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ABSTRACT OF THE THESIS

Estimation of Natural Periods and Damping Ratios for Buildings

By
Angie Angelique Harris
Master of Sciencein Civil Engineering
University of California, Irvine, 2016

Associate Professor Farzin Zareian, Chair

This study is amed at assessing modal parameters (e.g. natural periods and damping ratios) of
existing buildings throughout California using system identification techniques. The data
accumulated isthen analyzed to provide generalized rel ationships between these modal parameters
and building characteristics. The main focus has been on engineering applications, and addressing
guestions by the engineering community about building modal properties and how they are used

to proportion structural components and seismic |0ss assessment.

Thefirst part of this thesis discusses the estimated modal parameters for ten lateral force resisting
systems. Correlations between the natura 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

Xi



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

discrepanciesin estimated lateral drift, and ultimately loss estimation.

Xii



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 a., 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 alows 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 a., 2007; Trali, 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 |ateral
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

1



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 islarge 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 1oss.

Performance-Based A ssessment 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 natura periods

and damping ratios for the determination of building loss.



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

Severa researchers have utilized system identification techniques to estimate natural periods to
aid in the assessment of existing buildings and to eval uate the effectiveness of existing code period
formulas. Cole et a. (1992) estimated the natura 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 a. (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



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) evauated the fundamenta 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 buildingsin Taiwan and determined that
the identified periods are less than that predicted in the UBC. Contrary to most studies, Lee et a.
(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 natura 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



stiffness. This additional lateral stiffnessisthe 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 comparabl e 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 wallsin SAP 2000, determining that there is as much as 45 percent
changein period for buildings modeled with infill as opposed to bare frames. Skolnik et a. (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 abuilding. Poovarodom and Charoenpong (2008) and Memari (1999) investigated the
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progression of the fundamenta 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 elementsincreased, 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
Loadsfor 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 equivaent 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 Tal Buildings Structura 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 Latera 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 isonly
based on known building mass and stiffness. As previously discussed, stiffness is not aways
clearly defined. Consequently, Rayleigh damping has resulted in unredlistically large and

unconservative values.



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 amyriad 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
thisratio is the critical point at which the damping begins to decrease. Thisideal 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.



1.2 SCOPE OF THESISAND 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 periodsto aid in the determination of lateral drift for [oss 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.



CHAPTER 2

2 ESTIMATION OF PERIODS AND DAMPING

21 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 formulasfor 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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22 METHODOLOGY

2.2.1 System Identification

Four Single Input Multiple Output methods were investigated including the Eigensystem
Redlization Algorithm with the Observer/Kaman filter — Input Output (ERA-OKID-10), Auto-
Regressive model with eXogenous terms (ARX), System Realization using Information Matrix
(SRIM), and Numerical algorithmsfor Subspace State Space System Identification — Input Output

(N4SID-10) method.

Generaly, system identification methods are based on a state space model, where dynamic systems
are represented by first order differential equations:

Xq = AX, + Bu,
Y, =Cx, +Du,, (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 moda parameters of a system can be estimated based on the coefficient
matrices [A, B, C, D].

The Structura 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 asameans 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 I dentification (ERA-OKID)
M ethodology

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 methodol ogy, 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:

X, = A%, + Bu,

Y, =Cx +Du, (2-2)
Where constant matrices A, B, C, and D are constructed such that the measurement, vy, is
reproduced based on the input, uk, and state, xx, of the system. From these matrices, a Hankel

matrix can be compiled of the system pulse response parameters, known as Markov parameters.

Y, Yo o Yeia CAB CA*B ... CA“'B

Yk+2 e Yk+i B CAk+lB CAk+ZB . CAk+i B (2-3)

Y
Hk)=|
Yejr Uk+p) - Yji.] |[CAYB CA“B ... CA“B

Where i and | are integers that determine the size of the Hankel Matrix. Through the use of the
singular value decomposition (SVD)

S ofv/] (2-4)
H()=UzV' =[u, UZ{O o}{va}:UISVlT
where U and V are the unitary matrices, and X contains the singular values of H(0). The number
of non-zero singular values provides the order of the system. From the SV D, the system matrices

are determined as

A=SYUH@QV,S™?, (2-5)
B=S"A/E,, (2-6)
C=E/U,S" (2-7)
where E, =[l,, 0 0 - O] andEmaredefined analogously. Themodal 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 OKI1D modifiesthe
ERA methodology. The ERA-OKID method involvesthe 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

X, = AX, +BU, (2-8)
Y, =Cx +Du,
where
A=(A+MC), B=[(B+MD), (-M)],

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

is chosen so that A ~ CA“B ~ Ofor k=p, where p is chosen such that is sufficiently large enough

for the stabilization to occur.

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

system as follows:
Vs = Vot v @9

o (g+m)(I-1)+m] ¥ [(g+m)(1-1)+m]xI

where
y=[y©) - y(p) - y(-1)]
V=|D CA CAB .. cA"'g|

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

U u® u@ - upE) oul) ] (2-10)
v v@ - v(p-1) - v(-1)
V= v(iO) - v(p-2) --- V(-2
i V(.O) V(l—.p—l)_

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

determining the least-squares solution to Equation 2-9, M =YV' (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:
Y, =CA“B, (2-11)
YO =CAM, (2-12)
The combined Markov parameter isformulated as
R=l¥ Y] (2-13)

where the Hankel Matrix is then created. The genera ERA method can then be utilized to
determinethe 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 eXogeneousterms (ARX)

The ARX methodology isaspecialized Autoregressive Moving Average method with eX ogeneous
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 isformulated as

X1 = A%+ BU + W,

Yi = CX +Vy (219

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:
AG )Y, =B(a )y, +C(a e, (2-15)
where

Ag)=1,+Aq +--+A g™
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B(g")=Bg +-+B,q™
C(qil) =1 P + Clq71 teo-+ C:ncc‘rnc

Where g isabackward shift calculator ((q)y,= Y,,), lpisapp 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

X1 = A% +Bu, + AK e,

n 2-16
Y =CX +€ ( )

where X is the best estimate of the state and & is the residual, which is the difference of the
predicted Cx, and the actual measurement, yk. When the last two equations are combined one
obtains the a priori state

%, =Al, —K.C)X« +Bu, +AK,y, (2-17)

The Kaman filter stabilizes and converges to its steady-state value independent of the initia
conditions chosen. The a priori estimate is obtained with the inclusion of the Kalman filter gain,

the output is formulated through the following equation:

y, = CAKy, , +CAAKy, , +---+C A" *AKy, ,, (2-18)
+CBu, , +C ABu, , +---+CA""'Bu, ,,
+e, +CAX,

Mo Mo e (2-19)
Y = E C AA™KYy, ; + E C A By, +e, +C A" X
i=1 i=1

where
“A=A(l,-KC)

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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S i-1 S i-1 “AM S (2-20)
Y, — > CAATKy,, => CA™'By,, +e +C A",

i=1 i=1
Which now becomes a specialized version of the ARMAX formula, where the moving average

term becomes the identity matrix, lp. From this equation, arecursive least squaresfilter is utilized

to determine the ARX coefficient matrices:
S=[cAK, CAAK, ., CAYIAK] (2-21)
s, =|cB, CAB, -, CA"B] (2-22)

These matrices are the system Markov parametersfor the filter system that are driven by the output
and input, respectively. Matrices S; and S can be used to create two respective Hankel Matrices,
where therealizations 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 al in the same
coordinates. As aresult, matrix A’ is diagonalized, matricesB’, 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:

x(k +1) = Ax(K) + Bu(k) (2-23)
y(k) = Cx(K) + Du(k)

Thereisan integer p chosen such that p=(n/m)+1 where nisthe 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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y(k) | [ C ] D T uk) ] (2-24)
y(k +1) CA CB D u(k +1)
y(k+2) |=| CA* |x(k)+| CAB CB D u(k +2)
Ly(k+p-1)| [CAP?] CA"?B CA"*B CA"“B .- D |u(k+p-1)
where
y(k) ] - C ]
y(k +1) CA
Yo (K) =] y(k+2) O, =| CA?
L y(k+p-1)] [CA™ |
D T u(k)
CB D u(k +1)
T,=| cAB  CB D u,(K)=| u(k+2)
|CAP2B CA"°B CA"“B .- D Lu(k+ p-1)

Where we can obtain the following equation
Y, (K) =0, x(k) +T,u, (k) (2-25)

The O, matrix is the observability matrix and the T, matrix is the Toeplitz matrix. In order to

determine Op and Tp, the Equation 2-25 must be expanded as the following:
Y, (k) =0, X(k)+T U (k) (2-26)
where
X(K)=[x(k) x(k+1) - x(k+N-1)]

Y, (k) =y, (k) y,(k+1) - y,(k+N-1)]
y(k)  yk+l) - y(k+N-1)

Y, (K) = y(k:+1) y(k:+2) y(k:+N)

y(k+p+1) y(k+p) - y(k+N-2)
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U, (K)=u,(k) uy(k+D) - u(k+N-1)]
u(k) uk+1) -+ u(k+N-1)

U~ u(k:+1) u(k:+2) u(k?LN)

uk+p+1) ulk+p) - ulk+N-2)

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:

R, =/ N)Y,(K)Y, (k) R, =@/N)Y,(kU;(K)
R,=@/NU (KU (k) R,=@/N)X (kU (k) (2-27)
Ry =@/ N)X (K)X[ (k) R, =(@/N)Y,(K)X; (k)

Equation 2-26 can be postmultiplied by U,"(K) and divided by N to produce:
R,=0,R,+T.R, (2-28)
If Rut exists then:
T,=[R,-O,R, R (2-29)
Similarly, Equation 2-26 be postmultiplied by Y,'(K) and divided by N to produce:
R, =0,R +T,R}, (2-30)
and postmultiplying Equation 2-26 by X,'(k) and divided by N to produce:
R,=0,R,+T.R}, (2-31)
If Equation 2-29 is substituted into Equation 2-30 and 2-31, for Ryx then Equation 2-30 produces
R, - RuRuR, =0;R,0; ~O,R,R,R,O; (2-32)
If the following are defined as
Rn=R,- RyuRJulR;/ru (2-33)

and
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IEixx = Rxx - R(URL:L}RIU (2-34)
Then Equation 4 is
Rin=0,R,0} (2-35)

Matrices A and C can then be computed using the SVD of Ranwhere
2 T (2-36)
th:UZZUT:[Un U0 Zn O U:' :UnZZUT
0 0|U, "
If Equation 4 is combined with Equation 6, the following is produced

Ry, =0,R,01 =U, 22U (2-37)

n—n n?'
where

O, =U

p n

If the case arises where there are not any singular values that become zero due to noise and
uncertainties in X, a partial decomposition method must be utilized, where Run[;,1:(p-1)m] is
decomposed. The Op can be shifted into the following form

CA C (2-38)
CA? CA
O, (m+1: pm;:)=| CA® |=| CA® |A=0O,[1:(p-1)m;:]A

CAP*| |CAP?
Thus A can be calculated by
A=0,[1: (p-)m:]O}[1: (p—1)m,] (2-39)

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

the first mrows.

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

determined as
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CB C

TIMm+L(p-ml:r] = C:AB = C:A B=0p[l:(p-1)m:]B (2-40)
CA?ZB cAp*Z
Matrix B can then be calculated as
B=OJ[1:(p—)m:JT[m+1L(p-1)ml:r] (2-41)

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

through
U —U D (2-42)
0T — ~0n B
or
D (2-43)
O, =0, B

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

eguation
y, (0) = DO (2-44)
where
[ C U, (0) 0
CA U_Q) CU.(0)

CA> U_(2) CAU, (0)+CU_ ()

: : - :
CA"™ U_(N-1) > CA" 2 (0)

k=0
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x(0)
®=| d
b

Fromtherealization of [A,B,C,D], the eigenval ues and el genvectors 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.

2.21.4 Numerical Algorithm for Subspace State Space System | dentification (N4SI D)

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 isthe 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 formul ated as the following

X1 = AX, +Bu, +w,

Y, =Cx, +Du, +V, (2-45)
where
X =X %
Ve =Yi + Y

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

S S 2' 6
o gy 2pe o
Vk (SS)t RS

The deterministic subsystem is represented by the following equations
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xJ, = Ax{ + Bu, (2-47)
yd =Cx! + Du,
The x«+1 can be substituted into y« where you obtain the following equations

Y (k) =T X, +HidUi

X, =AX®+ AU, (2-48)
where
f e
CA
r=ca| , A=[A'B ... AB B]
_CAi_l_
" Db -
CB D
H'=| cAB CB D CXC =[x X
|ICA™?B CA™B CA™B - D
_uo u U e uj—l_ _yo Yi Y. - yj—l_
u u U - uj—2 Y1 Y, Y; yj—z
Ugpia=| U U Uy - U | Yo5=|Y> Ys Ya - Yz
(U U Uy e Uy | Y Yo Yo o Vi

The stochastic subsystem is represented by the following equations
X = AXE 4 W,
(2-49)

Ye = CX; +V,

The covariance between the input and output datafrom Equations 2-49 is shown with thefollowing

formulas

P* = E[x3(x¢) |= AP°A + Q° (2-50)
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G*=E[x(y))' |= APC! + 5° (2-51)
A=E|ys(yp)|=cPC +R® (2-52)

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

cross-covariance matrices are the following

A?:[AHG - AG G] ,st(k)=[xis Xoy oo Xis+j—l]

AO A . Ai—l
Lo =E[Y,, Y0 ]= Af A:° Azl g
A.Fl ALZ Ag
A A A,
HiS:E[YO/iYitIZi—l]: A;Hl AI A;2 =LA
A2i—1 A2i—2 Ai

The past and future inputs are denoted by Uoi-1 and Uizzi-1, respectively. Similarly, the past and
future output are denoted by Yoi-1 and Yiri-1. The matrix input and output equations due to the

deterministic and stochastic subsystems become

Yora =T X +H gy +Yoia, (2-53)

Y1 =X +HU 50 + Y00 (2-54)
And

X =AXg+AU, (2-55)

Oblique projections are utilized to transform the future output, Yisi-1, onto the past and future
inputs, and the past outputs, Uoi-1, Uiri-1 and Yoi-1, respectively. The projections aid in the
simplification of the computational effort. A block Hankel matrix is derived by

(U om_lJ
H = Yoiia
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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

[ Ugis | [Ra __QlT | (2-56)
Ui Ry, Ry Q
Uiz _ Ry R Ry Q;
Yoiia R:; R, Rs Ry Q,
Yo R, R, Rs Ry Ry 5
| Yazia] [Re Re Re Ru Rs Re Q)

The projection of the future outputs onto the past and future inputs and the past outputs are
determined by

Ugia (2-57)
= [L|l Li2 I-? Uiz
Yoria
Ui (2-58)
Z 1 = [L'l 1 L'21 L'31 U, 1/2i-1
1+ UO/I 1+ 1+ 1+ I+ |
Yoii

U i+1/2i-1

Yoi
where
L =G(A-QTIS(RY)+AI-QH/),
L =H"T[A -QLIS(R™), and
L=rQ

The projections Z; are used to create new state space equations

24



Zi+1 = 1Hifl)A(‘ + Hid—1Ui+1/2i—1 (2-59)

The Singular Vaue Decomposition is performed on the portion of Z; that contains the past inputs

v s Yona | % 0], (2-60)
N o TS i’

Where the system order is determined by the number of nonzero singular values in Z1. The

and outputs

observability matrix I'j can be determined since it has the same number of column space at L
L :Ulzilz and I, :leilz

Where the underlined val ue represents the augmented matrix whose last row is deleted. Due to the
projections, the system can then be described as alinear system, where Z;+1 can be found dueto Z

using the general Kalman filter equations
Xin= A>A<i +BU;; + K (Y, _C)zi —-DU;;)

Y, =C>A<i + DU, + (Y, _C;(i -DU,;) (2-61)
where e = (Y, —CX, —DU, ), which is the residual.

From Equations 2-61) and Equations 2-59 the following system of equationsis determined

~ U....

A A . B 0/2i-1
Xin = X+ Ui+ 4
Y C D R

U.,..
r'z Al. [K ozt
|: |¢ |+1:|=|:C:|Xi +|:K12:|Ui/i + Zi
i/i 22

L (2-62)

1

x>

We now have alinear equation in which the least approximation can be used

{ELZM} _ [A Ky }{ FiTZi }
Yo C Ku]Uiaa
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The system matrices, A, B, C, D, @°, S, and R® 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 accel erometer 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 |
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. Asaresult, it was decided that SRIM would be used

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

2.3 RESULTSAND 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

Generdly, it was shown that regardiess 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. Asthe
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. Thistrend 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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Chopra (2012) suggeststhat theratio of the beam to column stiffness dictates, not only the building
response behavior, but aso 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 2" 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 2" mode periods, which cause further variability in the ratio of the 2"
mode period to the 1% 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 2" 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.

0.5
*PGA<0.01
0.4 ¢ 0.01<PGA<0.05
3 ‘ o
t o #0.05<PGA<0.1
$8s 3 $.
0.3 p< ’ © 0.1<PGA<0.2
— “ ‘ i
g . ‘e #PGA>0.2
F o2 %,
0
0.1
0.0
0 100 200 300 400 500 600 700 800 900

Building Height (ft)

Figure 2-11: Variation of Period Ratio with Height (RCW)
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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 devel oped 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

T,=Ch (2-64)

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

shown in Table 2-21.
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Structure Type G X

Moment resisting [rame systemns in which the frumes resist 100% ol the required seismic force
and are nol enclosed or adjoined by components that are more rigid and will prevenl the Irames
from deflecting where subjected to seismic forces:

Sleel moment-resisling [rames 0.028 (0.0724)° 0.8

Concrete moment-resisling Irames 0,016 (L0466)° 0.9
Steel eccentrically braced frames in accordance with Table 12.2-1 lines B1 or D1 (.03 (0.0731)* 075
Stes| buckling-restrained braced frames 0.03 {00731y 075
All other structural systems 0.02 [0.0488)* 0.75

“Metric equivalents are shown in pareniheses.

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

As shown in Figures 2-22 through 2-31, when comparing the coefficient, C;, provided in the
ASCE/SEI 7-10 and that derived from the estimated periods of this study, one can see that the code
provided C: is generaly the average of the C; 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 C; 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 C: and
X parameters; whereas the remaining LFRS types have blanket C; and x parameters of 0.02 and
0.75, respectively. One can assume that these blanket parameters may not be applicable to al

remaining LRFS types.

In addition, the discrepancy in C: 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 C; to these systems. However, C: 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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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 WOQOD
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 {; to
building height. It is evident from the figure that estimation of the modal valuesis associated
with high level of variability. Nevertheless, the damping ratio, (1, of RCW, SMRF, and EBF
buildings decrease with height as observed in previous research (Satake et al., 2003; Berna et
a., 2012). The damping ratios of the remaining LFRS types remain constant due to the majority

of low-rise buildings within those building categories.
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Figure 2-32: Variation of First Mode Damping with Height (RCW)
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Figure 2-34: Variation of First Mode Damping with Height (RCMRF)
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Figure 2-38: Variation of First Mode Damping with Height (PCW)
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Figure 2-40: Variation of First Mode Damping with Height (URM)
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Figure 2-41: Variation of First Mode Damping with Height (WOOQOD)

When comparing the estimated damping ratios with suggested expressions given in Table 2-1, the
trends are in general agreement. Similarly, the damping ratio, {1, decreases with the increase in
natural period for the SMRF and CBF data sets (Figures 2-43 and 2-46), which is concurrent with
previous studies (Satake et a., 2003; Lagomarsino 1993; Zhang & Cho, 2009; Sasaki, 1998). This
trend could not be fully detected for the RCW, RCMRF, EBF, PCW, and RCTUW buildings
(Figures 2-42, 2-44, 2-45, 2-48, and 2-49, respectively). Regression expressions specifically
formulated for masonry structures are not available, which explains the lack of adherence of the
MAW, URM, and WOOD (Figures 2-47, 2-50, and 2-51, respectively) to the general expression

for damping ratios provided by Zhang and Cho (2009).
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Table 2-1: Damping Expressions from Previous Studies

Expression Source
¢, = 0.013 f; (Steel) Satake (2003)
¢, = 0.014 f; (Concrete)
' Lagomarsino (1993)

¢, =1.945+0.1951,777 Zhang & Cho (2009)

¢, =0.013 f, +0.0029 Sasaki (1998)
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Figure 2-42: Variation of First Mode Damping with the Fundamental Period (RCW)
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Figure 2-44: Variation of First Mode Damping with the Fundamental Period (RCMRF)
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Figure 2-46: Variation of First Mode Damping with the Fundamental Period (CBF)
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Figure 2-48: Variation of First Mode Damping with the Fundamental Period (PCW)
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Figure 2-51: Variation of First Mode Damping with the Fundamental Period (WOQOD)

Contrary to the suggestion by Satake et al. (2003), the results obtained in thisresearch indicate that
on average, the damping ratio of higher modes is smaller than the damping ratio of the first mode.
Berna et al. (2012) suggests that (»/{1is afunction 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 {» /{1 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 To/Ty ratio; small values of To/T1 (e.g. To/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 {>/(z with T2/T1. It is evident for most plots (Figures 2-52 through 2-61)
that there is a positive correlation between (/{1 with To/T1. Large T2/T1 represents dominance of

the shear mode of response to the total response and leads to further engagement of mechanisms
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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.
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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 Flexura vs. Shear Dominant
Response (RCMRF)
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Figure 2-55: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (EBF)
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Figure 2-59: Variation of Modal Damping Ratio to Contribution of Flexural vs. Shear Dominant
Response (RCTUW)
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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 dueto 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 aso to provide a practical approach in adjusting the fundamental
period and lateral stiffness of the computational model of abuilding'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 (Tsip/TeTags).

Table 3-1: Building Summary

CSMIP Floors Floors #of Primary

No. ID Name above below Sensors Plan Shape VSFRS
Palm Springs - 4-

1 12299 story Hospital 4 1 13 Rectangular SMRF
Palm Desert - 4-
story Office

2 12284 Bldg. 4 0 9 Rectangular RCW
Los Angeles 5-

3 24463 story Warehouse 5 1 13 Rectangular RCMRF
San Bernardino -

4 23287 6-story Hotel 6 0 9 Rectangular RCW
Pasadena - 9-
story
Commercial

5 24571 Bldg. 9 1 15 Rectangular RCMRF
Sherman Oaks
13-story
Commercial

6 24322 Bldg. 13 2 15 Rectangular RCMRF
Bishop-2-story

7 54388 Office Bldg. 2 0 13 Rectangular SMRF
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3.21 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 (l) for the RCMRF and RCW buildings were
provided inthe American Concrete Institute (ACI) 318-11 and the LATBSDC manuals (ACI 2011,
and Brandow et al. 2014). Using the ACI and LATBSDC, for beams, I« = 0.351g and 0.71g,
respectively; for columns, I« = 0.71g and 0.91g, respectively; shear walls, let = 0.351g and 0.75Ig,
respectively; and basement walls, |« = 1.01g, where lg isthe 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-10, Auto- ARX,
SRIM, and N4SID-10O 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



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 (Tsp/Terass). The following equation was used to
identify the adjustment factor’s relationship to both the natural periods and stiffness:

Adjustment Factor = Tso _ (3-1)

ETABS kS| D

3.3 RESULTSAND 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
. Period . . Ratio Period . . Ratio
Station (TeTaBs) Direction (Tsio/Tetass) | (TETABS) Direction (Tsip/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
. Period . . Ratio Period . . Ratio
Station (TetaBs) Direction (Tsip/TeTass) | (TeTABS) Direction (Tsin/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 playsin
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 increasein the period (Tetags).

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 natura 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 adissimilarity 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

isunusual 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
12284 is a conventional office building whose perimeter is comprised of concrete walls with only
aminima number of interior concrete shear walls designated in the model. Alternatively, Station
23287 isahotel that has several interior structural concrete walls designated in the computational

mode!.

Station 23287 is atypical and its stiffnessislarger than most conventional RCW buildings, causing
base flexibility to play alarger rolein the actual building behavior. A computational model, such
as ETABS, considers the base of a concrete wall as a fixed support. Therefore, as the number of
concrete walls that are designated in the model increases, the stiffness of the building will
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

apply (Grib and Mamedov, 2004). In the case of Station 23287, the superstructure is much stiffer
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than that of the surrounding soil, causing rocking to take place, taking on the behavior of apinned

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 is0.90 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
. Period : . Ratio Period . . Ratio
Station (TetaBs) Direction (Tsin/Tetass) | (TETABS) Direction (Tsin/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
. Period o Ratio Period L Ratio
Station (TeTaBs) Direction (Tsip/TeTaBs) | (TeTABS) Direction (Tsip/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  0.73 247 Transverse  0.66

Each building was analyzed to determine the level of participation that the gravity system playsin
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. Asseenin Table 3-4, the period is 1.83 and 2.15 seconds
for the LATBSDC and ACI scenarios, respectively, if we assumeal the elementsare 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 thisis the case, we can only cometo 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 dlab, 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 elementsin 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 3-5: Variation of Adjustment Factor with PGA (RCMRF)

In the analysis of RCMRF buildings, it was determined that the actua periods for RCMRF

buildings are heavily dependent on the stiffness of its nonstructural elements. In the case of Station
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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 S,, 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. Thisillustration isin agreement with the assumption
that as the seismic intensity increases, the participation of nonstructural elements decreases,

therefore elongating the fundamental period.
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Figure 3-6: Variation of Adjustment Factor with S; (RCMRF)
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3.3.3 Sted Moment Resisting Frames

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

Period Dir ection Ratio

Station Stiffness Property (TeTABS) (Tsip/TeTABS)
12299 Pand ZoneOffset=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 ZoneOffset=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)

Period Direction Ratio

Station Stiffness Property (TeTABS) (Tsin/TEeTABS)
12299 Panel ZoneOffset=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 ZoneOffset=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 playsin
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 elementsin Table 3-7. It was determined that the participation of the
gravity system isinsignificant. As aresult, the natural periods provided in Table 2-6 will be used

for the further analysis of the SMRF buildings.
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Based on the analysis of Station 12299, it is determined that the stiffness of the entire panel zone
of steel buildings must be taken into account. As shown in Figure 3-7, the adjustment factor for
Station 12299 increases from 0.60 and 0.70 when the offset of the panel zone increases from a
factor of 0to 1. However, the 2-story SMRF (Station 54388) remains at 0.23 even with the variance
of the stiffness properties. In the case of Station 12299, the period identified through system
identification is more closely related to the period provided in the computational model. Station
12299 is a typical SMRF where the lateral force resisting elements are the beams and columns.
On the other hand, Station 54388 has trusses, is not atypical SMRF, and its results are considered

anoutlier.

When comparing the adjustment factors for Station 12299 with respect to the IMs, PGA and S, of
each seismic event, it is seen that the adjustment factor remains constant even with theincreasein
IM (Figures 3-8 and 3-9). Asaresult, SMRF buildings maintain the stiffness from its nonstructural

elements at low-to-moderate ground shaking.
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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 factorsfor conventional designs. Asaresult,
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 isrecommended that that the adjustment factors noted in Table 2-8 be used.

Table 3-8: Adjustment Factors

System RCW RCMRF SMRF
Adjustment Factors
for Tetaes 0.9 Tetaes 0.7 Tetass 0.6 Terass

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 S for both periods, lateral drift can also be derived based on the design spectral response
S, =S, (3-2)

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

L I s Sp(Tn) (3-3)
Orrans S Trrans)

il

Accordingly, (as) can be applied to the drift determined through computational analysisto aid in

the determination of actual |oss.
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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 a ., 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 10ss estimation.

41 ANALYSISOF 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 (C; = 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
structura system. Generally, for low- to mid-rise buildings, aclear trend cannot be detected. Asa
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 asambient
vibration. These variables, among others, can cause differing results for buildings that seem very
similar. At thistime, 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.

42 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.

43 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 isimpractical 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 alack of data ranging from mid- to high-rise buildings.
As aresult, 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.
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APPENDIX B: ETABSMODELS
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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

CGS CSMIP-12284
Palm Desert - 4-story Office Bldg
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ETABS 2013 13.2.2

Station 12248: Palm Desert 4-Story Office Building
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Station 12299

Building: Palm Springs - 4-story Hospital
Building Type: Steel moment frames

Number of floors with Sensors: 4

CGS CSMIP-12299
Palm Springs - 4-story Hospital
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115

Station 12299: Palm Springs 4-Story Hospital
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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

CGS CSMIP-23287
San Bernardino - 6-story
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12z

Station 23287: San Bernardino 6-Story Hotel
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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

CGS CsMIP-24322
Sherman Oaks - 13-story Commercial Bldg
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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

CGS CSMIP-24463
' Los Angeles - 5-story Wareh
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13¢

Station 24463: Los Angeles 5-Story Warehouse
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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

CGS CSMIP-24571
@asadena - 9-story Commercial Bldg
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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

CGS CSMIP-54388
Bishop - 2-story Offic
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