground motion. For example, under the PTN ground
motion, Model 1 predicts lower base shear than Model 3 in
the east-west direction, but the opposite in the north-south
direction. This depends on the frequency content of ground
motion and the difference in the vibration period of the models
depending on how detailed and accurate they are. Even when
a response spectrum from a design code such as the IS code is
used, the difference in the response predicted by the different
models can be vastly different. It is also not possible to know
in advance which of the models is more conservative as it
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FIGURE 3 | Base shear coefficients in the two orthogonal directions of Tyangla and Nakhu house. The bars represented by PSA correspond to mean response

depends to a great extent on where in the period axis of the
response spectra the fundamental period of vibration of the
structure lies. For Models 2 and 3, the estimated base shears
from response spectra of EC8 and IS are the greatest in both
horizontal directions. This is because the fundamental period of
the structure lies at the plateau of the spectra, and the plateau
is higher than the mean spectra. Similarly, lower estimation of

response by response spectrum analysis in case of Model 1 is
because the fundamental period of the buildings lies well to the
left of the plateau where the code spectral ordinates are lower
than the mean spectra of recorded ground motion. These results
show that the estimated base shear can vary a lot, depending
on the accuracy of the FEM, and therefore proper calibration
of the model using SID is very valuable. Response spectrum
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analysis using the bare frame model and IS spectra is the usual
approach to seismic design in Nepal. For common buildings
such as the ones studied here, bare frame models without due
consideration for soil flexibility may result in underestimation
of base shear by up to 50% in the hazard scenario
considered here.

Displacements along the height of the Tyangla house when
subjected to the IS response spectral loading are presented in
Figure 4. Model 2, which represents the stiffest structure, shows
the smallest displacement. Model 1, which overestimates the
fundamental vibration period of the building by a factor of
~3, also overestimates the displacement demand. The difference
between the models with and without infill walls is more
pronounced in displacement demand than in base shear demand.
This is because, while the pseudoacceleration spectrum has a
rising and a falling section with a plateau in between, the
displacement demand generally tends to increase with increasing
period of vibration. Similar results were observed with the
recorded ground motions and the EC8 spectrum.

To predict potential infill wall damage, maximum interstory
drift (ISD) was studied. Different codes and authors have
specified damage limitation requirements based on ISD. For
example, FEMA-306 (Applied Technology Council, 1998a) and
FEMA-307 (Applied Technology Council, 1998b) propose drift
limit for brick masonry as 1.5%, and the drift limit for the
initiation of diagonal cracking as 0.5%. Similarly, initiation of
light reparable damage is expected to occur at drift ratio of 0.25%.

Maximum ISD ratios of the two buildings when subjected to
the IS response spectra are shown in Figure 5. Drift ratios of
0.25 and 1.5% are also shown for reference. The model without

infill walls shows a large variation of drift ratios over the height,
with higher values near the base of the building. Drift ratios
predicted by the models with infill walls are fairly constant over
the height of the buildings. The drift ratio predicted by Model
1 is much larger than that predicted by the other two models.
Model 1 of both the buildings predicts drift ratios as high as 1%,
which should have initiated diagonal cracks if the shaking at the
building sites is adequately represented by the response spectra
being used. Drift ratios obtained from the recorded ground
motions and the EC8 spectra showed similar trends as shown
in Figure 5. Only minor cracks in the surface plaster of some
infill walls were observed in these buildings. This observation
is consistent with the low drift ratios predicted by the models
with infill walls. The difference between the ISD ratio predicted
by Models 2 and 3 are similar.

Performance of critical columns is checked in both buildings
using axial force and bending moment interaction diagram (P-
M diagram). The P-M interaction diagrams of the columns were
estimated using the IS 456:2000 standard (Bureau of Indian
Standard, 2000). Design load combination is 1.5 times the dead
load and 1.5 times the seismic load represented by the IS
spectrum. The results corresponding to the three FEMs of the two
buildings are shown in Figure 6. Model 3 predicts much larger
bending moment than the other two models. The PM values
predicted by Model 3 are well-outside of the design envelope,
which implies significant damage. This is not consistent with the
performance of the buildings as their columns did not suffer any
visible damage. According to Models 2 and 3, one of the columns
of the Tyangla house falls slightly outside of the safety envelope,
although none of the columns suffered any damage. This can be
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attributed to the fact that the actual ground motion experienced
by the building is not exactly represented by the IS spectrum.

CONCLUSIONS

The results of this study show that SID using ambient vibration
noise is a reliable method to estimate fundamental period of
vibration of typical residential buildings in Kathmandu. Two RC
moment resisting frame buildings with brick infill walls were
used for case study. The results show that fundamental period
of vibration estimated from ambient vibrations is associated with
lower variation than damping ratio. Furthermore, parametric
time series methods such as the autoregressive models and state-
space-based formulations result in lower variability in estimated
vibration period and damping ratio compared to simple non-
parametric methods that rely on spectral estimates of measured
signals. The fundamental vibration period estimated from SID is

comparable to empirical models available in the literature, which
is an indirect but independent check on the validity of the results.
It was also observed that the eigen periods of more detailed
FEMs that incorporate the stiffness of infill walls and flexibility of
foundation soil are much closer, compared to bare frame models,
to the periods identified from ambient vibration. This highlights
the importance of modeling the stiffness of infill walls in seismic
analysis and design. The mechanical properties of soils at the sites
of the buildings used in this study were known. In such situations,
the results from SID can be used as an independent verification
of FEMs. The value of SID is more apparent when the properties
of the underlying soil are not known. In such situations,
results of SID can be used to calibrate the soil properties by
matching identified periods of vibration with those obtained
from the FEMs. This applies not only to soil properties, but
also to other uncertainties associated with mechanical modeling
of structures.
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Seismic design of buildings in Nepal relies on Bureau of
Indian Standards (2002) standards. Seismic actions are estimated
from designated response spectrum, and the fundamental period
of the building is often calculated from empirical equations
based on the height of the building (or number of floors).
As a tentative estimate, 0.1 s times the number of floors is
often used. In some cases, FEMs and eigen analysis are used
to estimate modal properties and the corresponding seismic
action. It is a common practice to ignore the stiffness of infill
walls in such models. Our results show that FEMs, which ignore
the stiffness of infill walls, provide a gross overestimation of
the fundamental period of vibration, which results in, for the
most common buildings (3- to 5-story), underestimation of
base shear demand and gross overestimation of displacement
demand. In this context, reliable estimates of fundamental period
of buildings with different number of floors and types of infill
walls (wall thickness, opening ratio, etc.) are necessary for
estimation of seismic action. Ambient vibration measurements,
by virtue of their cost-effectiveness and ease of operation,
offer an excellent opportunity for sampling many buildings.
Such measurements can then be used to correlate fundamental
vibration period to building properties such as height and types
of infill walls.

Seismic analyses of the case study buildings were carried
out using recorded ground motion from the 2015 Gorkha
earthquake and the EC8 and IS spectra scaled to the mean
PGA of the recorded ground motions. The results highlight that
the presence of infill walls increased the story shear and base
shear. In contemporary design, brick infills are designed only
to support gravity loads. The seismic analysis and design are
based on bare frame models, which do not consider the stiffness

of infill walls. The results from the case study buildings show
that such models are not reliable in estimating base shear and
displacement demand on the structure. The results show that
models with infill walls are much stiffer than the bare frame
models, and the difference in the fundamental period estimated
from the two models can be large (for e.g., 0.3 s against 1.2 s).
In the case studies analyzed here, the demand on the infill walls
was not large enough to crack them. During stronger shaking,
infill walls may crack and lose their stiffness, which can have
a large impact on the seismic response of the structure. As
the walls crack, shear force carried by them needs to be safely
transferred to the columns, which can result in overloading. In
this context, more research on dynamic mechanical properties
of masonry infill walls used in residential buildings in Nepal
and practical engineering models of such properties is a very
important research field.
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