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Abstract 
In this paper, a finite element model of a school building is calibrated in its linear range using the identified modal 
parameters from recordings of its ambient vibration. The structure, located in Sankhu, Nepal, is a four-story masonry-
infilled reinforced concrete frame which experienced severe damage during the Gorkha earthquake on April 25th, 2015. The 
authors visited the country, in June 2015, to conduct a post-earthquake assessment for certain structures including the case 
study building. To achieve this purpose, post-earthquake ambient vibration data were collected to be used for performance 
assessment of the building. The ambient acceleration response of the structure was recorded using 12 uniaxial 
accelerometers at two setups. The modal properties of the building (i.e., natural frequencies, mode shapes, and damping 
ratios) are identified using an operational modal analysis method, namely the Natural Excitation Technique combined with 
the Eigen-system Realization Algorithm. An initial finite element model of the structure is created based on the gathered 
design information as well as site inspections. To account for the effects of earthquake induced damage on the effective 
stiffness of the model, severely damaged structural elements are removed from the model. The initial model is then updated 
through a finite element model updating approach by minimizing an objective function. The objective function is defined as 
the difference between identified and model estimated modal parameters and a regularization term. To achieve this goal, 
different structural elements are grouped together and their equivalent stiffness parameters (i.e., effective elasticity moduli) 
are updated through a global optimization approach. Performance of the updating approach is studied when considering 
different regularization terms in the objective function. Finally, the obtained changes in the updating parameters are 
compared to the observed damage in the building. 

Keywords: FE model updating, Damage identification, Infilled RC frame structure, 2015 Nepal earthquake 



16th World Conference on Earthquake Engineering, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017

2 

1. Introduction 

Finite element (FE) models are commonly used for performance assessment of civil structures. Use of available 
information about the geometry and material properties of structural components contributes to the reduction of 
modeling errors and results in more reliable models. Model updating based on measured vibration data can 
further improve the accuracy of FE models [1, 2]. The updated FE models can then be used for reliable 
performance assessment of structures at their current state. In the application of FE model updating approach, 
certain dynamic features of the model such as modal parameters are matched with those from the experimental 
data. Successful applications of FE model updating for structural performance assessment and damage 
identification can be found in the literature [3-6].  

The magnitude 7.8 Gorkha earthquake occurred 80 km northwest of Kathmandu (district of Gorkha), 
Nepal on April 25, 2015 (Fig. 1). A magnitude 7.3 major aftershock also occurred on May 12 with its epicenter 
80 km northeast of Kathmandu along with several medium level aftershocks hitting the region for a few months 
after the main earthquake. As a catastrophic event, the Gorkha earthquake caused numerous structural failures 
resulting in thousands of fatalities and injuries in the affected areas. More information on the seismic 
performance of structures during the Gorkha earthquake can be found in [7]. To perform a post-earthquake 
assessment for certain structures affected by the earthquake, the authors visited the country two months after the 
main event. Ambient vibration recordings along with data from advanced sensing technologies (LiDAR) were 
collected to be used for the identification of structural damage due to the earthquake [8]. 
 

 
Fig. 1 – Location of the school building and epicenters of the main earthquake and aftershock  

(Credit: Dr. Andre Barbosa, Oregon State University)  

The focus of this paper is FE model updating of a four-story infilled reinforced concrete school building, 
located in Sankhu, Nepal, which was severely damaged during the Gorkha earthquake. Modal parameters of the 
building are identified from post-earthquake ambient vibration recordings. An initial finite element model is 
created based on the in-situ inspections as well as the gathered primary design information. The intensely 
damaged structural elements are removed from the initial model to represent the damaged state of the building 
after experiencing the earthquake. Similar structural components are grouped together to reduce the number of 
updating parameters, and a global optimization approach is employed in the model updating process. The 
elasticity modulus of structural elements are updated in order to fit the model estimated modal properties to 
those extracted from ambient measurements. The changes in the updating parameters can represent the seismic 
damage in different structural components. These changes are compared to the observed damage after the 
earthquake and its aftershocks. 
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2. Description of the Building and Observed Damage 

The four-story school building located in Sankhu, Nepal has a masonry-infilled reinforced concrete frame 
structural system with seven bays in the north-south direction and two bays in the west-east direction as 
displayed in Fig. 2. There is a balcony in the west side of the building which is serving as a corridor and 
supported by bare RC columns. In the east side of the building, most of the infill walls have wide and relatively 
short windows, while in the west side of the building, the walls have either larger windows or doors. As it can be 
seen from plan view of the structure (Fig. 2b), there is a staircase located in the north end of the building which 
develops some torsional irregularity in the structure. 

 

                                    (a)                                                                                  (b) 

Fig. 2 – The case study school building at Nepal: (a) west view, (b) typical plan view   

The building was intensely damaged due to the Gorkha earthquake and its main aftershocks. As it is 
presented in Fig. 3, major damage was observed in different structural components, specifically in the first story 
of the building during the post-earthquake assessment of the structure. Shear failure was observed in the columns 
of the first story towards the south side of the building, which can be attributed to the torsion induced by the 
irregularity due to the staircase on the north side (Fig. 3b and Fig. 3c). The damaged columns revealed improper 
reinforcement detailing and also inadequate spacing of stirrups along the column. Extensive damage was also 
observed in the beam-column connections, and in some cases, the infill panels were found to be separated from 
the bounding RC elements. 

      

 (a) (b)                                   (c) 

Fig. 3 – Damaged components at the first story of the building due to the Gorkha earthquake:  
(a) infill wall H12, (b) column G1, (c) column H1 
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3. System Identification  

3.1 Ambient measurements and data processing 

The ambient acceleration response measured through two experiment setups is used for system identification of 
the building. In the first experiment setup, a total of 54 minutes of ambient acceleration response was recorded. 
The sampling rate of 2048 Hz is used for acceleration measurements. In this setup, 12 accelerometers were 
installed at three floor levels: roof, 4th floor, and 3rd floor. At each floor level, 4 accelerometers were installed at 
two opposite corners of the building, namely north-west and south-east corners, to measure the acceleration 
response at two perpendicular directions, defined as X and Y directions (see Fig. 2b). In the second experiment 
setup, accelerometers were installed at the 3rd, 2nd, and the 1st floor levels. In this setup, a total of 45 minutes of 
ambient acceleration data was acquired. 

In the application of system identification, every 9 minutes of data are used for estimation of modal 
parameters, resulting in 6 sets of modal parameters for the first experiment setup and 5 sets of modal parameters 
for the second experiment setup. The acceleration time histories of each data set were filtered in the frequency 
range of 1.0 - 8.0 Hz using a Finite Impulse Response (FIR) filter of order 4096. The filtered response was down-
sampled to 256 Hz to increase the computational efficiency. Fig. 4a shows a sample filtered time-history measured 
at the north-west corner of the third floor during the first experiment setup, while Fig. 4b displays the Fourier 
Amplitude Spectrum of the same record. 
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                                         (a)                                                                                          (b) 

Fig. 4 – Filtered and down-sampled ambient measurement: (a) acceleration time history,  
(b) Fourier amplitude spectrum 

3.2 NExT-ERA method for system identification 

The Natural Excitation Technique combined with the Eigensystem Realization Algorithm (NExT-ERA) [9, 10] 
is employed to identify the natural frequencies, damping ratios, and mode shapes of the structure from the 
ambient vibration measurements. The NExT-ERA method is an output-only parametric system identification 
approach which estimates the modal parameters of a linear dynamic system from its measured response to a 
broadband excitation. This method has been successfully applied for system identification of civil structures 
when the input excitation measurements are not available [10-12]. 

In order to employ the NExT-ERA method for system identification of the building, the auto-correlation 
and cross-correlation of the filtered ambient data were estimated as the inverse Fourier transformation of power 
spectral density and cross spectral density functions of the data. The spectral density functions were computed 
using equal length Hanning windows with 50 percent overlap based on the Welch method [13]. Two reference 
channels were used in the system identification to account for motions in both X and Y directions. In the first 
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experiment setup, the acceleration measurements in the X-direction of the 3rd story and Y-direction of the 2nd 
story, both at south-east corner, were assumed to be the reference channels. In the second experiment setup, the 
acceleration measurements in the X-direction of the 1st story and Y-direction of the 2nd story, both at the same 
corner, were used as the reference channels. The estimated auto correlation and cross correlation are then used to 
establish a block Hankel matrix of size (12×400)×(400×2) for Eigensystem Realization Algorithm. This 
algorithm is based on the singular value decomposition of Hankel matrix to estimate the underlying state-space 
matrices from which the modal parameters of the system are identified [14]. A stabilization diagram is used to 
select an appropriate system order for identification of the stable modes. In the stabilization diagram, a mode is 
considered stable if the identified natural frequencies do not vary at increasing system orders. A sample 
stabilization diagram is illustrated in Fig. 5. The implemented system identification approach is applied to all 
data sets from the two experiment setups resulting in 11 sets of identified modal parameters. The first three 
stable vibration modes are reported in this study. The average of identified natural frequencies and damping 
ratios, along with their corresponding Coefficient of Variation (CoV), are reported in Table 1 for each setup 
separately. It is observed that the identified natural frequencies exhibit little variability (i.e., low CoV values) at 
each experiment setup, and the results from the two experiment setups are also very consistent. However, the 
identified damping ratios demonstrate a larger level of variability, either at each experiment setup (i.e., low CoV 
values at each experiment), or across the two setups.  

The identified mode shapes from the two setups are combine to form the mode shapes of building along its 
full height. To achieve this, the average mode shapes of each setup are normalized to a common component on 
the 3rd story, namely the X component at north-west corner on the 3rd story. The combined mode shapes initially 
had 20 components, however, the size of mode shape vectors are reduced to 11 components after removing the 
measurements from noisy channels.     
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Fig. 5 – A simple stabilization diagram for identification of natural frequencies 

Table 1 - Statistical properties of identified modal parameters of the building  

Experiment 
setup 

Mode 
Natural frequency [Hz]  Damping ratio [%] 

Mean CoV [%] Mean CoV [%] 

A 
1 1.18 0.7  2.2 15.3 
2 2.16 1.1  2.2 17.6 
3 3.15 1.1  3.0 36.2 

B 
1 1.19 0.5  1.8 32.5 
2 2.14 2.0  1.5 42.0 
3 3.19 0.6  2.4 18.4 
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4. Initial Finite Element Model 

A nonlinear finite element model of the school building at Sankhu, has been developed in the structural analysis 
software, OpenSEES [15] adopting beam-column elements for the RC frame and strut elements for the infill 
panels [16, 17]. The geometry of the model is based on in-situ measurements and the material properties are 
according to the tests reported in [18]. The compressive strength is considered as 1.40 ksi and 0.50 ksi, while the 
elastic modulus as 2022 ksi and 370 ksi for concrete and masonry, respectively. Simplified curves [17] 
representing the lateral force- drift behavior are developed for every single-story, single-bay sub-assemblies in 
the building based on a detailed parametric study [19].  

Although the model can simulate the nonlinear response of the building, it is only considered at its linear 
range in this study. The initial stiffness of both the RC members and infills are reduced to 40% of the nominal 
values to account for the cracked section condition prior to the earthquake [20]. In addition, the fully damaged 
components are removed since they are not expected to affect the structural response to ambient excitation that is 
considered here. The removed elements correspond to the infill panels (H12 and E12) and the RC columns (H1, 
H2, G1 and G2) of the first story that were severely damaged as indicated in Fig. 6. 

  

(a)                                                          (b) 

Fig. 6 – Initial finite element model: (a) diagonal strut model, (b) removed structural components  

The natural frequencies and mode shapes of the model are compared with the identified modal parameters 
from the ambient vibration recordings in Table 2. The comparison indicates that the numerically obtained 
frequencies are relatively close to the identified frequencies for the first three modes. In all cases, the frequencies 
estimated from the model are higher than the identified frequencies. This may be because the initial FE model 
does not account for the partial damage in the structural members except for those which were fully removed. 
The model updating results can provide a measure of damage (as loss of stiffness) in the updated elements. The 
Modal Assurance Criterion (MAC) values comparing the mode shapes obtained from the FE model and the 
identified mode shapes are also reported in Table 2. The average MAC value is 0.96 indicating very good 
agreement between the model estimated and the experimentally identified mode shapes. Fig. 7 plots the modes 
shapes of the building obtained from the FE model. 

Table 2 – Comparison of modal parameters of model with identification data 

Mode 
Natural Frequencies [Hz] Normalized 

Freq. Error [%] 
MAC 

System ID Model 
1 1.19 1.30 9.5 1.00 
2 2.15 2.69 25.2 0.95 
3 3.17 3.39 6.9 0.95 

Avg. - - 13.8 0.96 

N
X

Y
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Fig. 7 – Mode shapes of the building from FE model 

5. Finite Element Model Updating 

5.1 Model updating process 

The first step in implementing the model updating is to determine the updating parameters. The type (geometric 
and/or material properties) and the number of updating parameters play significant roles in the performance of 
model updating process. In this study, only material properties are used as updating parameters, and since the 
initial FE model is used here only in its linear range of response, the elastic modulus (E) of different structural 
components are updated. Thus, the updating parameter for the kth structural component is defined as  

updated
k

k initial
k

E

E
    (1)

Considering the large number and variety of structural components in the model, the components which 
have similar material properties or have comparable effect on structural response are grouped together to reduce 
the number of updating parameters. In this study, moduli of elasticity of infill walls are selected as the updating 
structural components because their stiffness is estimated with high level of uncertainty in the initial FE model. 
Furthermore, the severely damaged columns and walls have been manually removed in the initial model; 
however, some infill walls particularly on the first and second stories have experienced slight to moderate 
damage. The model updating process can be used to determine the extent of damage as the loss of stiffness or 
elasticity moduli. As it is shown in Fig. 8, there are 7 types (type A to type G) of infill walls on each story of the 
building. It is not practical to consider each types of the walls at each story as an individual updating component. 
Therefore, for the first and second stories, the walls on the west side of the building are grouped together at each 
story, the walls on the east side of the building are grouped in a similar way, and the infill walls in east-west 
direction are grouped together (Fig. 8). Since the structural components on the upper stories have less impact on 
the response of the structure, all the walls on the third and fourth stories are grouped together for each story. 
Finally, one updating parameter is considered for all the concrete columns and beams in the building, resulting in 
nine groups of structural components in the model updating process. The updating parameters consist of: all the 
columns and beams in the building (1 parameter), infill walls on the first story (3 parameters), infill walls on the 

North-West corner South-East corner 

Mode 1 Mode 2 Mode 3 
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second story (3 parameters), all the infill walls on the third story (1 parameter), and all the infill walls on the 
fourth story (1 parameter). 

   

Fig. 8 – Updating groups of infill wall components on the first story 

After a sensitivity study of modal parameters to the updating parameters in the initial FE model, the model 
updating is implemented as an optimization process which minimizes the difference between model-predicted 
natural frequencies and mode shapes with their experimentally identified counterparts for the first three vibration 
modes. Genetic Algorithm (GA) is used as a global optimization method [21] to minimize the objective function 
which can be expressed as 

      2
1

T
G   θ r θ Wr θ θ  (2)

where θ is the vector of updating parameters, W refers to a diagonal weighting matrix,   is the regularization 

factor, and  r θ  denotes the residual vector between the model predicted and identified natural frequencies and 

mode shape components. 
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where  fr θ  and  sr θ  are natural frequency and mode shape residuals, respectively,  if θ  and if
  denote 

model-predicted and identified natural frequencies of the i th mode, and  i θ  and i
 represent the model-

predicted and identified mode shape vectors, respectively.  

To study the impact of the regularization factor, the model updating is initially performed without 
applying a regularization factor (i.e., 0  ), and also using three different regularization factors of 0.01, 0.02, 
and 0.05. The updated FE models from these four cases are called Model R0, Model R1, Model R2, and Model 
R3, respectively. 

B

N 

4  

3  

2  
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5.2 Discussion of results 

The natural frequencies of the first three vibration modes for the four updated FE models are compared to the 
quantities from system identification and initial FE model in Table 3. It is observed that frequencies from all the 
updated models match the identified natural frequencies. The MAC values between models estimated and 
experimentally identified mode shapes are also provided in Table 3. It can be seen that all the MAC values (three 
vibration modes for each updated model) are higher than 0.99 which indicates excellent match between mode 
shapes of the updated FE models and their identified counterparts. Note that this accuracy is only achieved after 
removing data from the noisy sensors. Another interesting observation is that increasing the regularization 
weight will not deteriorate the goodness-of-fit of updated models.   

Table 3 – Comparison of modal parameters of updated models with identification data 

  System 
ID 

Initial  
model 

Model 
R0 

Model 
R1 

Model 
R2 

Model 
R3 

F
re

q
. 

[H
z]

  Mode 1 1.19 1.30 1.19 1.19 1.19 1.19 

Mode 2 2.15 2.69 2.15 2.15 2.15 2.15 

Mode 3 3.17 3.39 3.17 3.17 3.17 3.17 

M
A

C
 

Mode 1 - 1.00 1.00 1.00 1.00 1.00 

Mode 2 - 0.95 0.99 0.99 0.99 0.99 

Mode 3 - 0.95 0.99 0.99 0.99 0.99 

Avg. - 0.96 0.99 0.99 0.99 0.99 

 

The updated parameters (i.e., updated-to-initial ratios of the elasticity moduli) for the four updated FE models 
are listed in Table 4. It is observed that updated parameters of Model R0, which is updated with no 
regularization factor, can be very different from those of the other three models, while Model R1-R3 which are 
updated using regularization factors of 0.01, 0.02, and 0.05, respectively, have relatively close updated 
parameters. Particularly, considering the updated parameters for the walls of the fourth story ( 9 ), it is observed 

that without applying a regularization factor, an updated parameter of 2.20 is obtained indicating that the 
elasticity moduli of all the walls on the fourth story should increase by 120%. This effect does not seem to be 
realistic considering the low impact of walls of the top story on the structural response. However, it can be seen 
that by increasing the regularization factors, the updating parameter becomes closer to 1.00, especially for Model 
R2 and Model R3, which is more realistic based on the observed damage. The average change of updated 
parameters for each model is computed and reported in Table 4. 

9

1
1

9

k
k

avg


 


   (5)

As expected, the average change of updating parameters decrease as the regularization factor is increased. It can 
also be seen that the regularization factors of 0.02 and 0.05 provide very similar updating parameters in Model 
R2 and Model R3 with average change of 0.26 and 0.24, respectively. Hence, either of these two models is 
recommended to be used as the final updated model. In this study, Model R3 is selected as the final updated FE 
model.    
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Table 4 – Updated stiffness parameters in calibrated FE models 

Updating 
parameter 

Structural component 
Initial 

elasticity 
modulus [ksi] 

Updated ratio of elasticity modulus 

Model R0 Model R1 Model R2 Model R3 

1  Columns and beams 467 1.20 1.15 1.15 1.18 

2  1st story (frame A) 250 
0.29 0.28 0.28 0.28 

1st story (frame B) 294 

3  1st story (frames C, D, and E) 417 0.87 1.04 1.06 0.99 

4  1st story (frames F and G) 313 0.28 0.37 0.30 0.27 

5  2nd story (frame A) 250 
0.36 0.66 0.96 0.98 

2nd story (frame B) 294 

6  2nd story (frames C, D, and E) 417 0.73 0.74 0.81 0.78 

7  2nd story (frames F and G) 313 0.92 0.46 0.67 0.78 

8  

3rd story (frame A) 250 

1.16 1.21 0.88 1.04 
3rd story (frame B) 294 
3rd story (frames C, D, and E) 417 
3rd story (frames F and G) 313 

9  

4th story (frame A) 250 

2.20 0.85 1.02 1.00 
4th story (frame B) 294 
4th story (frames C, D, and E) 417 
4th story (frames F and G) 313 

avg  Average change of updated parameters 0.46 0.34 0.26 0.24 

 

From the updated parameters of Model R3, it is observed that updated elasticity moduli of the frames A 
and B on the first floor (corresponding to 2 ) and the frames F and G on the same floor (corresponding to 4 ) 

are significantly reduced compared to the initial FE model with factors of 0.28 and 0.27, respectively. Since a 
60% reduction has been considered for the initial stiffness of the RC member and infill panels to account for the 
cracked cross sections, the low updating factors can potentially reflect the induced damage due to the 
earthquake. Fig. 9 shows one of the frames of type A and the frame type F on the first floor. The separation of 
infill wall A from the beam-column system and the major cracks on the wall F clearly indicate some reduction of 
the effective stiffness for those elements. Hence, the model updating can provide an average measure of induced 
damage in the updated structural components. The model updating results also indicate minor damage for the 
frames of types C, D, E, F, and G on the second story (corresponding to 6  and 7 ), while the results suggest 

underestimated stiffness values for columns and beams in the initial FE model (i.e., updated parameter 1  is 

higher than 1.0). For all the other groups of structural components, the updated parameters are close to 1.0 
indicating that these elements most likely have not experienced major damage during the earthquake.    
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                                                 (a)                                                                 (b) 

Fig. 9 – Damaged infill wall components on the first story: (a) frame A, (b) frame F 

6. Conclusions 

The paper presents finite element model updating of a four-story masonry-infilled reinforced concrete frame 
building based on its post-earthquake ambient vibration data. The building which is located in Sankhu, Nepal, 
was intensely damaged during 2015 Gorkha earthquake. Modal properties of the building are extracted through 
ambient measurements performed after the earthquake, and an initial FE model is created based on the design 
layouts and site inspections. The severely damaged structural components are eliminated from the initial model. 
The elasticity modulus of structural elements are updated in order to match the modal parameters of the FE 
model to those identified from ambient recordings. Different structural components are grouped together to 
reduce the number of updating parameters. The updated FE models provide very good agreement with the 
system identification data. Furthermore, the updated parameters indicate moderate damage in certain infilled 
walls, particularly on the first and second stories of the building. The updating results do not show considerable 
change in the stiffness of components on the third and fourth floors, representing no significant damage in those 
stories, which is consistent with the field observations. The estimated loss of stiffness in different structural 
components also allows for calibrating the nonlinear FE model. In this case, the hysteretic models can be 
calibrated so that the loss of stiffness of different components match the identified loss of stiffness. Such 
calibrated models of the building can then be employed for more detailed seismic performance assessment and 
response prediction of the building.      

 

7. Acknowledgements 

Partial support of this study by the National Science Foundation Grants 1254338 and 1545595 is gratefully 
acknowledged. The authors express their gratitude to Dr. Richard Wood, and Dr. Andre R. Barbosa for their 
assistance in the collection of data. The opinions, findings, and conclusions expressed in this paper are those of 
the authors and do not necessarily represent the views of the organizations and collaborators involved in this 
project.  

9. References 

[1] Mottershead JE, Friswell MI (1993): Model updating in structural dynamics: a survey, Journal of Sound and 
Vibration,167:347–75. 

[2] Doebling SWS, Farrar CRC, Prime MBM, Shevitz DWD (1996): Damage identification and health monitoring of 
structural and mechanical systems from changes in their vibration characteristics: a literature review. 



16th World Conference on Earthquake Engineering, 16WCEE 2017 

Santiago Chile, January 9th to 13th 2017

12 

[3] Brownjohn JMW, Xia PQ, Hao H, Xia Y (2001): Civil structure condition assessment by FE model updating: 
methodology and case studies, Finite Elem Anal Des, 37:761–75. 

[4] Fang SE, Perera R, De Roeck G (2008): Damage identification of a reinforced concrete frame by finite element model 
updating using damage parameterization. Journal of Sound Vibration, 313:544–59. 

[5] Behmanesh I, Moaveni B (2015): Probabilistic identification of simulated damage on the Dowling Hall footbridge 
through Bayesian finite element model updating, Struct Control Heal Monit, 22:463-83. 

[6] Moaveni B, Stavridis A, Lombaert G, Conte JP, Shing PB (2013): Finite element model updating for assessment of 
progressive damage in a three-story infilled RC frame, Journal of Structural Engineering, 139(10): 1665-1674. 

[7] Brando G, Rapone D, Spacone E, Barbosa A, Olsen M, Gillins D, Soti R, Varum H, Arede A, Vila-Pouca N, Furtado A, 
Oliveira J, Rodrigues H, Stavridis A, Bose S, Fagella M, Gigliotti R,Wood R (2015): Reconnaissance report on the 2015 
Gorkha Earthquake effects in Nepal. XVI Convegno Anidis, L’Aquila, Italy. 

[8] Bose S, Nozari A, Mohammadi ME, Stavridis A, Moaveni B, Wood R, Gillins D, Barbosa A (2016): Structural 
Assessment of a school building in Sankhu, Nepal damaged due to torsional response during the 2015 Gorkha earthquake. 
Proceedings of International Modal Analysis Conference, 34th IMAC, Orlando, Florida. 

[9] Juang JN, Pappa RS (1985): An eigensystem realization algorithm for modal parameter identification and model 
reduction, Journal of Guidance, Control, and Dynamics, 8(5): 620-627. 

[10] Farrar C, James III G (1997): System identification from ambient vibration measurements on a bridge, Journal of 
Sound and Vibration, 205(1): 1-18. 

[11] He X, Moaveni B, Conte JP, Elgamal A (2006): Comparative study of system identification techniques applied to New 
Carquinez Bridge, Proc. of 3rd International Conference on Bridge Maintenance, Safety, and Management, Porto, Portugal. 

[12] Moaveni B, He X, Conte JP, Restrepo JI, Panagiotou M (2010): System identification study of a 7-story full-scale 
building slice tested on the UCSD-NEES shake table, Journal of Structural Engineering, 137(6): 705-717. 

[13] Welch PD (1967): The use of fast Fourier transform for the estimation of power spectra: a method based on time 
averaging over short, modified periodograms, IEEE Transactions on Audio and Electroacoustics, 15(2): 70-73. 

[14] Verboven P, Parloo E, Guillaume P, Van Overmeire M (2002): Autonomous structural health monitoring, part I: modal 
parameter estimation and tracking, Mechanical Systems and Signal Processing, 16(4): 637-657. 

[15] McKenna F, Fenves GL, Scott MH, Jeremic B (2000): Open system for earthquake engineering Simulation (Opensees), 
Pacific Earthquake Engineering Research Center, University of California, Berkeley, CA. 

[16] Stavridis A (2009): Analytical and experimental study of seismic performance of reinforced concrete frames infilled 
with masonry walls. PhD Dissertation, University of California, San Diego. 

[17] Bose S, Nozari A, Stavridis A, Moaveni B (2017): Nonlinear modeling of a school at Sankhu for performance 
assessment during the 2015 Nepal earthquake, 16th World Conference on Earthquake Engineering, Santiago, Chile.  

[18] Pradhan PL (2009): Composite actions of brick infill wall in RC frame under in-plane lateral load. PhD Dissertation, 
Tribhuvan University, Pulchowk Campus. 

[19] Reese A, and Stavridis A (2014): A simplified method for the estimation of the seismic resistance of RC frames with 
weak infill panels. In NCEE 2014 - 10th U.S. National Conference on Earthquake Engineering: Frontiers of Earthquake 
Engineering. Earthquake Engineering Research Institute. 

[20] ACI 369 (2011): Guide for Seismic Rehabilitation of Existing Concrete Frame Buildings and Commentary, American 
Concrete Institute. 

[21] MATLAB R2015b (2015): MathWorks, Inc., MA, USA n.d. 


