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ABSTRACT OF THE THESIS

Estimation of Natural Periods and Damping Ratios for Buildings

By

Angie Angelique Harris

Master of Science in Civil Engineering

University of California, Irvine, 2016

Associate Professor Farzin Zareian, Chair

This study is aimed at assessing modal parameters (e.g. natural periods and damping ratios) of

existing buildings throughout California using system identification techniques. The data

accumulated is then analyzed to provide generalized relationships between these modal parameters

and building characteristics. The main focus has been on engineering applications, and addressing

questions by the engineering community about building modal properties and how they are used

to proportion structural components and seismic loss assessment.

The first part of this thesis discusses the estimated modal parameters for ten lateral force resisting

systems. Correlations between the natural periods and damping are determined with respect to

building heights and dominant building response characteristics. Comparisons are made between

the data collected in this study and regressions for these parameters that have been provided by

previous studies. There is an agreement in the natural periods estimated through system
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identification and periods estimated through current code formulas. Likewise, damping values

determined in this study remain within the range of current codes values.

The second part of this thesis discusses the application of system identification to the accurate

estimation of loss. This portion of the study explores the comparison of natural periods provided

through conventional analysis and that estimated through system identification for three lateral

force resisting systems. The ratios derived from these comparisons result in the establishment of

adjustment factors for natural periods. These adjustment factors are then applied to determine

discrepancies in estimated lateral drift, and ultimately loss estimation.
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CHAPTER 1:

1 INTRODUCTION

The earthquake engineering community has put forth a major effort to calculate loss of buildings

when subject to ground shaking (Moehle and Deierlein, 2004; Song et al., 2014; Yang et al., 2009;

Shoraka et al., 2013; Ramirez et al., 2012; Goulet et al., 2007; FEMA, 2012). Consequently,

FEMA P-58-1 was created to provide a methodology of Performance-Based Earthquake

Engineering (PBEE); which allows engineers to meet performance objectives for economic loss.

Studies of reconnaissance by the Multidisciplinary Center for Earthquake Engineering Research

(MCEER) have explored and assessed damage due to seismic events which provided the basis of

several models for loss estimation (Chang et al., 1999; Apostolakis et al., 2007; Tralli, 2000;

Cimellaro et al., 2006). Models for loss estimation, such as HAZUS and MAEviz, have resulted

from this need to quantify potential loss and alternatives for loss reduction (Schneider, 2006;

Hampton et al., 2008).Loss estimation is heavily dependent on the accurate evaluation of lateral

drift and acceleration of the building. It is important to perform the analysis of existing and

proposed buildings with accurate modal parameters such as natural periods and damping ratios.

Our current building engineering models, however, are not able to capture all sources of lateral

stiffness, leading to inaccuracies in natural period. Furthermore, the guidance given by current

codes on damping is not well-defined. As a result, uncertainties of these parameters lead to

imprecisions in the calculation of drift and, ultimately, loss estimation.

The conventional methods being used to estimate dynamic response do not include the

participation of all sources of stiffness. Current modeling techniques only take into consideration
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the stiffness of the building due to its structural components (i.e., beams, columns, walls, and

braces). That assumption is accurate only when the magnitude of the seismic event is large enough

to cause the nonstructural components, such as partitions and cladding, to detach, discontinuing

its participation in the overall stiffness of the building. In a related topic, Poovarodom and

Charoenpong (2008) and Memari (1999) have shown that nonstructural elements make up at least

40% of the building stiffness. Failing to capture such a large percentage of stiffness can result in

skewed estimates of natural periods and building loss.

The damping ratios used in computational models are set based on the building type. However,

buildings experience varying levels of energy dissipation that is dependent on its natural period

and the intensity of ground motion experienced. Damping ratios have proven to be a difficult

parameter to estimate. Therefore, uncertainties exist in the use of these parameters in design,

causing uncertainties in the estimation of loss.

Performance-Based Assessment allows for existing buildings to be evaluated to determine if they

will meet the requirements of loss after experiencing a given ground motion intensity. Similarly,

Performance-Based Design allows engineers to design buildings to meet a specified loss after

experiencing a given ground motion intensity. In both methodologies, the accurate modeling of

the building, including accurate damping, natural periods, and stiffness values are necessary to

provide the best estimate of the buildings response to a spectrum of ground motion intensities. In

light of these current uncertainties, this thesis explores the accurate estimation of natural periods

and damping ratios for the determination of building loss.
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1.1 LITERATURE REVIEW

Over the past few decades, researchers have utilized modal analysis as a means to estimate the

natural periods and damping ratios of structural systems. The civil engineering community has

utilized experimental data from instrumented buildings and system identification to gain insight

on the actual dynamic characteristics of existing buildings. Until the implementation of system

identification, the estimates of these dynamic characteristics had been at best, meager estimates.

The following sections provides a succinct review of previous research in engineering assessment

of structural modal properties using system identification techniques.

1.1.1 Natural Periods

Several researchers have utilized system identification techniques to estimate natural periods to

aid in the assessment of existing buildings and to evaluate the effectiveness of existing code period

formulas. Cole et al. (1992) estimated the natural periods of 64 buildings using the transfer

functions of the Fourier amplitude spectrum. These building periods were then compared to the

code period formulas of the 1991 Uniform Building Code (UBC) and 1990 Structural Engineers

Association of California (SEAOC) Blue Book. They concluded that in most cases, the measured

periods are longer than those of the code periods for steel and concrete moment frames, but

correlate well with the upper bound period formula. In addition, the measured periods for shear

walls are usually shorter than that of the code formulas.

Following Cole et al. (1992), Chopra and Goel (1997 and 1998) performed system identification

on 27 Reinforced Concrete Moment Resisting Frames (RCMRF), 42 Steel Moment Resisting

Frames (SMRF), and 9 Reinforced Concrete Wall (RCW) buildings to determine their natural
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periods in comparison with the current code formulas of the Applied Technology Council (ATC)

1978, UBC 1997, SEAOC 1996, and National Earthquake Hazards Reduction Program (NEHRP)

1994. It was determined that the code formulas for the estimation of natural periods, at that time,

were inadequate and led to shorter periods for RCMRFs and SMRFs, but longer periods than that

identified for RCWs. New formulas were then derived, which have continued to be the basis for

the current American Society of Civil Engineers/Structural Engineering Institute (ASCE/SEI)

approximate period formulas.

Similarly, Kwon and Kim (2010) evaluated the fundamental periods of RCMRF and SMRF

buildings that depicted the lower bound of code formulas and the periods of RCWs were shorter

than code predicted values. Hong and Hwang (2000) performed system identification with the

autoregressive exogeneous (ARX) model of 21 RCMRF buildings in Taiwan and determined that

the identified periods are less than that predicted in the UBC. Contrary to most studies, Lee et al.

(2000) measured the natural periods of shear wall buildings, only to find that the periods

determined from the code formulas are significantly less that of the measured periods.

One might wonder, why there are discrepancies in the findings of these studies which compare

code estimated periods and identified periods. Code period formulas, as previously noted, are

based on values estimated from existing buildings through system identification. The trends seen

in estimated periods can be influenced by the method of estimation, type of building studied,

changes in design methods and philosophy, and the ground motions used to estimate the periods.

On the other hand, several studies have explored the discrepancies between the natural periods

provided through finite element models (FEM) and those estimated through system identification.

This discrepancy comes from the inability of engineers to capture all forms of building lateral
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stiffness. This additional lateral stiffness is the result of the nonstructural elements that participate

in the actual building response.

Since conventional methods being used by typical engineers to estimate dynamic response do not

include the participation of all sources of stiffness, several researchers have worked to create an

FEM methodology that designates all known sources of stiffness for the determination of natural

periods. Hatzigeorgiou and Kanapitsas (2013) modeled 20 existing buildings, incorporating the

stiffness of infill walls and soil flexibility properties to determine the natural period through

numerical analysis. They formulated an expression for the estimation of the natural period based

on the results of the models that accounts for building height, building width, shear wall ratio, and

subgrade modulus, providing a comparable estimate to current code formulas.

Amanat and Hoque (2006) explored the dependency of building periods on the percentage and

distribution of infill walls by modeling diagonal struts to represent infill walls. They refined the

UBC equation for the fundamental period to include building geometry and the presence of infill

panels based on the computational analysis. Similarly, Kocak and Yildirim (2011) modeled

varying percentages of infill walls in SAP 2000, determining that there is as much as 45 percent

change in period for buildings modeled with infill as opposed to bare frames. Skolnik et al. (2007)

utilized the subspace state space identification method (N4SID) to compare identified modal

parameters to that determined through FEM analysis. It was determined that the participation of

nonstructural components caused the natural period to be shorter for ambient vibration as opposed

to low-to-moderate seismic excitation. As a result, the model was updated to account for the

additional stiffness and mass using a modal-sensitivity based method.

Few studies have explored to what extent the nonstructural elements contribute to the overall

stiffness of a building. Poovarodom and Charoenpong (2008) and Memari (1999) investigated the
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progression of the fundamental period of reinforced concrete and steel buildings (respectively)

throughout its various stages of construction. The same study determined that as the completion

of the building progressed and the percentage of nonstructural elements increased, the fundamental

period decreased; proving the significance of the nonstructural elements’ contribution to the

building stiffness, and subsequently the estimation of natural periods and building performance.

1.1.2 Damping

The evaluation of building performance is not only dependent on the accurate estimation of its

natural period, but also its damping. It is necessary for the energy dissipation of a building to be

accurately modeled. However, damping continues to include much uncertainty and the ratios

currently used in seismic design continue to be anything but well-defined. The Minimum Design

Loads for Buildings and Other Structures, ASCE/SEI 7-10, requires the use of %5 damping is used

(ASCE/SEI 7-10). Whereas, the FEMA P-58-1 requires that equivalent viscous damping should

lie within the range of %1 to %5 of the critical damping for the predominant modes (FEMA P-58-

1). Similarly, the Los Angeles Tall Buildings Structural Design Council suggests that the

additional modal or viscous damping should not exceed %2.5 of the critical damping for

predominant modes (LATBSDC, 2014). It is evident that a damping value between %1 and %5

should be used; however, the respective damping values for differing Lateral Force Resisting

Systems (LFRS) are not explicitly given, providing additional uncertainty into the design process.

The history of design has included the use of classical damping, Rayleigh damping, which is only

based on known building mass and stiffness. As previously discussed, stiffness is not always

clearly defined. Consequently, Rayleigh damping has resulted in unrealistically large and

unconservative values.
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Current seismic design methods use equivalent linear viscous damping to model energy

dissipation. However, these linear models, like others, have proven to provide false damping

values (Bernal, 1994), especially when analyzing nonlinear behavior. Furthermore, studies have

estimated damping ratios of existing buildings through system identification to explore

relationships between building modal parameters, such as forecast models of period and damping

(Lagomarsino 1993). Although, Lagomarsino’s damping formulas were based on a viscous

damping model, they did not prove that structural damping is viscous in nature.

Buildings are complex and the damping of these structures cannot solely be determined from a

linear model. Frictional damping must be taken into account. Wyatt (1977) introduced the term

“stiction” (static friction), where non-linear range/increase in damping can be correlated to the

imperfections of the material the building is comprised of, which is aligned with fracture

mechanics.  The imperfections in the material are mobilized when the structure is excited; thus,

dissipating energy and increasing the structural damping.

Subsequently, several studies have elaborated on Wyatt’s theory, choosing to estimate equivalent

damping based on known seismic excitation and system identification, showing that damping is

amplitude dependent, and resulting in a myriad of equations for damping (Jeary, 1997; Li, 1999;

Davenport and Hill-Caroll, 1986; Fang et. al., 1999). It was found that at low amplitudes, damping

seems to be remain constant. As the amplitude increases, damping increases as well, in a non-

linear range, until it arrives at a plateau at the higher amplitude excitation (Jeary 1997).

Tamura (2008) further explored this concept and demonstrated that damping increases only until

the amplitude corresponding to the critical tip ratio is reached. The corresponding amplitude to

this ratio is the critical point at which the damping begins to decrease. This ideal corresponds to

the assumption that as the amplitude of excitation increases, friction builds until it reaches a point
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when the components of the structure have “slipped” and the friction is constant, causing the

damping relative to the friction forces to remain constant and eventually decrease.

Satake et. al (2003) performed an analysis of building periods and modal damping ratios obtained

from a database of 137 steel-framed buildings, 25 reinforced concrete buildings, and 43 steel-

framed reinforced concrete buildings. First mode damping was found to decrease with natural

period (increasing with natural frequency). In addition, it was determined that the damping is

amplitude dependent, increasing with mode, while first mode damping ratios in the small

amplitude region increase linearly with natural frequency or vibration amplitude. Bernal (2012)

similarly concluded that damping ratios, though they contained high amount of variability,

increased with natural frequency.

On the other hand, damping studies have explored damping and its dependence on the dominant

building response characteristics. Bentz and Kijewski-Correa (2008) discussed the prediction of

damping based on the dominance of a structural systems deformation mechanisms, shear or

cantilever action. Shear deformation takes precedence in frames where they deform from its

generally square nature. Cantilever deformation usually occurs in shear wall systems and other

systems where the structure behaves like a continuous cantilever and the aspect ratio of the

structure aids in the determination of the level of cantilever action. In the research conducted, it

was determined that damping values are more scattered for interactive systems (between the shear

and cantilever-flexure condition). As systems become more cantilever, damping values collapse

and decrease.
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1.2 SCOPE OF THESIS AND ORGANIZATION OF MATERIAL

This thesis focuses on the estimation of natural periods and damping ratios for the application of

Performance-Based methodology. Chapter 2 explores the application of adjustment factors to

natural periods to aid in the determination of lateral drift for loss estimation. Chapter 3 then focuses

on the estimation of natural periods and damping ratios to evaluate the usefulness of existing

expressions for modal parameters. Chapter 4 then presents the conclusions of this study.
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CHAPTER 2

2 ESTIMATION OF PERIODS AND DAMPING

2.1 BACKGROUND

Understanding building response to seismic excitation is key to designing buildings that perform

best during and following seismic events. A vast amount of research in the past 20 years has been

dedicated to understanding the behavior of buildings while undergoing seismic excitation

(Lagomarsino, 1993; Chopra and Goel, 1997; Satake et al., 2003; Spence and Kareem, 2014).

These studies have determined relationships between structural system types, ground motion

intensity, and modal parameters, resulting in the creation of regression formulas for natural periods

and damping ratios based on their estimation of these parameters using system identification.

These regression formulas are based on the estimation of parameters for both domestic and

international buildings.

The purpose of the study is to estimate the natural periods and damping ratios of ninety-one

buildings throughout California to compare these parameters to existing regression formulas.

Because these buildings have undergone recorded seismic excitation ranging from low to high

intensity ground motions, building response under varying intensity can be observed.
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2.2 METHODOLOGY

2.2.1 System Identification

Four Single Input Multiple Output methods were investigated including the Eigensystem

Realization Algorithm with the Observer/Kalman filter – Input Output (ERA-OKID-IO), Auto-

Regressive model with eXogenous terms (ARX), System Realization using Information Matrix

(SRIM), and Numerical algorithms for Subspace State Space System Identification – Input Output

(N4SID-IO) method.

Generally, system identification methods are based on a state space model, where dynamic systems

are represented by first order differential equations:

kkk BuAxx 1

kkk DuCxy  , (2-1)

Where x, u, and y represent the system’s current state, input data, and output data at each time step,

k, respectively. The modal parameters of a system can be estimated based on the coefficient

matrices [A, B, C, D].

The Structural Modal Identification Toolsuite was developed to perform system identification

using a variety of both Output-Only and Input-Output methods using a graphical user interface

within Matlab (Chang et al., 2012). In this study, four Input-Output methods presented in SMIT

were utilized as a means to identify the modal parameters of each building. The following sections

provide an overview of the methodology of each system identification method.

2.2.1.1 Eigensystem Realization Algorithm with Observer/Kalman Identification (ERA-OKID)

Methodology

The ERA-OKID methodology is based on the approximation of the modal parameters based on

the state-space model of a structural system. Within the general ERA methodology, the system can
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then be represented by the relationship between the current state (x), input (u), and output (y) of

the system at each time step (k), where k is an integer (>0) in the following equations:

kkk BuAxx 1

kkk DuCxy  (2-2)

Where constant matrices A, B, C, and D are constructed such that the measurement, yk, is

reproduced based on the input, uk, and state, xk, of the system. From these matrices, a Hankel

matrix can be compiled of the system pulse response parameters, known as Markov parameters.
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Where i and j are integers that determine the size of the Hankel Matrix. Through the use of the

singular value decomposition (SVD)

  T

T

T
T SVU
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UUVUH 11

2

1
21 00

0
)0( 


















(2-4)

where U and V are the unitary matrices, and Σ contains the singular values of H(0).  The number

of non-zero singular values provides the order of the system. From the SVD, the system matrices

are determined as

2/1
11

2/1 )1(  SVHUSA T , (2-5)

r
T EVSB 1

2/1 , (2-6)

2/1
1SUEC T

m (2-7)

where  Trxnrxrr IE
2

000  and Em are defined analogously. The modal parameters can then

be determined based on the matrices A, B, C, and D.

With an understanding of the general ERA method, we can appreciate how the OKID modifies the

ERA methodology. The ERA-OKID method involves the use of an observer to stabilize the system
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and increase its accuracy. The original state space equation equations are rewritten to determine

the so-called observer parameters using the previously stated process. The observer equations are

written by adding and subtracting Myk in the state equation, where the following system is

formulated

kkk uBxAx ˆˆ
1 

kkk DuCxy 

(2-8)

where

)(ˆ MCAA  ,  )(),(ˆ MMDBB  ,

Where M is an arbitrarily matrix that allows the system to become as stable as possible. Matrix M

is chosen so that 0ˆˆˆ  BACA kk for k≥p, where p is chosen such that is sufficiently large enough

for the stabilization to occur.

For the condition that the initial condition is zero, it is possible to write the solution to the observer

system as follows:

lmlmqmlmqqlq VYy   ])1)([(])1)([(
ˆ (2-9)

where

 )1()()0(   ypyyy

 BACBACACDY p ˆˆˆˆˆˆ 1 

And the matrix V is comprised of the input and output data:






























)1()0(

)2()2()0(

)1()1()1()0(

)()()2()1()0(

plvv

lvpvv

lvpvvv

lupuuuu

V









 (2-10)

The observer Markov parameters are the block partitions of matrix Ŷ . And they are obtained by

determining the least-squares solution to Equation 2-9, †ˆ YVM  (where V† is the pseudoinverse
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of V). Once the observer Markov parameters are determined, the system Markov parameters can

be written in terms of the observer Markov parameters. The sequences are determined for:

BCAY k
k  , (2-11)

MCAY ko
k  , (2-12)

The combined Markov parameter is formulated as

 okkk YYP  (2-13)

where the Hankel Matrix is then created. The general ERA method can then be utilized to

determine the matrices A, B, M, C, and D, and ultimately, the modal parameters of the system. Any

details omitted can be found in Reference 26 and 27.

2.2.1.2 Auto-Regressive model with eXogeneous terms (ARX)

The ARX methodology is a specialized Autoregressive Moving Average method with eXogeneous

terms (ARMAX) that is related to the Kalman filter through a state space model. The state space

model is a discrete time model whose output is determined by the state of the system, which

accounts for the noise and measurement error, of the system. The model is formulated as

kkkk wBuAxx 1

kkk vCxy  (2-14)

The sequence w(k) is the zero mean, white process noise and the sequence v(k) is the zero mean,

white measurement noise. Both sequences are independent random variables.

Alternatively, the stochastic ARMAX model determines the system output directly from input and

noise. The system is formulated with the following equations:

kkk eqCuqByqA )()()( 111   (2-15)

where

na
nap qAqAIqA   1

1
1)(
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nb
nbqBqBqB   1

1
1)(

nc
ncp qCqCIqC   1

1
1)(

Where q-1 is a backward shift calculator ( 1
1)( 
  kk yyq ), Ip is a px p identity matrix, and na, nb, and

nc are the orders of the polynomials.

We can now relate the ARMAX and state space models through the Kalman filter. The Kalman

filter determines the system output due to the state and input. The model is formulated through the

following equations

kkkkk AKBuxAx  
 ˆˆ 1

kkk xCy  ˆ (2-16)

where 
lx̂ is the best estimate of the state and εk is the residual, which is the difference of the

predicted 
kxCˆ and the actual measurement, yk. When the last two equations are combined one

obtains the a priori state

kkkkknk yAKBuxCKIAx 


 ˆ)(ˆ 1
(2-17)

The Kalman filter stabilizes and converges to its steady-state value independent of the initial

conditions chosen. The a priori estimate is obtained with the inclusion of the Kalman filter gain,

the output is formulated through the following equation:
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(2-19)

where

)( KCIAA n 

For a stable filter, -A also becomes asymptotically stable. After shifting the terms of the last

equation, the following ARX equation emerges:
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(2-20)

Which now becomes a specialized version of the ARMAX formula, where the moving average

term becomes the identity matrix, Ip. From this equation, a recursive least squares filter is utilized

to determine the ARX coefficient matrices:

 AKACAAKCCAKS M 1
1 ,,,   (2-21)

 BACABCCBS M 1
2 ,,,   (2-22)

These matrices are the system Markov parameters for the filter system that are driven by the output

and input, respectively. Matrices S1 and S2 can be used to create two respective Hankel Matrices,

where the realizations for [A’,B’,C’,K’] are determined through the ERA methodology, which are

related to the system matrices [A,B,C,K]. The values of [A’,B’,C’,K’] are not all in the same

coordinates. As a result, matrix A’ is diagonalized, matrices B’, C’, and K’ are normalized, and all

are transformed to the modal coordinates so that the systems modal parameters can be determined.

Further detail was omitted for brevity, and can be referenced in Reference 9.

2.2.1.3 System Realization Using Information Matrix (SRIM)

The SRIM method utilizes the information regarding the correlation of the input, output, state

vectors determined through the state-space model in order to determine the system matrices A, B,

C, and D. From the state-space model we have the following:

)()()1( kBukAxkx 

)()()( kDukCxky 

(2-23)

There is an integer p chosen such that p≥(n/m)+1 where n is the desired order of the system and m

is the number of output values. The x(k+1) can be substituted into y(k) where you obtain the

following equation:
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Where we can obtain the following equation

)()()( kuTkxOky pppp  (2-25)

The Op matrix is the observability matrix and the Tp matrix is the Toeplitz matrix. In order to

determine Op and Tp, the Equation 2-25 must be expanded as the following:

)()()( kUTkXOkY pppp  (2-26)

where
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where the integer N must be large, whereas the rank of Up(k) and Yp(k) is at least that of Op. From

Up(k), Yp(k), and x(k), correlation matrices can be developed for the creation of the information

matrix, R. The correlation are calculated as follows:
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(2-27)

Equation 2-26 can be postmultiplied by Up
T(k) and divided by N to produce:

uupxupyu RTROR  (2-28)

If Ruu
-1 exists then:

1][ 
uu

RRORT xupyup
(2-29)

Similarly, Equation 2-26 be postmultiplied by Yp
T(k) and divided by N to produce:

T
yup

T
pyy RTROR

yx
 (2-30)

and postmultiplying Equation 2-26 by Xp
T(k) and divided by N to produce:

T
xupxxpyx RTROR  (2-31)

If Equation 2-29 is substituted into Equation 2-30 and 2-31, for Ryx then Equation 2-30 produces

T
p

T
xuuuxup

T
pxxp

T
yuuuyuyy ORRROORORRRR 11   (2-32)

If the following are defined as

T
yuuuyuyyhh RRRRR 1 (2-33)

and
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T
xuuuxuxxxx RRRRR 1~  (2-34)

Then Equation 4 is

T
pxxphh OROR

~ (2-35)

Matrices A and C can then be computed using the SVD of Rhh where
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(2-36)

If Equation 4 is combined with Equation 6, the following is produced

nnn
T
pxxphh UUOROR 2~  , (2-37)

where

np UO 

If the case arises where there are not any singular values that become zero due to noise and

uncertainties in Σ, a partial decomposition method must be utilized, where Rhh[;,1:(p-1)m] is

decomposed. The Op can be shifted into the following form
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(2-38)

Thus A can be calculated by

:],)1(:1[:],)1(:1[ † mpOmpOA pp  (2-39)

where Op
† is the pseudoinverse of Op. Matrix A and C can then be computed from Op where C is

the first m rows.

A similar partition of the Tp matrix can also be done for the first r columns of the Tp, which is

determined as
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(2-40)

Matrix B can then be calculated as

]:1,)1(;1[:],)1(:1[† rmpmTmpOB p  (2-41)

Matrices B and D can be determined through the partitioning of Tp, where B and D is determined

through
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In addition, another method is useful where the output error is minimized from the following

equation

)0(Ny (2-44)
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From the realization of [A,B,C,D], the eigenvalues and eigenvectors are transformed into the modal

coordinate space to determine the frequencies and damping ratios of the system. Further detail was

omitted for brevity, and can be referenced in Reference 25.

2.2.1.4 Numerical Algorithm for Subspace State Space System Identification (N4SID)

The subspace identification methods are based on the use of the projections where the state

sequences are determined based on the Kalman filter and are then minimized through the use of a

least squares approximation, which is the opposite of most classical system identification methods.

The N4SID method views the problem of system identification as both a deterministic and

stochastic system. The combined system equations are formulated as the following

kkkk wBuAxx 1

kkkk vDuCxy  (2-45)

where

s
k

d
kk xxx 

s
k

d
kk yyy 

The superscripts d and s represent the contribution of the deterministic and stochastic system to

the state and output variables, respectively. The sequence wk is the zero mean, white process noise

and the sequence vk is the zero mean, white measurement noise. Both sequences are independent

random variables and the following equation is true
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(2-46)

The deterministic subsystem is represented by the following equations
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(2-47)

The xk+1 can be substituted into yk where you obtain the following equations

i
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iiii UHXkY )(
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i UXAX  (2-48)
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The stochastic subsystem is represented by the following equations

k
s
k

s
k wAxx 1

k
s
k

s
k vCxy  (2-49)

The covariance between the input and output data from Equations 2-49 is shown with the following

formulas

  ststs
k

s
k

s QAAPxxEP  )( (2-50)
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  ststs
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s
k

s SCAPyxEG  )( (2-51)

  ststs
k

s
k RCCPyyE  )( (2-52)

The stochastic subsystem controllability, state, block Toeplitz covariance, and block Toeplitz

cross-covariance matrices are the following
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The past and future inputs are denoted by U0/i-1 and Ui/2i-1, respectively. Similarly, the past and

future output are denoted by Y0/i-1 and Yi/2i-1. The matrix input and output equations due to the

deterministic and stochastic subsystems become

s
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d
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d
ii YUHXY 1/01/001/0   , (2-53)
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d
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1/00  i
d
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did
i UXAX (2-55)

Oblique projections are utilized to transform the future output, Yi/2i-1, onto the past and future

inputs, and the past outputs, U0/i-1, Ui/2i-1 and Y0/i-1, respectively. The projections aid in the

simplification of the computational effort. A block Hankel matrix is derived by
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where j operator the denotes the Expected Value Operator.

The block Hankel is factored using the RQ decomposition to simplify the system
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The projection of the future outputs onto the past and future inputs and the past outputs are

determined by
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where
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The projections Zi are used to create new state space equations
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12/
ˆ

 ii
d
iiii UHXZ

12/11111
ˆ

  ii
d
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The Singular Value Decomposition is performed on the portion of Zi that contains the past inputs

and outputs
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Where the system order is determined by the number of nonzero singular values in Σ1. The

observability matrix Γi can be determined since it has the same number of column space at Li

2/1
11 Ui and 2/1

111   Ui

Where the underlined value represents the augmented matrix whose last row is deleted. Due to the

projections, the system can then be described as a linear system, where Zi+1 can be found due to Zi

using the general Kalman filter equations

)ˆ(ˆ
///1 iiiiiiiiii DUXCYKBUXAX 

)ˆ(ˆ
/// iiiiiiiii DUXCYDUXCY  (2-61)

where )ˆ( // iiiiii DUXCY  , which is the residual.

From Equations 2-61) and Equations 2-59 the following system of equations is determined
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We now have a linear equation in which the least approximation can be used
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The system matrices, A, B, C, D, Qs, Ss, and Rs can then be determined. Further detail was omitted

for brevity, and can be referenced in Reference 41 and 42.

2.2.2 CSMIP Database

The CSMIP database provides accelerometer layout for each building along with the acceleration,

velocity, and displacement data for each seismic event. The sensor data at the base of the building

was used to represent the seismic excitation, whereas the sensor data from the remaining floors

represented the building response to the excitation. The sensor locations were used to describe the

building height and geometry of the building geometry as nodes.

The sampling frequency of the accelerometer given for each data set was given and the Type I

Chebyshev filter was utilized to filter out the high frequency noise of each recording to increase

the accuracy in the estimation of the modal parameters.

2.2.3 System Identification Method Evaluation

When comparing the reliability of the four available system identification methods within SMIT,

it became apparent the SRIM method provided the most stable convergence of modal parameters

with the highest efficiency in processing time. As a result, it was decided that SRIM would be used

to estimate the modal parameters (e.g. natural period and damping) for all buildings in the database.

2.3 RESULTS AND DISCUSSION

This section provides an overview of the results provided by the system identification that was

performed on each building. The results are analyzed and grouped into ten types of lateral force
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resisting systems (LFRS) chosen for this study. The system types include Reinforced Concrete

Walls (RCW), Steel Moment Resisting Frames (SMRF), Reinforced Concrete Moment Resisting

Frames (RCMRF), Eccentric Braced Frames (EBF), Concentric Braced Frames (CBF), Reinforced

Block Masonry Walls (MAW), Precast Concrete Walls (PCW), Reinforced Concrete Tilt-up Walls

(RCTUW), Unreinforced Masonry Walls (URM), and Wood Shear Walls (WOOD).

2.3.1 Natural Periods

Generally, it was shown that regardless of the LRFS, as a building increases in height, the natural

period increases accordingly, as shown in Figures 2-1 through 2-10. This observation coincides

with the general consensus of the relationship between natural period and height. In addition, it

can be seen that as the ground motion intensity increases, building’s period also increases. As the

ground motion intensity increases, the nonstructural components of a building become damaged;

thus, decreasing the overall stiffness of the structure, and increasing the natural period. In addition,

when comparing the natural periods with respect to the intensity measure (IM), it was seen that

the higher the Peak Ground Acceleration (PGA), the higher the period, which coincides with the

theory set forth in previous studies. This trend could not be detected within the group of RCTUW

(Figure 2-8) and WOOD (Figure 2-10) buildings due to the lack of available data.
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Figure 2-1: Variation of Fundamental Period with Height (RCW)

Figure 2-2: Variation of Fundamental Period with Height (SMRF)
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Figure 2-3: Variation of Fundamental Period with Height (RCMRF)

Figure 2-4: Variation of Fundamental Period with Height (EBF)
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Figure 2-5: Variation of Fundamental Period with Height (CBF)

Figure 2-6: Variation of Fundamental Period with Height (MAW)
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Figure 2-7: Variation of Fundamental Period with Height (PCW)

Figure 2-8: Variation of Fundamental Period with Height (RCTUW)
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Figure 2-9: Variation of Fundamental Period with Height (URM)

Figure 2-10: Variation of Fundamental Period with Height (WOOD)
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Chopra (2012) suggests that the ratio of the beam to column stiffness dictates, not only the building

response behavior, but also the ratio of subsequent periods to the fundamental period. Based on

the suggestion, as this stiffness ratio increases, a building transitions from flexural dominant to

shear dominant behavior; thus, increasing the period ratio. However, this trend was not evident in

this study due to the high variation of the 2nd mode period. Similar to Lagomarsino (1993), we

discovered the period ratio for most LFRS ranged between 0.2 and 0.4, averaging around 0.3,

which is characteristic of prismatic shear cantilever beams. Buildings below 150 feet experienced

higher variability in the 2nd mode periods, which cause further variability in the ratio of the 2nd

mode period to the 1st mode period (Figures 2-11 through 2-20). This may be the result of low-rise

buildings experiencing low intensity ground motions which do not fully excite the 2nd mode. As a

result, the response behavior of individual LFRS types could not be concluded, making it difficult

to predict subsequent mode period values based on the fundamental period.

Figure 2-11: Variation of Period Ratio with Height (RCW)
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Figure 2-12: Variation of Period Ratio with Height (SMRF)

Figure 2-13: Variation of Period Ratio with Height (EBF)
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Figure 2-14: Variation of Period Ratio with Height (RCMRF)

Figure 2-15: Variation of Period Ratio with Height (CBF)
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Figure 2-16: Variation of Period Ratio with Height (MAW)

Figure 2-17: Variation of Period Ratio with Height (PCW)
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Figure 2-18: Variation of Period Ratio with Height (RCTUW)

Figure 2-19: Variation of Period Ratio with Height (URM)
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Figure 2-20: Variation of Period Ratio with Height (WOOD)

In the past, system identification has proven to be a reliable method of period estimation. As a

result, codes equations have been formulated based on previous system identification studies.

These codes and standards have been developed to simplify the approximation of building periods

prior to the use of computational software. The Minimum Design Loads for Buildings and Other

Structures, ASCE/SEI 7-10, approximates building periods based on the LRFS type and building

height using the following equation

x
nta hCT  (2-64)

where h is the building height and Ct and x are parameters defined based on the LRFS type as

shown in Table 2-21.

0.0

0.1

0.2

0.3

0.4

0.5

0 100 200 300 400 500 600 700 800 900

T 2
/T

1

Building Height (ft)

PGA<0.01

0.01<PGA<0.05

0.05<PGA<0.1

0.1<PGA<0.2

PGA>0.2



39

Figure 2-21: Values of Approximate Period Parameters Ct and x (ASCE/SEI 7-10)

As shown in Figures 2-22 through 2-31, when comparing the coefficient, Ct, provided in the

ASCE/SEI 7-10 and that derived from the estimated periods of this study, one can see that the code

provided Ct is generally the average of the Ct values determined for the RCW, SMRF, RCMRF,

CBF, MAW, and PCW buildings. However, the remainder of the LRFS types either have average

Ct values either higher or lower than that of the Ct suggested by the ASCE 7-10. This may be due

to the fact that RCMRF, SMRF, and EBF buildings are the only LRFS types with specific Ct and

x parameters; whereas the remaining LFRS types have blanket Ct and x parameters of 0.02 and

0.75, respectively. One can assume that these blanket parameters may not be applicable to all

remaining LRFS types.

In addition, the discrepancy in Ct may due to the lack of available data for EBF, RCTUW, URM,

and WOOD buildings. These systems have significantly less buildings compared to that of the

RCW, RCMRF, CBF, MAW, and PCW buildings. Additional data is necessary to determine the

applicability of Ct to these systems. However, Ct is satisfactory parameter when approximating

periods based on the building LRFS and height for RCW, RCMRF, CBF, MAW, and PCW

building types.
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Figure 2-22: Variation of Code Ct with PGA (RCW)

Figure 2-23: Variation of Code Ct with PGA (SMRF)
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Figure 2-24: Variation of Code Ct with PGA (RCMRF)

Figure 2-25: Variation of Code Ct with PGA (EBF)
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Figure 2-26: Variation of Code Ct with PGA (CBF)

Figure 2-27: Variation of Code Ct with PGA (MAW)
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Figure 2-28: Variation of Code Ct with PGA (PCW)

Figure 2-29: Variation of Code Ct with PGA (RCTUW)

0.00

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3 0.4 0.5 0.6

C
t
=

T 1
/H

x
(x

=0
.7

5)

PGA (g)

0.00

0.01

0.02

0.03

0.04

0.0 0.1 0.2 0.3 0.4 0.5 0.6

C
t
=

T 1
/H

x
(x

=0
.7

5)

PGA (g)

Ct = 0.02

Ct = 0.02



44

Figure 2-30: Variation of Code Ct with PGA (URM)

Figure 2-31: Variation of Code Ct with PGA (WOOD)
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2.3.2 Damping

The damping ratios estimated through system identification were in most cases variable. The

damping ratios generally range between %1 and %7 for most LFRSs. The average damping

values for RCW, SMRF, RCMRF, EBF, CBF, MAW, PCW, RCTUW, URM, and WOOD

structures are %2.8, %3.7, %3.4, %2.4, %2.4, %2.1, %2.6, %3.0, %5.8, and %2.5, respectively.

These values are consistent with the damping values recommended by the ASCE/SEI 7-10 and

the FEMA 58-1 between %1 and %5. Figures 2-32 through 2-41 shows the variation of ζ1 to

building height. It is evident from the figure that estimation of the modal values is associated

with high level of variability.  Nevertheless, the damping ratio, ζ1, of RCW, SMRF, and EBF

buildings decrease with height as observed in previous research (Satake et al., 2003; Bernal et

al., 2012). The damping ratios of the remaining LFRS types remain constant due to the majority

of low-rise buildings within those building categories.

Figure 2-32: Variation of First Mode Damping with Height (RCW)
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Figure 2-33: Variation of First Mode Damping with Height (SMRF)

Figure 2-34: Variation of First Mode Damping with Height (RCMRF)
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Figure 2-35: Variation of First Mode Damping with Height (EBF)

Figure 2-36: Variation of First Mode Damping with Height (CBF)
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Figure 2-37: Variation of First Mode Damping with Height (MAW)

Figure 2-38: Variation of First Mode Damping with Height (PCW)
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Figure 2-39: Variation of First Mode Damping with Height (RCTUW)

Figure 2-40: Variation of First Mode Damping with Height (URM)

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0 100 200 300 400 500 600 700 800 900

%
ζ 1

Building Height (ft)

0.0

2.0

4.0

6.0

8.0

0 100 200 300 400 500 600 700 800 900

%
ζ 1

Building Height (ft)



50

Figure 2-41: Variation of First Mode Damping with Height (WOOD)

When comparing the estimated damping ratios with suggested expressions given in Table 2-1, the

trends are in general agreement. Similarly, the damping ratio, ζ1, decreases with the increase in
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(Figures 2-42, 2-44, 2-45, 2-48, and 2-49, respectively). Regression expressions specifically
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Table 2-1: Damping Expressions from Previous Studies

Figure 2-42: Variation of First Mode Damping with the Fundamental Period (RCW)
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Figure 2-43: Variation of First Mode Damping with the Fundamental Period (SMRF)

Figure 2-44: Variation of First Mode Damping with the Fundamental Period (RCMRF)
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Figure 2-45: Variation of First Mode Damping with the Fundamental Period (EBF)

Figure 2-46: Variation of First Mode Damping with the Fundamental Period (CBF)
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Figure 2-47: Variation of First Mode Damping with the Fundamental Period (MAW)

Figure 2-48: Variation of First Mode Damping with the Fundamental Period (PCW)
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Figure 2-49: Variation of First Mode Damping with the Fundamental Period (RCTUW)

Figure 2-50: Variation of First Mode Damping with the Fundamental Period (URM)
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Figure 2-51: Variation of First Mode Damping with the Fundamental Period (WOOD)

Contrary to the suggestion by Satake et al. (2003), the results obtained in this research indicate that

on average, the damping ratio of higher modes is smaller than the damping ratio of the first mode.

Bernal et al. (2012) suggests that ζn /ζ1 is a function of the lateral load resisting systems behavior;

it is expected that buildings with dominant flexural response (e.g. shear wall buildings, tall frame

buildings) have a different trend in ζn /ζ1 compared with buildings with dominant shear response

(e.g. short frame buildings). In this study, relative contribution of flexural and shear response is

measured with T2/T1 ratio; small values of T2/T1 (e.g. T2/T1 < 0.3) represents high levels of

contribution from flexural mode to the building response, and otherwise. Figures 3-52 through 3-

61 show the variation of ζ2/ζ1 with T2/T1. It is evident for most plots (Figures 2-52 through 2-61)

that there is a positive correlation between ζ2/ζ1 with T2/T1. Large T2/T1 represents dominance of

the shear mode of response to the total response and leads to further engagement of mechanisms

0.0

2.0

4.0

6.0

0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0

%
ζ 1

T1(seconds)

ζ1

Zhang & Cho (2009)



57

that result in energy dissipation in higher modes. The plots of RCTUW and URM (Figures 2-59

and 2-60) do not display this trend; however, the data available for these building types is very

limited.

Figure 2-52: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (RCW)

Figure 2-53: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (SMRF)
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Figure 2-54: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (RCMRF)

Figure 2-55: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (EBF)
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Figure 2-56: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (CBF)

Figure 2-57: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (MAW)
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Figure 2-58: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (PCW)

Figure 2-59: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (RCTUW)
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Figure 2-60: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (URM)

Figure 2-61: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (WOOD)
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CHAPTER 3:

3 DEVELOPMENT OF FUNDAMENTAL PERIOD ADJUSTMENT

FACTORS

3.1 BACKGROUND

The current studies on enhancing performance-based earthquake engineering are focusing on the

accurate estimation of loss due to ground shaking.  Currently, the conventional methods being used

to estimate loss in a building do not include the participation of additional sources of stiffness.

Current modeling techniques only take into consideration the stiffness of the building due to its

structural components (i.e., beams, columns, walls, and braces).  Because all sources of stiffness

are not accounted for in the structural analysis of a building, the estimated losses to that structure

are inaccurately depicted.

The purpose of this study is also to provide a practical approach in adjusting the fundamental

period and lateral stiffness of the computational model of a building's structural system, which aid

in further research that will provide a more realistic estimation of seismic loss. To that end, we

have utilized a database of instrumented buildings that have experienced ground shaking in past

earthquakes in California– through California Strong Motion Instrumentation Program (CSMIP)

–and estimated their natural periods through System Identification, and conventional analysis

methods used in industry.  The natural periods were then compared to identify adjustment factors.
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3.2 METHODOLOGY

Seven buildings (Table 3-1) were chosen from the building database to compare natural periods

estimated through system identification versus conventional analysis used in industry. System

identification was performed for each building to identify its natural period during each recorded

seismic event. Then, the natural period of each building was provided through use of a

computational model, ETABS.  The natural periods provided through system identification and

the computational model were then compared to identify the discrepancy in the natural periods

given for each structure.  From this comparison, adjustment factors were created for the natural

periods based on the ratio of the natural period provided through system identification to the

natural period provided through the computational model (TSID/TETABS).

Table 3-1: Building Summary

No.
CSMIP
ID Name

Floors
above

Floors
below

# of
Sensors Plan Shape

Primary
VSFRS

1 12299
Palm Springs - 4-
story Hospital 4 1 13 Rectangular SMRF

2 12284

Palm Desert - 4-
story Office
Bldg. 4 0 9 Rectangular RCW

3 24463
Los Angeles 5-
story Warehouse 5 1 13 Rectangular RCMRF

4 23287
San Bernardino -
6-story Hotel 6 0 9 Rectangular RCW

5 24571

Pasadena - 9-
story
Commercial
Bldg. 9 1 15 Rectangular RCMRF

6 24322

Sherman Oaks
13-story
Commercial
Bldg. 13 2 15 Rectangular RCMRF

7 54388
Bishop-2-story
Office Bldg. 2 0 13 Rectangular SMRF
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3.2.1 Structural Model

A computational model of each building was created in ETABS using the drawings provided by

CSMIP. The material properties designated in the model were either explicitly given or assumed

based on industry standards. Structural dimensions were explicitly stated in the drawings or

measured to scale. The loading assumptions utilized in this study were based on average values

used in industry. Therefore, the additional dead loads of the office, hospital, and warehouse

buildings were designated as 25 psf, 40 psf, and 50 psf, respectively, and a global cladding load

was assumed as 25 psf.

The effective values of member moments of inertia (Ieff) for the RCMRF and RCW buildings were

provided in the American Concrete Institute (ACI) 318-11 and the LATBSDC manuals (ACI 2011,

and Brandow et al. 2014). Using the ACI and LATBSDC, for beams, Ieff = 0.35Ig and 0.7Ig,

respectively; for columns, Ieff = 0.7Ig and 0.9Ig, respectively; shear walls, Ieff = 0.35Ig and 0.75Ig,

respectively; and basement walls, Ieff = 1.0Ig, where Ig is the moment of inertia of the gross section.

Because the ACI 318-11 is more widely used, its values were used for most of the analyses.

The steel panel zone offsets for the SMRF building was based on industry standards and

designated as %0, %50, and %100.

3.2.2 Comparison of Natural Periods

Four Single Input Multiple Output methods were used including the ERA-OKID-IO, Auto- ARX,

SRIM, and N4SID-IO methods. It was found that the periods provided through each method of

system identification were generally in agreement. As a result, the periods of each seismic event
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were averaged among the four methods. In some analyses, the identified period of all seismic

events were averaged to determine a single period for each building.

The natural periods provided through system identification and the computational model were

then compared to identify the discrepancy in the natural periods given for each structure.  From

this comparison, adjustment factors were created for the natural periods and stiffness based on

the ratio of the natural period provided through system identification to the natural period

provided through the computational model (TSID/TETABS).  The following equation was used to

identify the adjustment factor’s relationship to both the natural periods and stiffness:

SID

ETABS

ETABS

SID

k

k

T

T
FactorAdjustment  (3-1)

3.3 RESULTS AND DISCUSSION

3.3.1 Reinforced Concrete Walls

Table 3-2: RCW Analysis LATBSDC vs. ACI (With Participation of Both Lateral and Gravity
System)

LATBSDC ACI

Station
Period
(TETABS) Direction

Ratio
(TSID/TETABS)

Period
(TETABS) Direction

Ratio
(TSID/TETABS)

12284 0.51 Transverse 1.12 0.65 Transverse 0.87
23287 0.262 Longitudinal 1.70 0.291 Longitudinal 1.53

Table 3-3: RCW Analysis LATBSDC vs. ACI (Without Participation of Gravity System)

LATBSDC ACI

Station
Period
(TETABS) Direction

Ratio
(TSID/TETABS)

Period
(TETABS) Direction

Ratio
(TSID/TETABS)

12284 0.55 Transverse 1.03 0.74 Transverse 0.76
23287 0.264 Longitudinal 1.68 0.294 Longitudinal 1.51
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Each building was analyzed to determine the level of participation that the gravity system plays in

the determination of the natural period of each building.  In the case of the 6-story building (Station

23287), the walls resist loading in both the lateral and vertical direction.  In addition, there are

columns placed only on the first floor to provide additional support to the gravity system in

addition to the walls.  As seen in Table 3-2 and 3-3, the reduction in stiffness of the columns

(gravity-only elements) in Station 23287 cause only an insignificant increase in the period (TETABS).

Alternatively, in the case of the 4-story building (Station 12284), the walls provide most of the

lateral resistance.  However, the beam-column frame also provides some lateral resistance with its

moment connections.  The decrease in stiffness of the gravity frame in Station 12284 causes an

increase in the natural period because the stiffness of the frame is not taken into account for the

determination of the natural period.  As a result, in the analysis of reinforced concrete wall

buildings, the additional gravity elements that provide moment resistance should be taken into

account for the determination of the period.  In moving forward, the natural period found that

includes both the participation of the lateral and gravity system (Table 3-2) will be used to

determine the adjustment factor.

Based on the comparison of actual and estimated RCW building periods, it is apparent that there

is a dissimilarity in the number of structural elements in the model contributing to the building

stiffness and period. The estimated period of Station 23287 is significantly shorter than Station

12284. Accordingly, the adjustment factor for Station 23287 is higher and ranges from 1.50 to

1.70; whereas, the adjustment factor for Station 12284 ranges from 0.90 and 1.10. This occurrence

is unusual for buildings of the same structural type.
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Figure 3-1: Variation of Adjustment Factor with Period (RCW)

The inconsistency in the adjustment factor is the result of the buildings’ differing design. Station
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proportionally increase, causing the period to decrease. In actuality, a building with shear walls

experiences base flexibility during ground shaking, and the assumption of a fixed base does not
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Figure 3-2: Variation of Adjustment Factor with PGA (RCW)

Figure 3-3: Variation of Adjustment Factor with Sa (RCW)
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than that of the surrounding soil, causing rocking to take place, taking on the behavior of a pinned

base, and causing the period to increase (Hong et al., 2009).

When comparing the adjustment factors to the IM, PGA and spectral acceleration (Sa), of each

seismic event, it is seen that there is a steady increase of the adjustment factor with respect to the

IM for low to moderate intensity. Since there is not much data for IMs over 0.2g, there is not an

adequate representation of adjustment factors for buildings experiencing moderate-to-high ground

shaking. However, Figures 3-2 and 3-3 illustrate how the stiffness decreases with increasing IM

for low-to-moderate ground shaking, satisfying our original assumption.

For Station 12284, it was determined the average adjustment factor is 0.90 for most seismic events

with PGA under 0.2g. In addition, for Station 23287 the average adjustment factor is 1.6.

Currently, most conventional shear wall buildings are being designed to have minimal shear walls.

Therefore, Station 23287 is not applicable for proposed buildings and its corresponding data will

not be used in the derivation of the adjustment factor for RCMRFs. Consequently, it is

recommended that all RCW buildings have an adjustment factor of 0.9.

3.3.2 Reinforced Concrete Moment Frames

Table 3-4: RCMRF Analysis LATBSDC vs. ACI (With Participation of Both Lateral and Gravity
System)

LATBSDC ACI

Station
Period
(TETABS) Direction

Ratio
(TSID/TETABS)

Period
(TETABS) Direction

Ratio
(TSID/TETABS)

24322 2.7 Transverse 0.98 3.44 Transverse 0.76
24463 1.83 Longitudinal 0.57 2.15 Longitudinal 0.49
24571 2.05 Transverse 0.79 2.3 Transverse 0.7
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Table 3-5: RCMRF Analysis LATBSDC vs. ACI (Without Participation of Gravity System)

LATBSDC ACI

Station Period
(TETABS)

Direction Ratio
(TSID/TETABS)

Period
(TETABS)

Direction Ratio
(TSID/TETABS)

24322 2.7 Transverse 0.98 3.44 Transverse 0.76
24463 3.84 Longitudinal 0.27 3.85 Longitudinal 0.27
24571 2.21 Transverse 0.73 2.47 Transverse 0.66

Each building was analyzed to determine the level of participation that the gravity system plays in

the determination of the natural period of each building. In the case of the 13-story building

(Station 24322), the gravity system did not have any participation in the determination of the period

because only the lateral resisting frames were modeled in ETABS originally.

The 5-story building (Station 24463) is comprised of a large number of structural elements that

could be attributed to the gravity system. As seen in Table 3-4, the period is 1.83 and 2.15 seconds

for the LATBSDC and ACI scenarios, respectively, if we assume all the elements are part of lateral

load resisting system. However, the reduction in stiffness of so called gravity beams and columns

causes a large reduction in the overall stiffness of the structure, causing the natural period to

become significantly longer. The period is determined to be 3.84 and 3.85 seconds (Table 3-5), for

the LATBSDC and ACI scenarios, respectively. Because this is the case, we can only come to the

understanding that the so called gravity beams and columns, along with the flat slab, provides

some moment resisting capacity due to the monolithically poured elements. As a result, the

participation of the stiffness of gravity design elements must be included to determine an accurate

natural period for the structure.
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In the case of the 7-story building (Station 24571), it was determined that the inclusion of the

gravity elements does not make a significant difference in the determination of the natural period

provided through analysis when the number of gravity columns does not exceed the number of

columns designed for lateral resisting behavior. As seen in Table 3-4, the original period is 2.05

and 2.30 seconds for the LATBSDC and ACI scenarios, respectively. The reduction in stiffness of

such a small number of the gravity beams and columns causes a smaller reduction in the overall

stiffness of the structure and small effect on the period. As seen in Table 3-5, the period is

determined to be 2.21 and 2.47 seconds, for the LATBSDC and ACI scenarios, respectively.

Because this is the case, we can only come to the understanding that the gravity beams and

columns, along with the flat slab, provides some moment resisting capacity due to the

monolithically poured elements. However, since the participation of the stiffness of gravity design

elements is low, the inclusion of such a minimal number of gravity element do not necessarily

need to be included to determine an accurate natural period for the structure.

Furthermore, the participation of the gravity elements in the determination of the natural period is

significant if the number of gravity elements exceeds the number of lateral resisting elements,

where the gravity system still provides some moment resisting capacity. As a result, the natural

periods provided in Table 3-4 must be used for the further analysis of the RCMRF buildings.
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Figure 3-4: Variation of Adjustment Factor with Period (RCMRF)

Figure 3-5: Variation of Adjustment Factor with PGA (RCMRF)
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24322, 24571, and 24463, the attachments range from glass with minimal cladding to the use of

precast concrete panels as the cladding. As a result, the adjustment factor for Stations 24322,

24571, and 24463 ranged from 0.8 to 1.0, 0.7 to 0.8, and 0.5-0.6, respectively. As the stiffness of

the infill and exterior attachments increased, the difference between the actual and estimated

period increased, causing the decrease in the adjustment factor at low-to-moderate ground shaking.

When comparing the adjustment factors for Stations 24322, 24463, and 24571 to the IMs, PGA

and Sa, of each seismic event, once again there is generally a steady increase of the adjustment

factor with respect to the increase in IM. As shown in the Figures 3-5 and 3-6, the adjustment

factor approaches 1 for IMs greater than 0.2g. This illustration is in agreement with the assumption

that as the seismic intensity increases, the participation of nonstructural elements decreases;

therefore elongating the fundamental period.

Figure 3-6: Variation of Adjustment Factor with Sa (RCMRF)
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3.3.3 Steel Moment Resisting Frames

Table 3-6: SMRF Analysis (With Participation of Both Lateral and Gravity System)

Station Stiffness Property
Period
(TETABS) Direction

Ratio
(TSID/TETABS)

12299 Panel Zone Offset = 0 1.10 Transverse 0.57
Panel Zone Offset =
0.5 1.011 Transverse 0.62
Panel Zone Offset = 1 0.94 Transverse 0.67

54388 Panel Zone Offset = 0 1.15 Transverse 0.23
Panel Zone Offset =
0.5 1.146 Transverse 0.23
Panel Zone Offset = 1 1.15 Transverse 0.23

Table 3-7: SMRF Analysis (Without Participation of Gravity System)

Station Stiffness Property
Period
(TETABS) Direction

Ratio
(TSID/TETABS)

12299 Panel Zone Offset = 0 1.13 Transverse 0.56
Panel Zone Offset =
0.5 1.048 Transverse 0.60
Panel Zone Offset = 1 0.97 Transverse 0.65

54388 Panel Zone Offset = 0 1.15 Transverse 0.23
Panel Zone Offset =
0.5 1.146 Transverse 0.23
Panel Zone Offset = 1 1.15 Transverse 0.23

Each building was analyzed to determine the level of participation that the gravity system plays in

the determination of the natural period of each building. In the case of the 4-story and 2-story

buildings (Stations 12299 and 54388), the gravity elements or the elements with fully pinned

connections did not participate much in the determination of the natural period. As a result, the

values of the periods with the participation of the stiffness of the gravity system shown in Table

3-6 has less than five percent difference in the period as opposed to the analysis excluding the
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participation of the gravity elements in Table 3-7. It was determined that the participation of the

gravity system is insignificant. As a result, the natural periods provided in Table 2-6 will be used

for the further analysis of the SMRF buildings.

Figure 3-7: Variation of Adjustment Factor with Period (SMRF)

Figure 3-8: Variation of Adjustment Factor with PGA (SMRF)
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Figure 3-9: Variation of Adjustment Factor with Sa (SMRF)
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3.3.4 Adjustment Factor

In the interest of this research study, a generalized adjustment factor was generated for each

structural system based on the average of adjustment factors for conventional designs.  As a result,

the application of an adjustment factor to natural period provided in computational models are

necessary to achieve an accurate depiction of the economic loss a building will experience during

ground shaking.  It is recommended that that the adjustment factors noted in Table 2-8 be used.

Table 3-8: Adjustment Factors

System RCW RCMRF SMRF
Adjustment Factors
for TETABS 0.9 TETABS 0.7 TETABS 0.6 TETABS

An adjustment factor can also be applied to estimate actual drift values. Using the natural period

derived from a computational model, the adjusted period, and the response spectrum to determine

the Sa for both periods, lateral drift can also be derived based on the design spectral response

,
(3-2)

Subsequently, the adjustment factor (αδ) is determined by:

(3-3)

Accordingly, (αδ) can be applied to the drift determined through computational analysis to aid in

the determination of actual loss.
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CHAPTER 4:

4 CONCLUSION

This study is focused on utilizing building modal parameters, assessed via system identification

techniques, for engineering applications. The previous chapters have addressed the estimation of

natural periods and damping ratios for several buildings types using system identification. Four

methods of system identification were examined to determine the most efficient and accurate

methods of system identification using the SMIT Toolsuite (Chang et al., 2012). The SRIM method

was then determined to be the prime method of estimation for the natural periods and damping

ratios of our database of CSMIP buildings. These estimated parameters were then compared to

existing expressions for modal parameters that were derived in previous studies.

Of the ninety-one buildings examined, seven buildings were modeled in ETABS to examine the

discrepancies between natural periods estimated using computational analysis and that estimated

based on recorded seismic excitation with system identification. The ratios of the periods

determined through system identification and ETABS were then used to provide period and

stiffness adjustment factors for the refinement of current methods of loss estimation.

4.1 ANALYSIS OF NATURAL PERIODS AND DAMPING RATIOS

The estimation of natural periods was found to be a stable parameter and was consistent across

system identification methods. The natural periods estimated in this study displayed similar trends

to that of previous research studies. As anticipated, the periods increased with height, as well as,

with intensity of the ground motion. It was found that the code formula for the approximation of
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periods was adequate for most structural types when only the building height and LFRS is known.

The general coefficients (Ct = 0.02 and x = 0.75) was not adequate for EBF, RCTUW, URM, and

WOOD buildings.

Damping ratios have been proven to be generally in agreement with previous research studies. The

high variability of damping values prevents the determination of a deterministic value for each

structural system. Generally, for low- to mid-rise buildings, a clear trend cannot be detected. As a

result, the average of the values might be a crude, but practical method to assess the damping

values for each structural type.

Previous studies have shown that damping usually decreases with the increase in period, which is

reflected in most expressions for the determination of damping (Table 3-1). It should be noted that

some expressions of previous studies were not based on the same database of buildings, where

most were built outside of the United States, and using other methods of excitation, such as ambient

vibration. These variables, among others, can cause differing results for buildings that seem very

similar. At this time, we can conclude that damping is consistent across low- to mid-rise buildings,

and providing an average damping value is adequate. Further research is necessary to investigate

mid- to high-rise buildings to gain a better understanding of the behavior of these modal

parameters.

4.2 DEVELOPMENT OF FUNDAMENTAL PERIOD ADJUSTMENT FACTORS

It was determined that the absence of nonstructural elements and other attachments (e.g., partitions

and cladding, etc.) from the computational models result in overestimation of the period of the

structure. Alternatively, if foundation flexibility is not taken into account in the computational
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model, the resultant period will be shorter than the actual period of the building. In an effort to

maintain the current industry modeling practices, adjustment factors for the fundamental period,

stiffness, and drift were derived.

Adjustment factors were provided for three structural types, RCW, SMRF, and RCMRF, which

are 0.9, 0.6, and 0.7, respectively. The application of these factors provides a practical and simple

approach to determining the actual building response, and can be directly applied to the estimation

of economic loss.

4.3 FUTURE WORK

In several instances of our analysis, it is seen that a lack of data prevents the identification of

relationships between natural periods, damping ratios, and other building characteristics. In most

cases, there is a lack of buildings within a specific LFRS group. In that case, it is impractical to

draw generalized conclusions about the behavior of a structural system based on the behavior of 2

or 3 buildings. In other instances, there is a lack of data ranging from mid- to high-rise buildings.

As a result, the continued estimation of natural periods and damping ratios is necessary to provide

regression formulas for the estimation of these parameters for each type of LFRS.



81

REFERENCES

1. ACI Committee, American Concrete Institute, and International Organization for

Standardization, 2014. Building code requirements for structural concrete and

commentary, ACI 318-11, American Concrete Institute.

2. Amanat, K. M., & Hoque, E. (2006). A rationale for determining the natural period of RC

building frames having infill. Engineering Structures, 28(4), 495-502.

3. Apostolakis, G., Qu, B., Ecemis, N., & Dogruel, S. (2007). Field reconnaissance of the

2007 Niigata-Chuetsu Oki earthquake. Earthquake Engineering and Engineering

Vibration, 6(4), 317-330.

4. ASCE-American Society of Civil Engineers (2010). Minimum Design Loads for Buildings

and Other Structures (ASCE/SEI 7–10). American Society of Civil Engineers: Reston,

VA.

5. Bentz, A., & Kijewski-Correa, T. (2008). Predictive models for damping in buildings: the

role of structural system characteristics. In Proceedings of the 2008 Structures Congress,

18th Analysis and Computation Specialty Conference, Vancouver, Canada.

6. Bernal, D. (1994). Viscous damping in inelastic structural response. ASCE Journal of

Structural Engineering, 120(4): 1240-1254.

7. Bernal, D., Mozaffari Kojidi, S., Kwan, K., Döhler, M. (2012). Damping identification in

buildings from earthquake records. SMIP12 Seminar on Utilization of Strong-Motion Data,

p. 39 - 56.



82

8. Brandow, G., Carpenter, L., Cochran, M. B. L., Hart, G. C., Huang, S. C., Lew, M., ..., and

Somerville, P., 2014. An Alternative Procedure For Seismic Analysis And Design of Tall

Buildings Located in The Los Angeles Region, Los Angeles, CA.

9. Chang, M., Leonard, R.L., Pakzad, S.N. (2012). Structural Modal Identification Toolsuite

(SMIT). Lehigh University.

10. Chang, S. E., Shinozuka, M., & Svekla, W. (1999). Modeling post-disaster urban lifeline

restoration. In Optimizing Post-Earthquake Lifeline System Reliability (pp. 602-611).

ASCE.

11. Chen, C. W., Huang, J. K., Phan, M., & Juang, J. N. (1992). Integrated system

identification and state estimation for control of flexible space structures. Journal of

Guidance, Control, and Dynamics, 15(1), 88-95.

12. Chopra, A.K (2012). Dynamics of structures. Fourth Edition. Prentice Hall.

13. Cimellaro, G. P., Reinhorn, A. M., & Bruneau, M. (2006, April). Quantification of

seismic resilience. In Proceedings of the 8th US National Conference on Earthquake

Engineering. Presented at the 8th US National Conference on Earthquake Engineering,

San Francisco, California, USA (p. 10).

14. Cole, E. E., Tokas, C. V., & Meehan, J. F. (1992). Analysis of recorded building data to

verify or improve 1991 Uniform Building Code (UBC) period of vibration formulas.

Proc. SMIP92. Strong Motion Instrumentation Program, Division of Mines and Geology,

California Department of Conservation. Sacramento, Calif.

15. Davenport, A. G., & Hill-Carroll, P. (1986). Damping in tall buildings: its variability and

treatment in design. In Building motion in wind (pp. 42-57). ASCE.



83

16. Fang, J. Q., Jeary, A. P., Li, Q. S., & Wong, C. K. (1999). Random damping in buildings

and its AR model. Journal of Wind Engineering and Industrial Aerodynamics, 79(1),

159-167.

17. Federal Emergency Management Agency (FEMA), 2012. Seismic Performance

Assessment of Buildings Volume 1 – Methodology, Tech. Rep. P-58-1, Washington, D.C.

18. Ghrib, F., and Mamedov, H., 2004. Period formulas of shear wall buildings with flexible

bases, Earthquake engineering & Structural Dynamics, 33(3), 295-314.

19. Goel, R., Chopra, A.K. (1997). “Period formulas for moment-resisting frame buildings”.

Journal of Structural Engineering; 123(11): 1454 – 1461.

20. Goel, R., Chopra, A.K. (1998). “Period formulas for concrete shear wall frame

buildings”. Journal of Structural Engineering; 124(4): 426 – 433.

21. Hampton, S. D., Lee, J. S., Tolbert, N. L., McLaren, T. M., Navarro, C. M., Myers, J. D.,

... & Elnashai, A. S. (2008, December). MAEviz: bridging the time-from-discovery gap

between seismic research and decision making. In eScience, 2008. eScience'08. IEEE

Fourth International Conference on (pp. 414-415). IEEE.

22. Hatzigeorgiou, G. D., and Kanapitsas, G., 2013. Evaluation of fundamental period of low‐
rise and mid‐rise reinforced concrete buildings Earthquake Engineering & Structural

Dynamics, 42(11), 1599-1616.

23. Hong, A. L., Betti, R., and Lin, C. C., 2009. Identification of dynamic models of a building

structure using multiple earthquake records, Structural Control and Health Monitoring,

16(2), 178-199.



84

24. Hong, L. L., & Hwang, W. L. (2000). Empirical formula for fundamental vibration

periods of reinforced concrete buildings in Taiwan. Earthquake engineering & structural

dynamics, 29(3), 327-337.

25. Jeary, A. P. (1997). Damping in structures. Journal of Wind Engineering and Industrial

Aerodynamics, 72: 345 – 55.

26. Jeary, A.P. (1986). “Damping in tall buildings – a mechanism and a predictor”.

Earthquake Engineering and Structural Dynamics; 14: 733 – 750.

27. Juang, J. (1997). Identification of linear structural systems using earthquake induced

vibration data. Journal of Guidance, Control, and Dynamics, 20(3): 492-500.

28. Juang, J. N. (1997). System realization using information matrix. Journal of Guidance,

Control, and Dynamics, 20(3), 492-500.

29. Juang, J. N., & Pappa, R. S. (1985). An eigensystem realization algorithm for modal

parameter identification and model reduction. Journal of guidance, control, and

dynamics, 8(5), 620-627.

30. Juang, J. N., Phan, M., Horta, L. G., & Longman, R. W. (1993). Identification of

observer/Kalman filter Markov parameters-Theory and experiments. Journal of

Guidance, Control, and Dynamics, 16(2), 320-329.

31. Koçak, A., & Yιldιrιm, M. K. (2011). Effects of infill wall ratio on the period of

reinforced concrete framed buildings. Advances in Structural Engineering, 14(5), 731-

743.

32. Kwon, O. S., & Kim, E. S. (2010). Evaluation of building period formulas for seismic

design. Earthquake Engineering & Structural Dynamics, 39(14), 1569-1583.



85

33. Lagomarsino, S. (1993). Forecast models for damping and vibration periods of buildings.

Journal of Wind Engineering and Industrial Aerodynamics, 48(2), 221-239.

34. Lee, L. H., Chang, K. K., & Chun, Y. S. (2000). Experimental formula for the

fundamental period of RC buildings with shear-wall dominant systems. The Structural

Design of Tall Buildings, 9(4), 295-307.

35. Li, Q. S., Liu, D. K., Fang, J. Q., Jeary, A. P., & Wong, C. K. (2000). Damping in

buildings: its neural network model and AR model. Engineering Structures, 22(9), 1216-

1223.

36. Luş, H., Betti, R., Longman, R. W. (1999). Identification of linear structural systems

using earthquake induced vibration data. Earthquake Engineering and Structural

Dynamics, 28:1449-1467.

37. Memari, A. M., Aghakouchak, A. A., Ashtiany, M. G., and Tiv, M., 1999. Full-scale

dynamic testing of a steel frame building during construction, Engineering Structures,

21(12), 1115-1127.

38. Poovarodom, N., and Charoenpong, K., 2008. Identification of Dynamic Properties of

Low-Rise RC Building by Ambient Vibration Measurements During Construction, in

Proceedings, 14th World Conference on Earthquake Engineering, 12–17 October, 2008,

Beijing, China.

39. Sasaki, A., Suganuma, S., Suda, K., & Tamura, Y. (1998). Full-scale database on

dynamic properties of buildings-Frequency and amplitude dependencies of buildings. In

Proc., Annual Meeting of the Architectural Institute of Japan (AIJ) (pp. 379-380).



86

40. Satake, N., Suda, K. I., Arakawa, T., Sasaki, A., & Tamura, Y. (2003). Damping

evaluation using full-scale data of buildings in Japan. Journal of structural engineering,

129(4), 470-477.

41. Skolnik, D., Yu, E., Wallace, J., & Taciroglu, E. (2007). Modal System Identification &

Finite Element Model Updating of a 15-story Building using Earthquake & Ambient

Vibration Data. In Structural Engineering Research Frontiers (pp. 1-14). ASCE.

42. Schneider, P. J., & Schauer, B. A. (2006). HAZUS—its development and its future.

Natural Hazards Review, 7(2), 40-44.

43. Spence, S., Kareem, A. (2014). Tall Buildings and Damping: A Concept-Based Data-

Driven Model. J. Struct. Eng., 140(5): 04014005.

44. Tamura, Y., & Yoshida, A. (2008). Amplitude dependency of damping in buildings. In

Proceedings of the 18th Analysis and Computation Speciality Conference (Vol. 315).

45. Tralli, D. M. (2000). Assessment of advanced technologies for loss estimation.

Multidisciplinary Center for Earthquake Engineering Research, University at Buffalo

46. Van Overschee, P., & De Moor, B. (1994). N4SID: Subspace algorithms for the

identification of combined deterministic-stochastic systems. Automatica, 30(1), 75-93.

47. Van Overschee, P., & De Moor, B. L. (2012). Subspace identification for linear systems:

Theory—Implementation—Applications. Springer Science & Business Media.

48. Wyatt, T. A. (1977, May). Mechanisms of damping. In Proceeding of a Symposium of

Dynamic Behavior of Bridges at the Transpor and Road Research Laboratory,

Crowthorne, Berkshire, England, May 19, 1977. (No. TRRL Rpt. 275 Proceeding).

49. Zhang, Z., & Cho, C. (2009). Experimental study on damping ratios of in-situ buildings.

World Acad Sci Eng Technol, 50, 614-618.



87

APPENDIX A: SYSTEM IDENTIFICATION SUMMARY
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APPENDIX B: ETABS MODELS
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Station 12284

Building: Palm Desert - 4-story Office Bldg

Building Type: Precast element system in conjunction with RC walls around elevator near center of plan
and around stairs at each end wall.

Number of floors with Sensors: 3
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Station 12299

Building: Palm Springs - 4-story Hospital

Building Type: Steel moment frames

Number of floors with Sensors: 4
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Station 23287

Building: San Bernardino - 6-story Hotel

Building Type: San Bernardino - 6-story Hotel

Number of floors with Sensors: 3
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Station 24322

Building: Sherman Oaks - 13-story Commercial Bldg

Building Type: Moment resisting concrete frames in both directions for the upper stories; concrete shear
walls in the basements.

Number of floors with Sensors: 5
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24322_13Story_ShermanOaks0.7_0.9.EDB 3-D ViewStation 24322: Sherman Oaks 13-Story Commercial Building
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Station 24463

Building: Los Angeles - 5 Story Warehouse

Building Type: Ductile reinforced concrete perimeter frame and basement shear walls

Number of floors with Sensors: 4
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Station 24571

Building: Pasadena - 9-story Commercial Bldg

Building Type: Reinforced concrete slab-column system providing moment resistance; beam-column
system at the core of each floor

Number of floors with Sensors: 5
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Station 54388

Building: Bishop - 2-story Office Bldg

Building Type: Transverse direction: steel columns and trusses connected to provide moment resistant
frames. Longitudinal direction: steel rod x-bracing in exterior walls

Number of floors with Sensors: 3
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