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ABSTRACT

The research presented in this thesis focuses on analytical approximations for the time-
variant first-passage failure probability (FPFP) of linear elastic models of structural systems
subjected to stochastic excitations. The FPFP is defined as the probability that a response
quantity of an engineering system subjected to a dynamic stochastic loading outcrosses a
specified threshold within a given exposure time. The FPFP is an important and useful quantity
for many structural engineering applications.

The classical first-passage reliability problem is studied for linear elastic single-degree-of-
freedom (SDOF) and multi-degrees-of-freedom (MDOF) systems subjected to stationary and
nonstationary Gaussian excitations. The absolute and relative accuracy of several analytical
approximations available in the literature (i.e., the Poisson’s (P), classical Vanmarcke’s (cVM),
and modified Vanmarcke’s (mVM) approximations) are studied through an extensive parametric
study for SDOF systems. In addition, a new analytical approximation for the FPFP of linear
SDOF systems is developed. The new proposed approximation is verified by comparing its
analytical estimates of the failure probability with the corresponding results obtained using
existing analytical approximations and the importance sampling using elementary events (ISEE)
method for a wide range of oscillator properties and different types of input excitations. It is
found that the newly developed analytical approximation provides estimates of the time-variant
FPFP of SDOF systems that are significantly more accurate than the estimates obtained using the
P, cVM, and mVM approximations.

Real-valued and complex-valued modal analysis with modal truncation is used to study the
time-variant FPFP of MDOF subjected to stationary and nonstationary stochastic excitations. The
absolute and relative accuracy of the P, cVM, and mVM approximations as well as of the newly

developed approximation are studied for a select number of case studies. It is found that the

XV



newly proposed analytical approximation cannot be directly extended to the computation of the
FPFP of MDOF systems, while the mVM approximation appears to be more accurate than the

other existing analytical approximations.
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1 INTRODUCTION

1.1 MOTIVATION

Dynamic engineering systems are characterized by significant uncertainty in their properties
and randomness in their loading environment. Stochastic dynamics is a well-developed and
challenging research subject that continues to draw notable interest in many engineering areas. A
classical result sought in stochastic dynamics is the failure probability for the first-passage
reliability problem, commonly referred to as first-passage failure probability (FPFP). The FPFP
is defined as the probability that a response quantity of an engineering system subjected to a
dynamic stochastic loading outcrosses a specified threshold within a given exposure time. The
FPFP is an important and useful quantity for many structural engineering applications.

Many analytical and numerical studies have been devoted to the computation of the FPFP
[1-6]. However, to date, no exact closed-form solution of the FPFP is available even for the
simplest case, i.e., a single-degree-of-freedom (SDOF) linear oscillator subjected to Gaussian
white noise (WN) excitation with a deterministic failure threshold [3, 7, §].

Analytical approximations, such as the Poisson (P), classical Vanmarcke (cVM), and
modified Vanmarcke (mVM) approximations, are commonly used for the estimation of the FPFP.
Although these analytical approximations generally provide a good compromise between
accuracy and computational effort, they also present some deficiencies [4, 5]. In addition, very
little information is available on the accuracy of these analytical approximations for the case of
nonstationary processes [8]. Therefore, improvements of the analytical approximations of the
FPFP for a wide range of different conditions commonly encountered in structural engineering

problems are needed.



1.2 STOCHASTIC DYNAMIC ANALYSIS OF LINEAR SYSTEMS

The response of a structural system subjected to a ground motion excitation is, in general, an
uncertain quantity, since there is uncertainty in the input produced by the seismic event and in
the properties of the structure. In order to model this uncertainty, the concept of stochastic
process is very useful. In particular, the dynamic response of the structure at one instant of time ¢
can be modeled as a random variable, while the uncertain history of the response over a range of
time values can be modeled as a stochastic process [9]. Thus, a stochastic process is a family of
random variables and can be presented in terms of its possible time histories. Each time history
represents a single observation of the random process.

In order to have a complete description of a stochastic process, the joint probability
distribution for every set of the random variables at any different value of time has to be known.
This level of information is practically never available for the response of structural systems
subjected to uncertain excitations. Thus, simpler descriptions of a stochastic process (requiring

less information) are usually adopted, e.g., statistical moments and covariance functions.

1.2.1 Statistical Moment and Covariance Functions of Stochastic Processes

The statistical moment functions of a stochastic process are functions of time defined so that
their value at a given instant of time is equal to the corresponding statistical moment of the
random variable at that instant of time [9]. Knowledge of all statistical moment functions of any
order corresponds to a complete description of the stochastic process. However, usually only the
statistical moments of lower order are known. In particular, the mean function of a stochastic

process is given as [9]:

() =E[X(O] = Ju- py ()-du (1.1



where p X(t)(u) = probability density function (PDF) of the random variable defined at time ¢
and belonging to the family of random variables constituting the random process X(¢) , and

E[...] = expectation value operator.

The cross-correlation function of processes X(¢) and Y(¢) is given as:

B (6:5) ZE[X (- Y()] = [ [V pyiyes () - du-dv (1.2)

where Py v (u,v) =joint PDF of random variables X (u)and Y(v).

The cross-covariance function between processes X(¢)and Y(¢) is defined as:

Ky (6,5) = B([X (1) = 1 (D]-[Y () = 11y (5)]) (13)

It is noticed here that the auto-correlation and the auto-covariance of process X(¢) can be

obtained as special cases of the cross-correlation and cross-covariance functions given in

Egs. (1.2) and (1.3), respectively, by substituting Y(s) with X(s).

1.2.2 Stationarity and Nonstationarity of Stochastic Processes

A random process is stationary in a strict sense if its complete probability description is
independent of a shift of the parametric origin. Lower order stationarity properties can also be
defined. The simplest type of stationarity is mean value stationarity, for which u, (¢)=u, .
Second moment stationarity is obtained when, in addition to mean value stationarity, the auto-
correlation (and auto-covariance) function is invariant under a time shift. By defining the time

shift as 7=7—s , the auto-covariance function can be written as:



Ry (1) =@y, (t+7,0)=E[X(t+7)- X(1)] (1.4)

Similar relationships can be obtained for higher order moments, i.e., j-th order stationarity
implies that the j-th moment function is invariant under a time shift.

In this study, all the processes considered are assumed to be zero-mean Gaussian processes.
The PDFs of the family of Gaussian variables constituting the stochastic process at hand are
symmetric about their mean value and as a result, all the odd central moments are zero and the
even moments can be written as functions of the variance alone [9]. Therefore, processes that are

second moment stationary are also stationary in a strict sense.
The power spectral density (PSD) function of a stationary process X(¢) is defined as the

distribution of its mean square value with frequency and is given by the Fourier transform of the

auto-covariance function:

1 @ —i-0T
Gy, (@) = [ Ry (@) de (1.5)

This implies that the inverse Fourier transform of the PSD function gives the auto-covariance

function, i.e.:

Ry, () =] Gy (@)-¢ - do (1.6)

While the PSD is the only spectrum used in the literature to describe stationary random
processes, for nonstationary random processes several different descriptions are possible [10,
11]. Among the different spectra developed for nonstationary random processes, the Priestley’s
evolutionary power spectral density (EPSD) function is the most commonly used and is

considered in this study [12].



The EPSD function of a nonstationary random process X (¢) is defined as [13]:

Gy (@.0)=|A(0,0)] -G, . () (1.7)

where A(w,t) =complex-valued deterministic amplitude modulating function. For the process

X(¢) to be real, the complex modulating function must satisfy the condition A(-w,?) = A" (w,?),

where the superscript (---)* denotes the complex-conjugate operator [13].

1.2.3 Modal Analysis

The equation of motion for a linear multi-degrees-of-freedom (MDOF) system with

n degrees-of-freedom (DOFs) can be expressed as:

m i) +c-u(t)+k-u() =p() (1.8)

where m, ¢, and k= mass, damping, and the stiffness matrices, respectively; u(¢),u(¢), and
ii(t)= nodal displacement, velocity, and the acceleration vectors, respectively; and
p(¢)=p-F(¢), where p =distribution vector of length », and F(¢) =scalar function describing

the time-history of the external loading modeled as random process. This matrix equation is
constituted by a set of » coupled ordinary differential equations. The modal analysis method can
be applied to transform this matrix equation into a set of uncoupled ordinary differential
equations in order to solve for the structural response quantities. Natural frequencies and modes

of vibration of the system are the solution of the eigenvalue problem defined by
det[k—a),.2 -m] =0[14]. Solving this equation gives the » natural frequencies, ®, , and the
corresponding » independent eigenvectors, ¢, (also known as natural mode shapes of vibration),

with i = 1, 2,..., n . There are two general modal analysis methods: (1) real-valued (classical)

modal analysis, which is used for systems with classical damping (i.e., damping matrix



proportional to mass and stiffness matrices); and (2) complex-valued (non-classical) modal

analysis for non-classically damped systems.

Classical damping is an appropriate way to idealize the damping in buildings with similar
structural systems and structural materials. A classical damping matrix can be constructed using

the Rayleigh damping model, which is defined as follows:

c=a, m+a, -k (1.9)

The damping ratio &, for the A-th mode of vibration of a given system characterized by

Rayleigh damping is:

Si=—0—+t o (1.10)

Figure 1.1- Variation of Rayleigh damping ratios with circular frequency.

Once the damping ratios &, and &, for the i-th and j-th modes are specified, the coefficients
a, and q, are obtained as:

=2a),.-a)j-(a)j-§l.—a)l.-§/.) =2a’j'§_/_2a’;'§i

a
0 2 2 1 2 2
(a)j—a)l.) (a)j—a)l.)

(1.11)



1.2.3.1 Real-valued (Classical) Modal Analysis

The displacement vector u(¢) of a classically-damped MDOF system can be written in terms

of modal contributions as:

() =39, q,(0)=0-q(t) (112)

in which ¢ = natural mode shape vector corresponding to the -th DOF, ¢ (¢) = scalar function

called r-th modal coordinate, q(r) =[¢,(),q,(?).....q, (t)]T , and ®= modal matrix given as:

¢11 ¢12 ¢ln
C=[g......4]= ¢f1 ¢f2 ¢2 (1.13)
¢nl ¢n2 ¢nn
Using Eq. (1.12), the matrix equation of motion (Eq.(1.8)) can be written as follows:
M-q(t)+C-q(1)+K-q(¢) =P(¢) (1.14)
where
M=®0""m-®; K=®" k-®; C=0"-k-®; P(t)=0"-p(1) (1.15)

Under the hypothesis of classical damping, matrices M,K,and C are diagonal and, thus, the

modal equations of motion (1.14) are uncoupled.

1.2.3.2 Complex-valued (Non-classical) Modal Analysis

Complex-valued modal analysis is particularly used for non-classically damped systems, for
which the damping matrix is non-diagonal and the modal equations of motion (1.14) are coupled.

Using the state-space approach Eq. (1.8) can be rewritten as [15] :



2Z(t)=G -Z()+P-F(1) (1.16)

where:

Z(r)z[‘.’(”} @17
u(t) (2nx1)
6=l o | 1)
(-m k) (-m 'C) (2nx2n)
P :[ 0{’;*” } (1.19)
m- -p,,.

Solving the eigenvalue problem for matrix G gives a diagonal matrix D of eigenvalues and a
complex modal matrix T whose columns are the corresponding eigenvectors, so that
G-T=T-D. Matrix D is a diagonal matrix containing the 2n complex eigenvalues of the

system matrix G:

T'-G-T=D=diag[4,4,,....4,,] (1.20)

The complex modal matrix, T, can be used as an appropriate transformation matrix to decouple

the first-order matrix equations. The transformed state vector V(¢) of the complex modal

coordinates is introduced as Z(¢) =T -V(t).
The complex-valued modal participation factors are defined as:

T'-P=[l.I,,..T,] (1.21)

in which T, is the i-th modal participation factor. The normalized complex modal equations are

obtained as:

S(H=A-S(O+F{)  i=12,.,2n (1.22)



where the normalized complex modal responses, S,(¢) , are given as:

S(1)=—-V(1) i=1,2,..2n (1.23)

1
1_‘i
For a system with at-rest initial conditions, the normalized modal responses can be obtained

by using the Duhamel integral:

S,(t)=[e"" F(z)-de i=1,2,...,2n (1.24)
0

The normalized complex modal responses are given by:

S(f) = j A (0,0)-¢"" - dZ(w) i=1,2,...,2n (1.25)
where
A (@,1) = j {70 (0.0 dr i=1,2,...,2n (1.26)
0

Finally, the state vector is obtained as:

Z(H)=T-V()=T-T-S(t)=T-S(t) (1.27)

in which T is the diagonal matrix containing the 2n modal participation factors, T=T-T is the
effective modal participation matrix, and S =[S,(¢),S,(?),...,S,,(¢)]" is the normalized complex

modal response vector.

It is worth mentioning that all variables involved in the classically-damped analysis are real-
valued and the modal equations are second-order differential equations. In contrast, the variables

in the non-classically damped analysis are, in general, complex-valued and the modal equations



are first-order differential equations. It has been shown that the complex-valued modal analysis
can also be used for classically damped systems, since it provides the same results as the one

obtained using real-valued modal analysis [16].

1.2.4 Spectral Characteristics of Linear Oscillators Subjected to Random Processes

Stochastic processes can be described using the so-called spectral characteristics, which are

obtained from the properties of the process in the frequency domain.

1.2.4.1 Geometric Spectral Characteristics of Stationary Processes

A real-valued stationary process, X (), has the following spectral decomposition form [15]:

Xy0)=[" /"-dZ(w) (1.28)

in which, 7= time, o= frequency parameter, j =-1 , and dZ(w)= zero-mean orthogonal
increment process defined so that F [dZ*(a)l)-dZ(a)z)] =Gy y, (@) (0 - ®,)-do, -do,, where

Gy x, (w)= PSD function of the stationary process X (¢), and &(---) = Dirac delta function.

The n-th spectral moment of G, , (@) is given by:

A, = 2~I:a)" Gy x, (w)-dow = J:|a)

"Gy, (0)-do (1.29)

where || =absolute value operator of a real-valued variable (or modulus of a complex-valued
variable). Eq. (1.29) utilizes the property that the PSD G, , (@) of a stationary process X () is

an even function of w.

10



The spectral moments are used to obtain several useful quantities for reliability analysis. In
particular, the variances of the i-th time derivative of process X (r), X\ (¢) (provided that this

i-th time derivative process exists in the mean-square sense), is obtained as:

ol =y (i=0,1,..) (1.30)

X§

the central frequency of process X (¢),@, y , 18 given as:

A

., = (1.31)
0

and the bandwidth parameter of process X (¢), gy ,is:

9y, = [1— ﬂo&lj (1.32)

1.2.4.2 Geometric Spectral Characteristics of Nonstationary Processes

A real-valued nonstationary process X (¢) can be decomposed as:

X =" Ay (o,0)-¢/"-dZ(o) (1.33)

An embedded stationary process X (¢) with PSD function G, , (@) is associated to the

real-valued nonstationary process X(¢). The transient spectral moments of an evolutionary

process can be obtained in a similar way to the geometric spectral moments of stationary

processes, i.e.,

n

2,0)=2) 0" -Gy (@.0-do=]_|o

- Gy (@,t)-do (1.34)

11



Although there is no theoretical obstacle in applying the geometric definition of spectral
characteristics to the nonstationary random processes, they have been proven to present some
difficulties in application [4, 13]. In particular, the following major problems exist in using the
geometric spectral characteristics for nonstationary stochastic processes:

(1) the variance of the i-th time derivative of the process X(¢) is not equal to the 2i-th

spectral moment; and

(2) the i-th nonstationary geometric spectral moment can be divergent even when the

variance of the i-th time derivative of the process is finite.

In this last case, the central frequency and bandwidth parameter given in Egs. (1.31) and

(1.32) in terms of geometric spectral moments cannot be computed.

1.2.4.3 Non-geometric Spectral Characteristics of Real-valued Nonstationary Processes

In order to avoid the problems related to the use of nonstationary geometric spectral
moments, the so-called non-geometric spectral characteristics (NGSCs) have been introduced.

Following Michaelov et al. [13], the NGSCs of process X(¢) are defined as:

(O =2-(-D [ Gy (@.0) - do k=01, (1.35)

where G, « (@,¢) = evolutionary cross-PSD function of the time-derivatives of order iand &

of process X(¢), i.e.,

G iy (@,0) = A (@0,0)- Gy (@) Aoy (@,1) i,k =0,1,... (1.36)

in which X" (¢)=d” X (¢)/dt" (m =1i,k), provided that X (¢) exists in the mean-square sense,

and the modulating function 4, (®,?) is obtained recursively [13].

12



If the process Y(¢) is defined as the modulation (with modulating function 4, (w,7)) of the
stationary process Y,(¢) defined as the Hilbert transform of the embedded stationary process

X, (t), then Y(¢) is given as:

Y()y=—j-[ sign(@) 4, (a.0)-¢"" dZ () (1.37)

Thus, the non-geometric spectral characteristic ¢, (¢) is obtained as:

¢y () = (t) = —2-j-j0°° G (0.0)-do=0(1)- -0, (1.38)

where o, (t) = cross-covariance of X(f) and X(), and o, (t) = cross-covariance of X(¢) and

Y(¢) . Using Eq. (1.35) for NGSCs and Eq. (1.37), the central frequency and the bandwidth
parameter are obtained as:

(Re[cm(t)]) _ 0y (1)

Coo(?) (7)2( )

qX(t)[l_w] :(l_ﬂ] (1.40)

Coo (1) - ¢, (1) U)zr(t)'g)z‘((t)

o, ()= (1.39)

where Re[...] =real part of the quantity in square brackets.

The NGSC have been employed in structural reliability applications to compute in
closed-form the time-variant central frequency and bandwidth parameter of the response process
of SDOF and both classically and non-classically damped MDOF linear elastic systems

subjected to white noise Gaussian excitation from at-rest initial conditions [15].

13



1.2.4.4 Non-geometric Spectral Characteristics

of Complex-valued Nonstationary
Processes

Barbato and Conte [15] extended the NGSCs for the complex-valued nonstationary (CVNS)

random processes. For each CVNS process X(¢), two sets of NGSCs are defined as follows:

Coxx () = J:OO GX(i)X(k) (o,1)-do = O vyt )

N i,k=0,1,... (1.41)
=] Gy (@) do=0 . (1)

where O, . (¢) =cross-covariance of the random processes X'’(r) and X“(r), and
o

oy (1) =cross-covariance of random processes X (z) and Y*(¢) = d"Y(¢)/d¢" . The process

Y () is defined by Eq. (1.37) and the evolutionary cross-PSD function G« (@,7) (W =X,Y

and i,k =0,1,...) is given by:

G iy (@,0) = A (0,0)- Gy, (@) Ao (0,0); W=X,Y; i=0,1,.. (1.42)

where the modulating function is defined as [17]:

AW(@ﬂ=€W%§{4A@0er; W=XY; i=0,1,.. (1.43)

These NGSCs are used in the definition of the time-variant central frequency, @, ,(¢), and

bandwidth parameter, ¢, (¢), of the CVNS process X(¢) as:

cm,xy(t) _ O'Xy(t)

0= 0 R0 (149
( leaw®] ) (. e )
O eo] | R0-eo (149

14



It is noted that for the CVNS processes, complex-valued central frequency and bandwidth
parameter lose the simple physical interpretation of RVNS processes. If only Gaussian inputs are
included (which is the case in this study), only few spectral characteristics are needed to fully

describe the response process of linear elastic SDOF and MDOF systems. In particular, if U, ()

denotes the i-th DOF displacement response of a MDOF linear system subjected to Gaussian

excitation, the only spectral characteristics required for reliability applications are:

2
Co0.u,u, () =0y, (1)

LU, (t)= O-Lz'/,- ()
) i=1,2,...n (1.46)

2

where )}'i(t) denotes the first time derivative of the process 1’ (¢#) which is defined as:

r(=-j [ sign(@) 4, (@.0)-"" dZ(@) i=12,..n (1.47)

and 4, (w,t)denotes the time-frequency modulating function of process U,(¢). The process
Y.(¢)is the modulation of the Hilbert transform of the stationary process embedded in the

process U, (t) .

An auxiliary state vector process can be defined as:

E(f) = [).ﬁ(t)} (1.48)
)"(t) (2nx1)

Using the complex-valued modal decomposition, the cross-variance matrices of the response

processes and the auxiliary processes can be computed as:

15



o JUOUTO) VOO ae ree T
E[Z(1)-Z (t)]_EL.J(t)'UT(t) U(t)~UT(t)}_T E[s (t)-S (t)} T (1.49)

| VOO UOF O] e rer sr ]
E[2(1)-E" ()] E{U(t)J"T(t) U(z).YT(z)} T E[S () T (z)} T (1.50)

where the components of the vector process X =[%,(¢), Z,(¢),..., 2, (t)]T are defined as

S0 =-j-| sign()- Ay (@,0)-¢"" - dZ(w);  i=12,..2n (1.51)

Egs. (1.49) and (1.50) show that all quantities in Eq. (1.46) can be computed using the following

spectral characteristics of the complex-valued nonstationary processes [15]:

E[S'(1)-S,(1)|=0y (1)

. i,m=12,..,2n. (1.52)
E[S'0)-5,(0)]=0,.. )

It is noted that Eq. (1.52) allows the computation of the zeroth- to second-order spectral

characteristics of the components of any response vector Q(¢) linearly related to the
displacement response vector U(?), i.e., Q(¢) = B-U(¢), where B = constant matrix.
The cross-correlation function is given as:

Ty, (?)

Oy, (t)'O'U‘ (0 (439

pU,U, (t) =

The bandwidth parameter is also calculated from the non-geometric spectral

characteristics as:

2 A l 1/2
(>(1_<>] Lt

o, (1)-0;, (1)

where oy, (1) , 0, (1) andoy,; () are calculated using Eq. (1.46).
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1.2.4.5 Use of Modal Analysis in Seismic Engineering

For design purposes, it is often sufficient to estimate the maximum value of some structural
response quantities under the effects of ground motion excitation. Modal analysis can be
efficiently used for this purpose in combination with modal truncation. Modal truncation consists
in approximating the structural response by using only a limited number of the modes of the
MDOF structural system under consideration. Modal combination rules (e.g., the square-root-of-
the sum-of-the-squares (SRSS) and the complete quadratic combination (CQC) rules [18] ) can
be then applied to estimate the maxima of the response quantities of interest.

The major advantage of the modal truncation method is that the size of the problem can be
drastically reduced without compromising the accuracy of the results. Larger amount of energy is
required to excite the higher modes (with higher modal frequencies) and, in general, the energy
contents of the seismic excitation at higher frequencies are low [16]. As a result, higher modes
contribute less to the response values. Modal truncation is performed by including only the
contribution of the first few modes for which sufficiently accurate results are provided. In
classical modal analysis, only the contributions of the first p modes (p < n, n = number of DOFs)
are considered. The equation of motion is then reduced to p differential equations. The response
of the structure in the classical modal analysis is obtained by superposing the modal

contributions up to the p-th mode as:

P

u(t)=>¢,-q,(1)=0,,-q,,® (1.55)

r=l1

in which @, is extracted from the modal matrix @ (Eq.(1.13) ) and only includes the first p

modal vectors (eigenvectors), and q, () = [ql (1),9,(2),---.9q, (t)]T .
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In the complex-valued modal analysis using the state-space approach, modal truncation is

applied in similar manner. The state vector for the first p modes ( p <n ) is given as:

Z(t)~ Ty, S, ) (1.56)

in which TZ T, r T = complex modal matrix including only the first p

nx2p = nx2p ) 2px2p o 2nx2p

vectors and the n+1 to n+p vectors, T =diag[l",,T,,....I",,[",,,T,,,,....,[,, 1, and

2px2p 5% n+l?

S0 (=[S0, 8,08, ()., (1),S, (... S,., ()] -

1.2.5 First-passage Reliability Problem

The classical first-passage reliability problem consists in computing the probability that a
specific response quantity of an engineering system subjected to dynamic stochastic loading
outcrosses a given threshold level within a given exposure time. In this study, the failure
probability for the first-passage reliability problem is called the first-passage failure probability
(FPFP).

The first-passage reliability problem can be defined as the reliability of a system for a

defined limit state function, g[X (t)] , in which X(¢) is the response vector of the system. The

probability of failure in terms of limit state crossing is given by:

P, =Plg[X®]<0] 0<i<T (1.57)

where 7 = duration of the input motion and g [X (t)] =X, —|X (t)| . This failure probability can

also be presented in forms of the threshold x, crossing (double-barrier) as:

Py = Pllx@®|>x,, ] 0<¢<T (1.58)
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Two types of barriers are considered in this study: (1) single barrier: X (¢) = x,  or
X (t)=-x,,and (2) symmetric double barrier that consists of a pair of lines, X (z)=x,, and
X()=-x,,-

The FPFP depends, in a complicated manner, on the characteristics of the dynamic system,
initial conditions, input excitation and the threshold value. It has been shown that the early
portion of the first-crossing density highly depends on the initial conditions and the dependence
decreases exponentially as T'increases [19].

The time-variant FPFP, P, ,,, corresponding to the out-crossing of a failure threshold level,
x,,, » by the absolute value of the random process X(¢) (symmetric double-barrier problem), can

be written in the following form [8]:

P (Kim > 1) = 1—P[|X(t = 0)| < xnm} -exp {—I By Ky > ) - dz‘} (1.59)

where ¢ =time, P[|X (t= O)| < xlim] = probability that the systems starts from the safe region at
time =0, and h} M (x;,,,t) =time-variant hazard function for the symmetric double-barrier

problem. For at-rest initial conditions, PUX (t= 0)| < th] =1. In this thesis, the process X ()

denotes the displacement response of a structural system subjected to a stationary and/or
nonstationary input excitation. It is noteworthy that, once the hazard function is known, the FPFP

can be obtained through Eq.(1.59). To the best of the writer’s knowledge, no exact analytical

solution is available for /4, to date.

The FPFP can be estimated using two different approaches, i.e., analytical and numerical.

The Poisson’s (P), classical Vanmarcke’s (cVM), and modified Vanmarcke’s (mVM) are the most
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commonly used analytical approximations for the hazard function. Monte Carlo simulation and
the importance sampling using elementary events (ISEE) method are the numerical approaches

considered in this research.

1.2.5.1 Poisson’s Approximation for FPFP

The P approximation is the simplest approximation for the FPFP, which assumes that the
occurrences of out-crossings are statistically independent events. In this approximation, the time-
variant hazard function, introduced in Eq. (1.59), is assumed to be equal to the mean out-crossing

rate function of process X (¢):

dN
hP,lX\(xlimﬁt) =Ux (X ) = E{%} (1.60)

where N(t) =number of out-crossing events in the time interval [O,t]. The mean out-crossing

rate, Uy,(X;,,?), for linear elastic systems subjected to Gaussian processes is known in exact

closed-form, which is derived by using the Rice’s formula [1, 2, 9].

Studies on the accuracy of the P approximation show that, for practical levels of barrier, the
error produced by the use of this process strongly depends on the bandwidth of the process [5].
The P approximation becomes conservative for narrow-band processes and low failure thresholds
and underestimates the failure probability for wide-band processes [20]. This is due to the fact
that in wide-band processes, the P approximation does not take into account the time that the
process spends in the safe region; however, for the case of narrow-band process the dependence
correlation between subsequent out-crossings becomes important. The P approximation becomes

more accurate as the response threshold level and the bandwidth of the response process increase

[8].
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1.2.5.2 Vanmarcke’s Approximations for FPFP

The cVM and mVM approximate solutions for the FPFP have been introduced by Vanmarcke
[5]. These two improved approximations are based on the two-state Markov process and use the
envelope defined by Cramer and Leadbetter [21]. The cVM approximation assumes the

following analytical expression for the time-variant hazard function [5] :

l—eXp{—\/ﬂ-qX(t)-x“‘“}

oy (1)

Pon o (Xiim > 1) = O (X5 7) - (1.61)
1- exp{

where vy (x;,,7) = mean out-crossing rate of the double-barrier process, o (r) = time-variant
standard deviation of process X(¢), x,, = threshold for the double-barrier problem, and ¢, (¢) =
time-variant bandwidth parameter (TVBP) of process X(¢). The cVM approximation takes into
account the fraction of time that the envelope process spends above or below the failure
threshold level, and considers the fact that that the out-crossings of the envelope process are not
always associated with one or more out-crossings of the actual process [4, 5]. The former

consideration is more useful for low failure threshold levels while the latter becomes more

important for high failure threshold levels.

The mVM approximation heuristically accounts for super-clumping effects [4, 5] by

introducing an exponent equal to 1.2 for the TVBP in the approximate hazard function equation:

- eXp{—Jfr_/z Ta, (0] x}

oy (1)

Pn ) (X > 1) = Oy (X5 8) - (1.62)
I—exp {
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The P, ¢cVM, and mVM hazard functions for the single-barrier FPFP are obtained from

Egs. (1.60), (1.61) and (1.62) respectively, by substituting (1) x, ~with x, = threshold for the
single-barrier problem, (2) vy, (x;,,,#) with v, (x;,,f) = mean up-crossing rate of x; by process

X(1), and (3) Jz/2 with\/27 .

Vanmarcke’s approximations, in general, provide more accurate results than the
P approximation. However, they are characterized by inconsistent levels of accuracy for different
structural systems and failure thresholds [4, 5]. The study performed by Barbato and Conte [8]
shows that the accuracy of the mVM approximation improve with increasing exposure time to
the white noise excitation and the accuracy of the two Vanmarcke’s approximations in estimating

the failure probability depends on both the order of magnitude of the failure probability and the

damping ratio. It was found that for the failure probabilities smaller than P, <le—4 the cVM is

more accurate than the mVM.

1.2.5.3 Monte Carlo Simulation for FPFP

Monte Carlo (MC) simulation is a general and robust numerical method for calculating the
FPFP. It can account for stationary and nonstationary behavior, linear and nonlinear structural
behavior, and randomness in the structural parameters. However, in cases in which the FPFP is
very small, MC simulation is computationally expensive if not prohibitive. In fact, the number of
samples required to achieve a desired accuracy in the estimation of the FPFP is inversely
proportional to the value of the FPFP. Thus, a large number of samples is required for computing

small failure probabilities [22].

1.2.5.4 ISEE Method for FPFP

The ISEE method is a numerical method developed specifically to estimate the FPFP for
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deterministic linear elastic structural models subjected to Gaussian excitation [22]. In order to
improve the simulation efficiency compared to MC simulation, the ISEE method employs an
importance sampling density with values larger than zero only in the failure region defined in the
standard normal space of the random variables used to discretize the stochastic input. It has been
shown that the ISEE method can accurately estimate even very small values of FPFP at a
computational cost that is only a small fraction of the computational cost required by MC

simulation [22].

1.3 OBJECTIVES AND ORGANIZATION OF THE THESIS

The research presented in this thesis focuses on the analytical estimation of the FPFP for

linear SDOF and MDOF systems subjected to stationary and nonstationary random excitations.

This thesis consists of two main components. The first component is a detailed study of the

time-variant FPFP for linear SDOF systems subjected to a seismic input modeled as a:
(1) Gaussian white noise (WN) from at-rest initial conditions (stationary random processes),
(2) white/colored noise input excitation and modulated in time (nonstationary random processes).
The second component is a study of the time-variant FPFP for linear MDOF systems subjected to
stationary and/or nonstationary random excitations.

The main objectives of this research are:

(1) investigating the absolute and relative accuracy of existing analytical approximations
(i.e., P, ¢VM, and mVM approximation) of the time-variant FPFP for linear SDOF
systems subjected to stationary and/or nonstationary Gaussian excitations;

(2) deriving an improved analytical approximate solution for the time-variant FPFP; and

(3) evaluating the absolute and relative accuracy of the P, cVM, and mVM, as well as of the
newly developed analytical approximation for linear elastic MDOF systems subjected to

stationary and/or nonstationary Gaussian excitations.
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The first aim is achieved by evaluating, via an extensive parametric study, the accuracy of the
considered analytical estimates of the time-variant FPFP for a wide range of SDOF oscillator’s
properties (i.e., natural periods and damping ratios), failure threshold levels, and seismic input
models. This evaluation is based on the comparison of the analytical results with the
corresponding simulation results obtained using the importance ISEE method [22], which are
assumed as the reference solution.

The second goal is achieved by proposing a new analytical approximation of the time-variant
FPFP for linear SDOF systems subjected to stationary and/or nonstationary Gaussian excitations.
First, a new hazard function is derived for the case of linear SDOF systems subjected to WN
excitation from at-rest initial conditions. Then, appropriate modifications are derived to account
for time-modulation and non-white spectra of the input loading. The accuracy in estimating the
time-variant FPFP of this new analytical approximation is also examined in detail. The newly
proposed hazard function provides significantly more accurate results when compared with the
available analytical approximations.

The third objective is achieved by studying the FPFP of linear MDOF systems subjected to
the stochastic loadings and applying modal truncation in the computation of the time-variant
statistics needed in the analytical approximations of the FPFP. Several MDOF systems, subjected
to both stationary and nonstationary Gaussian excitations, are investigated, including shear-type
frames with varying number of DOFs, a linear elastic model of an actual 13-story welded steel
building, and the system consisting of two adjacent building subjected to seismic pounding

hazard.
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2 NEW ANALYTICAL APPROXIMATION OF THE FPFP FOR LINEAR
SDOF SYSTEMS

2.1 INTRODUCTION AND PREVIOUS WORK

To date, no exact closed-form solution of the FPFP is available even for the simplest case,
i.e., a SDOF linear oscillator subjected to Gaussian WN excitation with a deterministic failure
threshold [3, 7, 8]. Thus, several analytical approximations or numerical methods are used to
compute the FPFP of linear SDOF systems.

Among the numerical methods used to compute the FPFP, MC simulation is the most general
and robust, but is also computationally expensive or even prohibitive for low probability events.
For linear elastic systems subjected to Gaussian random loading, the ISEE method has been
proven to be an extremely efficient simulation method for computing the FPFP [22].

Among the various analytical approximations proposed to estimate the FPFP, the P, cVM,
and mVM approximations are the most widely employed. Both the ¢cVM and the mVM
approximations require computing the bandwidth parameter of the response process of interest.
However, only recently an appropriate definition of the TVBP of a nonstationary process was
given based on the concept of non-geometric spectral characteristics [13, 23]. Currently, the
exact closed-form of the TVBP are available for the displacement response processes (and for
any response quantity linearly related to the displacement response) of linear SDOF systems, as
well as of classically and non-classically damped MDOF systems, subjected (1) to Gaussian WN
excitation from at-rest initial conditions [15], and (2) to time-modulated non-white noise
excitation [24]. These exact solutions have been employed (1) to compute the cVM and mVM
approximations of the time-variant FPFP for different linear structural systems subjected to
different types of loading, and (2) to evaluate the absolute and relative accuracy of these

analytical approximations when compared with the corresponding ISEE results [8].
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In this chapter the absolute and relative accuracy of existing analytical approximations (i.e.,
P, cVM, and mVM approximation) of the time-variant FPFP for linear SDOF systems subjected
to stationary and/or non-stationary Gaussian excitations modeled as separable non-stationary
processes (i.e., stochastic processes defined as the product of a deterministic time modulating
function and a stationary process) are investigated and an improved analytical approximate
solution for the time-variant FPFP is proposed.

The new analytical hazard function for the displacement response X (¢) of a linear SDOF
system is proposed to obtain improved estimates of P,(f) when compared to those obtained

using the P, cVM, and mVM approximations. First, a new hazard function is derived for the case
of linear SDOF systems subjected to WN excitation from at-rest initial conditions. Then,
appropriate modifications are derived to account for time-modulation and non-white spectra of
the input loading. The new approximation is proposed based on an extensive parametric study of
the time-variant FPFP of linear SDOF systems with different damping ratios and normalized
failure thresholds. Six hazard functions are proposed in total (see Appendix B) and their relative
accuracy in computing the FPFP is evaluated (see Appendices C and D). The best approximation
among the ones developed in this research is illustrated in this chapter. It is noted that the same
procedure discussed here to derive the proposed approximation is followed for each of the

proposed functions presented in the Appendix B.

2.2 HAZARD FUNCTION FOR LINEAR SDOF SYSTEMS SUBJECTED TO WN
EXCITATION FROM AT-REST INITIAL CONDITIONS

The time-variant FPFP for linear SDOF systems subjected to WN excitation from at-rest
initial conditions (i.e., with unit step time-modulating function) was investigated in Barbato and
Conte [8]. It was found that the relative accuracy of the cVM and mVM approximations varies

with the damping ratio, exposure time, and threshold level. In addition, for several cases it was
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noted that the ISEE results shift progressively away from the cVM to the mVM approximation
results as time elapses. This observation suggests that a better approximation of the FPFP could
be achieved (1) by considering a time-dependent exponent of the time-variant bandwidth
parameter that increases with time until it reaches a stationary value, (2) by multiplying the mean
out-crossing rate by a time-dependent factor (with values larger or equal to 1) that decreases with
time until it reaches a stationary value equal to 1.

On the basis of these observed trends, a new hazard function for the double-barrier first-
passage problem is proposed as follows:

l_exp{—,‘/ﬂ/z-[qX(t)]Cl(f’g,t) th}

oy (1)

hNew,\X\ (X 1) = U\X\(xlim’t) -exp[C,(&,¢,0)] 3 (2.1)
Xim
lp{z{o} }
in which
C(E.40=C (&) exp{~[ g, () - ] (2.2)
C(£6.0=C, (&) [ax O -a0Y ] (23)

where &= damping ratio, {=x,_ / o) = xu, /O m = normalized failure threshold level, o'’ =

stationary value of the standard deviation of process X (¢) when the input process is a WN time

modulated by a unit step function, o, . :m%x[aX(t)], ¢ = stationary value of the time-
, ¢ ,

variant bandwidth parameter of process X (z) when the input process is a WN time modulated by
a unit step function [15], and C ,(&,¢{), C,,(£,{)= stationary values of the time-variant
functions C,(&,4,t) and C,(&,4,t), respectively. The hazard function for the single-barrier first-

passage problem is obtained via the same substitutions described in Chapter 1 of this thesis for

the P, cVM, and mVM approximations.
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The time-dependent exponential term in Eq. (2.2), exp{—[qX(t)—qﬁ(@)]} , 1s introduced to

account for the time-dependence of the exponent of the time-variant bandwidth parameter [15],
since it always assumes positive values smaller than 1 and increases with time until it reaches a

stationary value equal to 1. The stationary part C,,(£,¢) of function C(&,,¢) accounts for the

dependency on damping ratio and normalized failure threshold of the super-clumping effects
identified in the literature [4, 5]. The time-dependent term in Eq. (2.3) reflects the effect of the
sudden application of the input loading corresponding to a unit step time-modulating function. It
is noteworthy that the time-variant FPFP for a linear SDOF system subjected to WN excitation

can be expressed as a function of normalized time ¢, =¢/T (i.e., the time ¢ divided by the natural
period T of the SDOF system, see Section 0). Thus, the stationary values C,(&,{) and
G, (¢,¢) are independent of 7.

In this research, a closed-form expression for C,(&,4,¢) and C,(&,4,f) is obtained by
deriving an analytical expression for the stationary values C,_ (£,¢) and C, (&,¢) as follows.

First, the ISEE method is repeatedly applied to evaluate the time history of the time-variant

FPFP, P, (1) for different combinations of the damping ratio (£ =0.01, 0.02, 0.05, 0.10, 0.20,

0.30, 0.40, and 0.50) and of the normalized failure threshold level (£ =1.5, 2, 3, 4, and 5).
Closely spaced values of ¢, are considered from 7,=0 to a value of ¢, sufficiently large to
reach stationarity. For each of these 8x5=40 time histories, the values of C  (£,) and

C,,(£,¢) are obtained through least-square fitting, using the Matlab function Isqcurvefit [25].

These values correspond to the best fit between the analytical estimates of P, (¢,), computed

using Eqgs. (1.59) and (2.1) , and the ISEE results. The ISEE results used to estimate 6'1’00(5? ,gt )

and C, (£,¢) are obtained imposing a very low target coefficient of variation (c.0.v. = 0.001), in
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order to ensure a high accuracy in the estimates of P,(z,) and to minimize the sensitivity of

51,00 (£,) and C’z’w (£,£) to the variability of the simulation results.

0.15|—P

_(E=027=3)=0.609
C, (€=020=3)=0321

0 2 4 6 8
t,=t/T

Figure 2.1 - Computation of 51,00 and (,_’2)00 : SDOF system subjected to

WN base excitation from at-rest initial conditions (& =0.2 ; £ = 3).

Figure 2.1 compares the values of P,(z,) computed using (1) the ISEE method, (2) the P,

cVM, and mVM approximations of the hazard function, and (3) the newly proposed analytical

approximation of the hazard function given in Eq. (2.1) and based on the fitted values of

51,00 (£,0) and C_’z,w (£,0), for the case corresponding to 7= 0.1s, = 0.2 and ¢ = 3.0. The hazard
function built using the optimized values 51,00(5_ ,C) and C_‘Z,O0 (£,C) is able to reproduce the
simulation results with extremely high accuracy over the entire time history of Pf (%) . Similar

results are obtained for all the combinations of & and ¢ considered here, thus validating the
analytical expressions assumed for the time-variant hazard function in Egs. (2.1) through (2.3). It

is noted here that the functions 51,00(5 ,() and (,_’2,00(5_ ,() are obtained from the simulated

estimates of the FPFP because the estimation of the hazard function from direct simulation is not
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feasible, as shown in Appendix A.
Two polynomial surfaces C,(&,¢) and G, (S,8) (expressed as functions of the damping

ratio £ and of the normalized threshold ) are fitted to the values 51’00 (£,0) and C’z’w (&,0)

obtained via least-square fitting by using the sffool Matlab toolbox [25]. This fitting is performed

in order to extend the proposed expression of the hazard function to values of £ and ¢ for which

simulation results are not available. The order of the polynomials is kept as small as possible
(equal to 5 for the damping ratio and to 4 for the normalized threshold), in order to balance the

contrasting requirements of accuracy and simplicity. The following polynomial representations

are suggested for C,,(&,¢) and G, (&,£):

o(E.0)= ZZ(P(’) ELgmy, i=1,2; 0.01<£<050; 1.5<£<5.0 (2.4)

1=0 m=0

in which the coefficients P,,(,j) @=12; [=0,1,2,3,4,5; and m=0,1,2,3,4) obtained from the

surface fitting are given in Table 2.1 .

Table 2.1 - Coefficients of the polynomial representation of C, , (i =1,2) given in Eq. (2.4).

4 (i) (i) (i) (i) (i) (i) (i) (i) (i) (i)
l POO PIO POI PZO Pll POZ P30 PZI PIZ P03

1 1.566 | -22.23 | -0.091 | 99.95 | 16.26 0.07 -252.3 | -52.57 | -5.714 | -0.027
2 | -5319 | 29.07 | 6.734 | 39.89 | 4847 | -1.639 | -711.7 162 7.3 0.12

; () () () () () () (i) ) () ()
l P40 P31 Pzz P13 P04 Pso P41 P32 P23 P14

1 | 3679 | 67.92 10.16 0.88 0.003 214 | -39.94 | -4.476 | -0.654 | -0.052
2 1712 | -181.5 | -23.96 | 0.192 | 0.001 | -1304 | 80.33 11.93 1.218 | -0.081

For values of the damping ratio & and of the normalized threshold ¢ that are outside the

domain in which the two surfaces described above are fitted, Eq. (2.4) is computed using the

values of £ and ¢ along the boundaries of the fitting domain (e.g., for damping ratios smaller
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than 0.01, Eq. (2.4) is computed using &=0.01). Figure 2.2 and Figure 2.3 plot the isocurves of

C.(&,¢) and G, (S,Q), respectively, for discrete values of ¢ as functions of &. These

polynomial surfaces provide an accurate fit to the values 51,00 (£,() and 52,00 (£,C) obtained

through least-square fitting.

1.6 ‘ ‘
Surf LSF ¢
1.4}
1.2}
8«
ISR
-
- 08
0.6
0.4}
0.2 ‘ ‘ ‘ ‘
0 0.1 0.2 0.3 0.4 0.5
¢

Figure 2.2 - Comparison between the interpolation surface C, (Surf)

and values 51,00 obtained through least-square fitting (LSF).

3.5 * *
Surf LSF ¢

3.0 — * 1.5

x e 6

2.51 Y\ -- o 3

8. — x 4
o 2 c-- o 5

Figure 2.3 - Comparison between the interpolation surface C, , (Surf)

and values 52,00 obtained through least-square fitting (LSF).
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2.3 MODIFICATIONS OF THE HAZARD FUNCTION NEEDED TO ACCOUNT FOR
TIME-MODULATION AND NON-WHITE SPECTRA

When the input process is time-modulated (with time-modulating function A(¢)) and/or

characterized by a non-white spectrum (i.e., the excitation is a colored noise), the results
obtained considering SDOF systems subjected to WN excitation from at-rest initial conditions

can be still used by modifying Egs. (2.2) and (2.3) as follows:

(1) The functions in Egs. (2.2) and (2.3) are computed using an equivalent damping ratio, & ,

and an equivalent time-variant normalized threshold level, £(¢), i.e.,

CELW0.0=C (L) expimin{-[ 4, ()= ... . 0] 23)

G800 =C, (G5 )-max{[ 4, (1) -y, ] 0] (2.6)

in which ¢y, =stationary value of the TVBP of process X(¢) computed using the unit step
function as time-modulating function. The min and max operators are introduced because the
quantity [q v —q X,m] can become negative for general non-stationary excitations, while the

quantity [q v()—q¥ ] is always positive for WN excitation and at-rest initial conditions.

(2) The equivalent damping ratio, £ , is taken as the value of the damping ratio that would
provide the same stationary value of the TVBP obtained from the colored noise excitation if
the SDOF system were subjected to a WN excitation. This equivalent damping ratio can be
found using the closed-form expression of the time-variant bandwidth parameter [15] as

follows:
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5 ) 4.[arctan(\/@/§)}2 ’

= -1
& =zeroqqy., P

2.7)

in which the operator “zero” denotes the root of the quantity in parentheses. Since the time-

variant bandwidth parameter is a monotonically increasing continuous function of &, the

solution £ of the transcendental Eq. (2.7) exists and is unique for any 0 < ¢4 o <1

(3) The equivalent normalized failure threshold, £(¢), is computed as follows:

Xiim . GXSXS (0)0)

(2.8)

in which G, , (@)= power spectral density of the colored noise excitation computed at

@, =2-7/T= natural circular frequency of the SDOF system, and S,=1m’/s’ is a

normalization factor.

(4) If A(t) does not present a discontinuity for ¢#=0s (i.e., the time-modulating function
increases gradually from zero to its maximum value), it is assumed that C, (gg,g: (1),1)=0.

Otherwise, C, (E,C@).0) is computed according to Eq. (2.6).

The time-modulating function, A(¢), is scaled here so that its maximum value in time is equal to

1 (ie., max [A(t)] =1, see Figure 2.4 ). It is noteworthy that the equivalent damping ratio & and
2

the equivalent normalized threshold level £(s) reduce to the actual damping ratio & and
normalized threshold level £ for the case of SDOF systems subjected to WN excitation from

at-rest initial conditions, i.e., Eqgs. (2.2) and (2.3) can be regarded as special cases of
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Egs. (2.5) and (2.6).

1.2+ — unit-step modulating function i
= = =Shinozuka-Sato modulating function
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Figure 2.4 - Time-modulating functions: (1) unit-step function, and
(2) Shinozuka-Sato with B, = 0.20s™ and B, =0.25s™".

2.4 PARAMETRIC STUDY TO EVALUATE THE ACCURACY OF THE EXISTING AND
THE NEWLY PROPOSED ANALYTICAL APPROXIMATIONS

The results of an extensive parametric study are presented here in order to evaluate the
absolute and relative accuracy of the P, cVM, and mVM approximations, as well as the accuracy
of the newly proposed analytical approximation (denoted as “New”). This parametric study
considers a wide range of natural periods, damping ratios, and threshold levels, as well as
different input spectra and time-modulating functions. The time-variant FPFP results obtained
from the analytical approximations are compared with the corresponding results obtained using
the ISEE method with a target c.o.v. = 0.01, which is considered as the reference solution. The
value of c.0.v. = 0.01 used for this parametric study is chosen because it provides sufficiently
accurate estimates of the FPFP at a feasible computational cost (several times smaller than the
computational effort required to obtain the value c.o.v. = 0.001 used to calibrate the analytical

approximation denoted as New). The comparison between analytical approximations and ISEE
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results is based on the percent error ¢ =100-(P,, = P, ;) /P, 150 (i = P, VM, mVM, New). For

each type of input loading considered, synoptic results are also provided including the maximum

(& ) and minimum (¢

max min

) percent errors, as well as the mean of the absolute values of the
percent errors ( ;ﬁg‘) computed for the different damping ratios and normalized threshold levels

considered. These synoptic results indicate whether a given approximate analytical solution tends
to overestimate (¢, ) or to underestimate (&, ) the FPFP. They also provide information
regarding the average value of the error corresponding to a specific analytical solution for a
given loading condition ( H ). Only selected results are presented in this chapter and additional
results can be found in Appendices C and D. It is worth mentioning that the different analytical

approximations involve a similar computational cost, which can be several orders of magnitude

smaller than the computational cost associated with the ISEE method.

2.4.1 Input Excitation Models

Two types of random excitations are considered in this study: (1) a WN excitation,

represented by a constant PSD function (i.e., G, , (®)=S,, in which @= circular frequency,
and S, =1m?’/s’), and (2) a non-white excitation, modeled by using a Kanai-Tajimi (KT) PSD

function. The KT PSD function is given by:

1+4-& (0/w,) ¢
[1—(a)/a)g)2]2+(2.5g.a)/a)g)2 '

Gyox, (@) = (2.9)

in which &, =predominant ground damping ratio, and @, = ground natural circular frequency. In

this study, £, =0.6 and @, =97 rad/s are used [26].
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Two time-modulating functions are considered in this thesis: (1) a unit step function, H(¢),

and (2) a Shinozuka-Sato modulating function [27]. The latter modulating function is defined as:

A@)=C-[e" =™ |- H(1) (2.9)

where

C= 5 -exp Llog 5 (2.10)
Bz - Bl Bz - Bl Bl

in which Bjand B, = constants defining the shape of the time-modulating function, and

C = normalizing constant. In this study, the following values are assumed for these constants:
B =0.20s", B,=0.25s", and C =12.207. The two modulating functions considered are shown

in Figure 2.4.

2.4.2 Results for Linear SDOF Systems Subjected to WN Excitation from At-rest Initial
Conditions

For linear SDOF systems subjected to WN excitation from at-rest initial conditions, it can be
shown that the time-variant FPFP depends on the time ¢ and the natural period of the system T
only through the normalized time ¢, =¢#/T (see Section 0). Thus, the results are presented here as
a function of the normalized time, the damping ratio, and the normalized threshold, and are valid
for any natural period of the system. Table 2.2 shows the estimates of the FPFP corresponding to
t, =10, normalized thresholds ¢ =2,3,4 and damping ratios &=0.01,0.05,0.10,0.50, computed
using the ISEE method, as well as using the P, cVM, mVM, and New approximations. The FPFP
values range from a maximum value of 0.932 to a minimum value of 2.24-107. Table 2.2 also

provides the percent error &, as well as the minimum percent error, maximum percent error, and

the mean of the absolute value of the percent error for each of the considered analytical
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approximations. As expected, the P approximation consistently overestimates the FPFP,
sometimes even by a large factor. The cVM and mVM approximations produce similar results
and are more accurate than the P approximation. The cVM approximation tends to overestimate
the FPFP, particularly for small damping, while the mVM approximation tends to underestimate
the FPFP, particularly for large thresholds. The New approximation is overall significantly more
accurate than all other analytical approximations, with a slight tendency to underestimate the
FPFP. It the smallest value of the maximum

presents error

(&, =1.07% ) and of the mean of the absolute values of the errors ( My = 1.90% ), which are

more than 4 times smaller than the corresponding quantities for the second best approximation

(i.e., in this case, the mVM approximation).

Table 2.2 - Time-variant FPFP (¢, = 10) for linear elastic SDOF systems subjected to WN base

excitation from at-rest initial conditions (i.e., with unit step time-modulating function).

|l & ISEE P e [%] cVM e [%] mVM e [%] New € [%]
0.01 | 1.23E-01 | 3.39E-01 | 176.24 | 1.66E-01 | 35.26 | 1.29E-01 | 4.87 | 1.20E-01 | -2.29

5 0.05 | 6.15E-01 | 8.68E-01 | 41.22 | 6.78E-01 | 10.25 | 6.07E-01 | -1.37 | 6.11E-01 | -0.59
0.10 | 7.84E-01 | 9.07E-01 | 15.77 | 7.98E-01 | 1.85 | 7.52E-01 | -4.03 | 7.92E-01 | 1.07
0.50 | 9.32E-01 | 9.29E-01 | -0.35 | 9.13E-01 | -2.04 | 9.05E-01 | -2.90 | 9.33E-01 | 0.04
0.01 | 3.49E-03 | 7.66E-03 | 119.47 | 4.07E-03 | 16.64 | 3.14E-03 | -10.01 | 3.20E-03 | -8.35

3 0.05 | 7.79E-02 | 1.34E-01 | 71.73 | 8.67E-02 | 11.26 | 7.35E-02 | -5.60 | 7.71E-02 | -1.05
0.10 | 1.28E-01 | 1.68E-01 | 31.41 | 1.26E-01 | -0.96 | 1.14E-01 | -10.83 | 1.29E-01 | 0.82
0.50 | 1.91E-01 | 1.93E-01 [ 1.05 | 1.79E-01 | -6.22 | 1.76E-01 | -8.13 | 1.88E-01 | -2.00
0.01 | 2.24E-05 | 3.82E-05 [ 70.60 | 2.37E-05 [ 5.55 | 1.86E-05 | -16.96 | 2.15E-05 | -4.19

4 0.05 | 2.72E-03 | 3.79E-03 | 39.36 | 2.75E-03 | 0.89 | 2.37E-03 | -13.03 | 2.70E-03 | -0.58
0.10 | 4.60E-03 | 5.25E-03 | 14.04 | 4.31E-03 | -6.23 | 3.94E-03 | -14.25 | 4.62E-03 | 0.47
0.50 | 6.31E-03 | 6.41E-03 | 0.02 | 6.16E-03 | -2.36 | 6.08E-03 | -3.65 | 6.21E-03 | -1.43
Emax Y0 | 17624 | emx % | 35.26 | &mux % 4.87 Emax Y0 1.07

Emin 70 -0.35 €mn 0 | -6.23 E€mn %0 | -1696 | &nn% | -8.35

Pey %0 | 48.44 | W% | 829 | wy% 7.97 Wy % | 1.90
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Table 2.3 provides the FPFP estimates for linear SDOF systems subjected to WN excitation

from at-rest initial conditions with given normalized threshold { =5 and varying normalized

time ¢,=10,20, and 50. The FPFP values range from a maximum value of 3.72.10* to a

minimum value of 3.53-10°. Also in this case, it is observed that the P approximation

overestimates the FPFP, the cVM approximation tends to overestimate the FPFP, while the mVM

approximation tends to underestimate the FPFP. The New approximation is very accurate under

all combinations of damping ratios and normalized times, with My = 1.73%.

Table 2.3 - Time-variant FPFP for linear elastic SDOF systems subjected to WN base excitation

from at-rest initial conditions for { = 5 and different values of normalized time ¢, .

th | & | ISEE P e[%] | oM | e[%] | mVM | e[%] | New | &[%]
0.01 | 3.53E-08 | 5.00E-08 | 41.56 | 3.46E-08 | -2.12 | 2.78E-08 | -21.38 | 3.42E-08 | -3.27

1o 005 | 3.16B-05 | 3.74E-05 | 18.20 | 298E-05 | -5.91 | 2.62E-05 | -17.18 | 3.10E-05 | -2.07
0.10 | 5.28E-05 | 5.59E-05 | 5.97 | 4.94E-05 | -6.44 | 4.60E-05 | -12.82 | 5.32E-05 | 0.75
0.50 | 6.97E-05 | 7.09E-05 | 1.83 | 6.97E-05 | -0.02 | 6.91E-05 | -0.77 | 6.93E-05 | -0.48
0.01 | 4.69E-06 | 9.74E-06 | 107.75 | 5.57E-06 | 18.78 | 4.18E-06 | -10.74 | 4.66E-06 | -0.63
5o |0:05 | 929E-05 | 112E-04 | 20.17 | 8.81E-05 | -5.18 | 7.72E-05 | -16.86 | 9.12E-05 | -1.82
0.10 | 1.24E-04 | 1.30E-04 | 5.59 | 1.15E-04 | -6.94 | 1.07E-04 | -13.36 | 1.24E-04 | 0.23
0.50 | 1.44E-04 | 1.45E-04 | 0.83 | 1.43E-04 | -1.01 | 1.42E-04 | -1.76 | 1.42E-04 | -1.57
0.01 | 7.01E-05 | 1.86E-04 | 165.23 | 9.60E-05 | 37.03 | 6.99E-05 | -0.26 | 7.40E-05 | 5.61
0.05 | 2.75E-04 | 3.35E-04 | 22.10 | 2.64E-04 | -3.95 | 2.31E-04 | -15.90 | 2.73E-04 | -0.73

20 010 [ 337604 | 3.54E04 | 499 | 3.125-04 | -7.55 | 2.00E-04 | -13.97 | 3.36E-04 | -0.42
0.50 | 3.72E-04 | 3.69E-04 | -0.78 | 3.62E-04 | -2.60 | 3.60E-04 | -3.34 |3.60E-04 | -3.23
eox% | 16523 | emx% | 37.03 | emn% | -026 | &% | 5.61

en% | 078 | % | 755 | emn% | 2138 | emn% | -3.27

we% | 3292 | we% | 813 | wy% | 1070 | wu% | 1.73

Figure 2.5 plots the comparison of the FPFP estimates obtained using the ISEE method and

the P, cVM, mVM, and New approximations for a linear SDOF system with damping ratio

& =0.023 for a normalized threshold ¢ =4.87.
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Figure 2.5 - FPFP for a linear elastic SDOF system subjected to
WN base excitation from at-rest initial conditions (& =0.23 ; { =4.87).

It is noteworthy that the damping ratio and the normalized threshold values used in this

example are not included among the values used to define the functions C_(S,5) and
C,..(&,¢) . The agreement between the results obtained using the ISEE method and the New

approximation is excellent over the entire range of normalized time, clearly showing that the
New approximation is superior to all other considered analytical approximations for this input

loading case.

2.4.3 Results for Linear SDOF Systems Subjected to WN Excitation Modulated in Time
by a Shinozuka-Sato Function

For linear SDOF systems subjected to time-modulated WN excitation, the time-variant FPFP
depends on both the time, ¢, and the natural period of the system, 7. Table 2.4 presents the FPFP
values obtained using the ISEE method and the four analytical approximations considered for
SDOF oscillators with 77=1.0s and with different damping ratios at ¢ =20s. The FPFP values

range from a maximum value of 0.750 to a minimum value of 1.33-107>. Also in this case, the P
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approximation largely overestimates the FPFP, the cVM approximation tends to overestimate the
FPFP (particularly for small damping ratios), and the mVM approximation underestimates the

FPFP (particularly for high thresholds). The New approximation is the most accurate among the

analytical approximations (with M =5.69%), even if it underestimates the FPFP for small

damping ratios.

Table 2.4 - Time-variant FPFP computed at ¢ = 20s for linear elastic SDOF systems with
T =1.0s subjected to WN base excitation time modulated by a Shinozuka-Sato function.

d & ISEE P € [%] cVM e[%] | mVM € [%] New € [%]
0.01 | 3.90E-01 | 9.21E-01 | 136.15 | 5.00E-01 | 28.16 | 3.77E-01 | -3.38 | 3.21E-01 | -17.62
5 0.05 | 4.99E-01 | 7.83E-01 | 56.83 | 5.61E-01 | 12.37 | 4.88E-01 | -2.24 | 4.87E-01 | -2.48
0.10 | 5.95E-01 | 7.53E-01 | 26.53 | 6.07E-01 | 2.02 | 5.56E-01 | -6.47 | 5.99E-01 | 0.69
0.50 | 7.50E-01 | 7.41E-01 | -1.23 | 7.09E-01 | -5.43 | 6.97E-01 | -7.11 | 7.40E-01 | -1.30
0.01 | 4.01E-02 | 1.37E-01 | 240.73 | 4.94E-02 | 23.33 | 3.46E-02 | -13.59 | 3.36E-02 | -16.12
3 0.05 | 4.95E-02 | 847E-02 | 71.03 | 5.36E-02 | 8.21 |4.50E-02 | -9.12 | 4.84E-02 | -2.38
0.10 | 5.87E-02 | 7.76E-02 | 32.32 | 5.81E-02 | -0.91 | 5.21E-02 | -11.15 | 5.99E-02 | 2.07
0.50 | 7.43E-02 | 7.52E-02 | 1.27 | 6.98E-02 | -6.00 | 6.84E-02 | -7.93 | 7.25E-02 | -2.33
0.01 | 1.33E-03 | 3.38E-03 | 154.94 | 1.45E-03 | 9.36 | 1.03E-03 | -22.39 | 1.09E-03 | -17.68
4 0.05 | 1.51E-03 | 2.05E-03 | 36.22 | 1.47E-03 | -2.32 | 1.26E-03 | -16.25 | 1.48E-03 | -1.95
0.10 | 1.65E-03 | 1.87E-03 | 13.42 | 1.55E-03 | -6.40 | 1.41E-03 | -14.41 | 1.67E-03 | 0.90
0.50 | 1.80E-03 | 1.81E-03 | 0.62 | 1.74E-03 | -3.12 | 1.72E-03 | -4.35 | 1.75E-03 | -2.78
Emax 70 | 240.73 | emx% | 28.16 | €mx % -2.24 Emax 70 2.07
Emin 70 -1.23 Emn%0 | -6.40 | emnn% | 2239 | &mn% | -17.68
We Y0 64.27 Mg Y0 8.97 Hy Yo 9.87 Hy Yo 5.69

Figure 2.6 plots the comparison of the FPFP estimates obtained using the ISEE method and
the P, cVM, mVM, and New approximations for a linear SDOF system with 7 =1.0s and

£=0.42 for a normalized threshold value { =3.5. The New approximation provides the best

agreement with the ISEE results among all analytical approximations considered here.
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Figure 2.6 - FPFP for a linear elastic SDOF system with 7' =1.0s subjected
to WN base excitation with Shinozuka-Sato modulating function (£ =0.42 ; £ =3.5).

2.4.4 Results for Linear SDOF Systems Subjected to KT Excitation from At-rest Initial
Conditions

For linear SDOF systems subjected to non-white excitation, the time-variant FPFP depends
on the time, ¢, and the natural period of the system, 7. Table 2.5 through Table 2.7 compare the
FPFP values computed using the ISEE method and the four analytical approximations considered
in this thesis for linear SDOF systems with 7=0.1s, 7=0.5s and 7 =1.0s, respectively,
subjected to a KT excitation from at-rest initial conditions.

The following observations are made: (1) the P approximation largely overestimates the
FPFP, with very large errors for small values of the damping ratio; (2) the cVM approximation
tends to overestimate the FPFP, particularly for low damping ratios and low thresholds; and (3)
the mVM tends to underestimate the FPFP. Again, the New approximation is more accurate than
the other analytical approximations, particularly in the case of 7'=1.0s, in which the New
approximation presents an accuracy similar to the one achieved in the case of linear SDOF

systems subjected to WN excitation from at-rest initial conditions.
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Table 2.5 - Time-variant FPFP computed at # = 1.0s for linear elastic SDOF system with
T =0.1s subjected to KT base excitation from at-rest initial conditions.

& ISEE P e [%] cVM € [%] mVM e [%] New € [%]
0.01 | 1.60E-01 | 3.74E-01 | 133.71 | 2.18E-01 | 36.11 | 1.79E-01 | 12.05 | 1.78E-01 | 11.16
0.05 | 6.84E-01 | 8.55E-01 | 25.04 | 7.06E-01 | 3.26 | 6.50E-01 | -5.01 | 6.92E-01 1.12
0.10 | 8.05E-01 | 8.72E-01 8.31 7.71E-01 | -4.22 | 7.30E-01 | -9.25 | 7.90E-01 | -1.86
0.50 | 7.97E-01 | 7.84E-01 | -1.56 | 7.32E-01 | -8.17 | 7.10E-O1 | -10.88 | 7.75E-01 | -2.71
0.01 | 5.02E-03 | 9.68E-03 | 93.05 | 6.00E-03 | 19.73 | 4.92E-03 | -1.89 | 4.75E-03 | -5.33
0.05 | 9.30E-02 | 1.30E-01 | 39.45 | 9.27E-02 | -0.27 | 8.18E-02 | -12.05 | 8.93E-02 | -4.00
0.10 | 1.29E-01 | 1.49E-01 | 1532 | 1.17E-01 | -9.19 | 1.07E-01 | -16.74 | 1.22E-01 | -5.61
0.50 | 1.12E-01 | 1.17E-01 | 4.40 1.04E-01 | -7.68 | 9.98E-02 | -11.23 | 1.12E-01 | -0.76
0.01 | 3.44E-05 | 5.60E-05 | 62.90 | 3.96E-05 | 15.26 | 3.31E-05 | -3.62 | 3.17E-05 | -7.69
0.05 | 3.13E-03 | 3.71E-03 | 18.32 | 2.92E-03 | -6.72 | 2.62E-03 | -16.41 | 2.82E-03 | -10.00
0.10 | 435E-03 | 4.65E-03 | 6.90 | 3.97E-03 | -8.72 | 3.69E-03 | -14.98 | 4.09E-03 | -5.97
0.50 | 3.56E-03 | 3.75E-03 | 5.37 | 3.49E-03 | -1.72 | 3.40E-03 | -4.35 | 3.65E-03 | 2.78

Emax 70 133.71 E€max Y0 | 36.11 Emax Y0 12.05 Emax 70 11.16
Emin 70 -1.56 Emin 70 -9.19 Emin 70 -16.74 Emin 70 -10.00
We Yo 34.53 We Yo 10.09 We Yo 9.87 e Yo 491

Table 2.6 - Time-variant FPFP computed at # = 5.0s for linear elastic SDOF system with
T = 0.5s subjected to KT base excitation from at-rest initial conditions.

& ISEE P e [%] cVM e [%] mVM € [%] New e [%]
0.01 | 1.20E-01 | 3.39E-01 | 182.15 | 1.49E-01 | 24.35 | 1.12E-01 -6.92 | 1.09E-01 | -9.49
0.05 | 5.94E-01 | 8.69E-01 | 46.43 | 6.39E-01 | 7.66 | 5.56E-01 -6.37 | 6.31E-01 6.30
0.10 | 7.91E-01 | 9.09E-01 | 14.92 | 7.68E-01 | -2.92 | 7.09E-01 | -10.40 | 7.41E-01 | -6.29
0.50 | 9.23E-01 | 9.29E-01 | 0.63 | 8.99E-01 | -2.61 | 8.85E-01 -4.09 | 9.31E-01 0.80
0.01 | 3.34E-03 | 7.66E-03 | 129.25 | 3.67E-03 | 9.85 | 2.73E-03 | -18.30 | 3.20E-03 | -4.38
0.05 | 7.56E-02 | 1.34E-01 | 77.18 | 7.94E-02 | 497 | 6.51E-02 | -13.87 | 8.89E-02 | 17.49
0.10 | 1.26E-01 | 1.69E-01 | 34.14 | 1.18E-01 | -6.12 | 1.03E-01 | -17.93 | 1.25E-01 | -0.92
0.50 | 1.92E-01 | 1.93E-01 | 0.75 | 1.73E-01 | -9.80 | 1.67E-01 | -12.88 | 1.87E-01 | -2.32
0.01 | 2.21E-05 | 3.83E-05 | 73.04 | 2.16E-05 | -2.46 | 1.64E-05 | -26.13 | 2.02E-05 | -8.59
0.05 | 2.65E-03 | 3.80E-03 | 43.07 | 2.54E-03 | -4.31 | 2.12E-03 | -20.28 | 2.97E-03 | 12.02
0.10 | 4.48E-03 | 5.28E-03 | 18.06 | 4.08E-03 | -8.80 | 3.63E-03 | -19.00 | 4.44E-03 | -0.71
0.50 | 6.33E-03 | 6.41E-03 | 1.37 | 6.01E-03 | -4.96 | 5.87E-03 | -7.27 | 6.29E-03 | -0.55

Emax Y0 | 182.15 | €max% | 24.35 Emax Y0 -4.09 Emax Y0 17.49
Emin 70 0.63 Emin %0 | -9.80 Emin 70 -26.13 Emin 70 -9.49
W Yo 51.75 We Yo 7.40 e Yo 13.62 e Yo 5.82
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Table 2.7 - Time-variant FPFP computed at # = 10.0s for linear elastic SDOF system with
T =1.0s subjected to KT base excitation from at-rest initial conditions.

& ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 | 1.22E-01 | 3.42E-01 | 180.89 | 1.66E-01 | 36.11 | 1.28E-01 | 5.15 | 1.21E-01 | -0.56
0.05 | 6.12E-01 | 8.71E-01 | 42.32 | 6.76E-01 | 10.55 | 6.03E-01 | -1.37 | 6.06E-01 | -0.95
0.10 | 8.00E-01 | 9.10E-01 | 13.76 | 7.98E-01 | -0.23 | 7.51E-01 | -6.17 | 7.89E-01 | -1.47
0.50 | 9.50E-01 | 9.36E-01 | -1.46 | 9.19E-01 | -3.34 | 9.10E-01 | -4.27 | 9.40E-01 | -1.09
0.01 | 3.55E-03 | 7.80E-03 | 119.71 | 4.10E-03 | 15.43 | 3.15E-03 | -11.30 | 3.32E-03 | -6.41
0.05 | 7.83E-02 | 1.35E-01 | 72.10 | 8.64E-02 | 10.35 | 7.30E-02 | -6.75 | 7.85E-02 | 0.16
0.10 | 1.31E-01 | 1.70E-01 | 29.23 | 1.27E-01 | -3.54 | 1.14E-01 | -13.50 | 1.31E-01 | -0.53
0.50 | 1.99E-01 | 2.00E-01 0.69 1.85E-01 | -7.30 | 1.80E-01 | -9.47 | 1.94E-01 | -2.42
0.01 | 2.32E-05 | 3.94E-05 | 69.97 | 2.41E-05 | 4.08 | 1.89E-05 | -18.46 | 2.27E-05 | -2.11
0.05 | 2.71E-03 | 3.82E-03 | 41.17 | 2.74E-03 | 1.26 | 2.35E-03 | -13.07 | 2.78E-03 | 2.51
0.10 | 4.67E-03 | 5.32E-03 | 14.03 | 4.34E-03 | -7.02 | 3.95E-03 | -15.30 | 4.72E-03 | 1.09
0.50 | 6.65E-03 | 6.68E-03 0.38 6.38E-03 | -4.13 | 6.28E-03 | -5.64 | 6.46E-03 | -2.82
Emax Y0 180.89 E€max Yo | 36.11 Emax Y0 5.15 Emax Y0 2.51
€min Y0 -1.46 Emin 70 -7.30 Emin 70 -18.46 Emin Y0 -6.41
We Yo 48.81 IR 8.61 e Yo 9.20 He Yo 1.84
0.2
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Figure 2.7 - FPFP for a linear elastic SDOF system with 7= 0.1s subjected
to KT base excitation from at-rest initial conditions (& =0.035; £ =3).
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Figure 2.7 plots the comparison of the FPFP estimates obtained using the ISEE method and
the P, cVM, mVM, and New approximations for a linear SDOF system with 7 =0.1s and

&£=0.035, for a normalized threshold value { =3.0. It is observed that the P approximation

significantly overestimates the FPFP, the two Vanmarcke’s approximations provide an upper and
a lower bound of the FPFP, and the New approximation is in very good agreement with the ISEE

results.

2.4.5 Results for Linear SDOF Systems Subjected to KT Excitation Modulated in Time
by a Shinozuka-Sato Function

Table 2.8 through Table 2.10 compare the FPFP values computed using the ISEE
method and the four analytical approximations considered in this thesis for linear SDOF systems
with 7'=0.1s, T =0.5s , and T =1.0s, respectively, subjected to a KT excitation modulated in
time by a Shinozuka-Sato function.

The observations regarding the absolute and relative accuracy of the analytical
approximations are very similar to the observations made in the previous cases. In particular,
the New approximation is much more accurate than the P approximation and significantly more
accurate than both the cVM and mVM approximations.

Figure 2.8 plots the comparison of the FPFP estimates obtained using the ISEE method and
the P, ¢cVM, mVM, and New approximations for a linear SDOF system with

T =1.0s and £=0.22, for a normalized threshold value { =2.2. In this case, the P and cVM

approximations provide an upper and a lower bound, respectively, for the FPFP,

while the New approximation is in excellent agreement with the ISEE results.
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Table 2.8 - FPFP computed at ¢ = 20.0s for linear elastic SDOF system with 7" =0.1s subjected
to KT base excitation time modulated by a Shinozuka-Sato function.

d & ISEE P € [%] cVM e [%] mVM e [%] New € [%]
0.01 | 8.74E-01 1 14.45 | 9.93E-01 | 13.67 | 9.73E-01 | 11.35 | 9.31E-01 | 6.52
5 0.05 | 9.92E-01 1 0.80 9.99E-01 | 0.75 | 9.98E-01 | 0.62 | 9.99E-01 | 0.71
0.10 | 9.90E-01 1 1.05 1 1.02 | 9.99E-01 | 0.97 1 1.03
0.50 | 9.93E-01 1 0.64 9.99E-01 | 0.55 | 9.98E-01 | 0.49 | 9.99E-01 | 0.63
0.01 | 1.67E-01 | 5.46E-01 | 226.13 | 2.94E-01 | 75.81 | 2.28E-01 | 36.07 | 1.76E-01 | 5.23
3 0.05 | 3.86E-01 | 5.04E-01 | 30.35 | 3.85E-01 | -0.50 | 3.45E-01 | -10.85 | 3.68E-01 | -4.91
0.10 | 4.45E-01 | 4.74E-01 6.51 3.94E-01 | -11.59 | 3.66E-01 | -17.74 | 4.05E-01 | -9.08
0.50 | 3.59E-01 | 3.63E-01 1.01 3.29E-01 | -8.45 | 3.18E-01 | -11.37 | 3.48E-01 | -3.04
0.01 | 6.87E-03 | 1.81E-02 | 163.96 | 9.66E-03 | 40.61 | 7.34E-03 | 6.85 | 5.58E-03 | -18.83
4 0.05 | 1.40E-02 | 1.61E-02 | 15.02 | 1.26E-02 | -9.87 | 1.13E-02 | -19.60 | 1.20E-02 | -14.10
0.10 | 1.44E-02 | 1.48E-02 3.12 1.27E-02 | -11.61 | 1.18E-02 | -17.67 | 1.30E-02 | -9.28
0.50 | 1.03E-02 | 1.04E-02 0.52 9.74E-03 | -5.81 | 9.48E-03 | -8.24 | 1.01E-02 | -1.82
Emax 70 226.13 Emax 70 75.81 Emax 70 36.07 Emax 70 5.23
Emin 70 0.52 Emin 70 -11.61 Emn%0 | -19.60 | €, % -18.83
e Yo 38.63 We Yo 15.02 We Yo 11.82 We Yo 6.27

Table 2.9 - FPFP computed at # = 20.0s for linear elastic SDOF system with 7" = 0.5s subjected
to KT base excitation time modulated by a Shinozuka-Sato function.

o & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 | 4.56E-01 | 9.80E-01 | 114.93 | 6.23E-01 | 36.55 | 4.73E-01 | 3.74 | 4.19E-01 | -8.12
5 0.05 | 6.80E-01 | 9.40E-01 | 38.16 | 7.44E-01 | 9.35 | 6.57E-01 | -3.37 | 6.43E-01 | -5.45
0.10 | 8.12E-01 | 9.36E-01 | 15.23 | 8.11E-01 | -0.14 | 7.55E-01 | -7.08 | 7.90E-01 | -2.72
0.50 | 9.45E-01 | 9.33E-01 | -1.36 | 9.02E-01 | -4.58 | 8.89E-01 | -5.94 | 9.31E-01 | -1.52
0.01 | 4.83E-02 | 2.03E-01 | 319.65 | 6.84E-02 | 41.54 | 4.64E-02 | -4.05 | 4.86E-02 | 0.47
3 0.05 | 8.21E-02 | 1.50E-01 | 82.93 | 8.82E-02 | 7.39 | 7.18E-02 | -12.50 | 8.00E-02 | -2.57
0.10 | 1.09E-01 | 1.47E-01 | 35.21 | 1.03E-01 | -5.02 | 9.01E-02 | -17.09 | 1.10E-01 | 1.12
0.50 | 1.45E-01 | 1.45E-01 | -0.47 1.30E-01 | -10.54 | 1.26E-01 | -13.55 | 1.40E-01 | -3.71
0.01 | 1.68E-03 | 5.25E-03 | 212.60 | 2.04E-03 | 21.30 | 1.39E-03 | -17.13 | 1.48E-03 | -11.54
4 0.05 | 2.58E-03 | 3.77E-03 | 46.12 | 2.50E-03 | -3.21 | 2.07E-03 | -19.82 | 2.36E-03 | -8.43
0.10 | 3.17E-03 | 3.68E-03 | 16.13 | 2.86E-03 | -9.89 | 2.54E-03 | -19.97 | 3.10E-03 | -2.20
0.50 | 3.60E-03 | 3.61E-03 0.44 3.40E-03 | -5.46 | 3.32E-03 | -7.69 | 3.55E-03 | -1.45
Emax Y0 319.65 Emax 0 41.54 Emax Y0 -4.05 Emax Y0 1.12
Emin 70 -0.47 Emin Y0 -10.54 | emin% -19.97 Emin 70 -11.54
e Yo 73.60 We Yo 12.91 e Yo 10.99 e Yo 4.11
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Table 2.10 - FPFP computed at = 20.0s for linear elastic SDOF system with 7" =1.0s subjected

to KT base excitation time modulated by a Shinozuka-Sato function.

C & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 | 3.94E-01 | 9.21E-01 | 133.80 | 4.96E-01 | 25.79 | 3.72E-01 | -5.54 | 3.26E-01 | -17.28
5 0.05 | 4.94E-01 | 7.85E-01 | 58.96 | 5.59E-01 | 13.11 | 4.85E-01 | -1.92 | 4.85E-01 | -1.87
0.10 | 6.03E-01 | 7.57E-01 | 25.52 | 6.07E-01 | 0.59 | 5.55E-01 | -8.05 | 5.97E-01 | -1.04
0.50 | 7.64E-01 | 7.54E-01 | -1.25 | 7.18E-01 | -6.00 | 7.04E-01 | -7.86 | 7.54E-01 | -1.30
0.01 | 4.00E-02 | 1.37E-01 | 242.28 | 4.89E-02 | 22.37 | 3.41E-02 | -14.59 | 3.44E-02 | -13.94
3 0.05 | 4.89E-02 | 8.53E-02 | 74.40 | 5.34E-02 | 9.16 | 447E-02 | -8.70 | 4.95E-02 | 1.20
0.10 | 6.02E-02 | 7.86E-02 | 30.57 | 5.83E-02 | -3.21 | 5.21E-02 | -13.57 | 6.10E-02 | 1.27
0.50 | 7.82E-02 | 7.80E-02 | -0.14 | 7.18E-02 | -8.07 | 7.01E-02 | -10.26 | 7.52E-02 | -3.79
0.01 | 1.34E-03 | 3.39E-03 | 153.24 | 1.44E-03 | 7.35 | 1.02E-03 | -24.13 | 1.08E-03 | -18.98
A 0.05 | 1.51E-03 | 2.07E-03 | 37.03 | 1.47E-03 | -2.66 | 1.25E-03 | -16.89 | 1.50E-03 | -0.46
0.10 | 1.69E-03 | 1.90E-03 | 12.40 | 1.55E-03 | -8.00 | 1.41E-03 | -16.20 | 1.70E-03 | 0.46
0.50 | 1.84E-03 | 1.88E-03 | 2.34 | 1.80E-03 | -1.97 | 1.78E-03 | -3.44 | 1.82E-03 | -1.19
Emax 70 | 242.28 Emax /0 2237 | Emax %o 3.44 Emax /0 1.27
Emin %0 | -0.14 Emin %0 807 | &% | 2413 | &mn% |-18.98
Hie Yo 64.33 Hie Yo 9.02 Hie Yo 10.93 Mg Yo 5.23
0.7
0.6
0.5}
<[ 04’
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0— ‘ ‘ ‘
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Figure 2.8 - FPFP for a linear elastic SDOF system with 7 =1.0s subjected to
KT base excitation with Shinozuka-Sato modulating function (£ =0.22 ; £ =2.2).
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2.5 FPFP DEPENDENCY ON NORMALIZED TIME

The time-variant FPFP for a linear SDOF system subjected to a WN excitation from at-rest
initial conditions can be expressed as a function of normalized time, normalized threshold, and
damping ratio only. This fact can be shown by comparing the ISEE results for the FPFP obtained
for SDOF systems with different natural periods, see Figure 2.9, and can be expressed

mathematically as:

fy

Pf,X|<xnm,t>=1—exp{—j hX|<xnm,r>-dr}=1—exp{— | EX|<:,ro>-dro}=Pf,|X|<:,ro> @.11)

A superposed bar indicates a function that depends on time and natural period only through

the normalized time 7,. Eq. (2.11) implies that, for any natural period 7', the following relation

holds:
1 —
h\X|(xlim’t) = T'hm((,to) (2.12)
0.12
O T=1.0s
0.1} X T=0.5s ®
0.08¢
— =
& I _ £E=0.02 |
o000 >=00 (=275 ®
(=5 X 7
0.04y ” & £=002 |
=25
= =
" =
(s ‘
1 2 3 4 5
t0= HT

Figure 2.9 - Comparison of FPFP for linear elastic SDOF with
T =1.0sand T = 0.5s subjected to WN base excitation from at-rest initial conditions.
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It can be demonstrated that the analytical approximations of the hazard functions of P, cVM
and mVM satisfy Eq. (2.12). It is sufficient to prove that Eq. (2.12) is satisfied by the newly

proposed hazard function given in Eq. (2.1). It has been shown that the bandwidth parameter can

be expressed as a function of the normalized time, i.e., ¢y (t ) =g (%) [15]. This relation also

implies that C,(&,¢,0)=C\(&,¢,t,) and C,(&,¢,t)=C,(&,¢,t,). From the closed-form

solutions for the second-order statistics of the displacement and velocity response of a linear
SDOF system subjected to a WN excitation with at-rest initial conditions [9], it can be also

shown that

oy (t)=0%, 5% (1) (2.13)
2
oL ()= GTXZ“’ 54 () (2.14)
Ol T
K ()= 7 K (%) (2.15)

in which K. (Z) = cross-covariance of the displacement and velocity responses of the linear

SDOF system. The relation @,-t=2-7-t, is used in Eqgs. (2.13) through (2.15). Thus, the

following relations are also valid:

o
K. () 7 Kuln) p
pli)= i P ) e
O-X(t) O-X(t) G;w'\/5x(to)'o_-)'((t0)

r(t)= p)()'((t) . Xlim _ ﬁXX(IO) . C .
(1) 2.[1—,0)20»(0)] |:0)((f):| \/2_[1_/3)20_((%)] {5)((%)} (%) (2.17)
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e [ o }{“f r(1)-exp[ 2 (1)) erfe(~ (1))

7 ox () Py (1)
gt imp ) T() . )
T-7-&y(ty) [ pgzc'((to)J {1+\/_ 7 (1 )~eXp[r (to)]-erfc(—r(to))}(2.18)
:%'Ux(é/ato)

Finally, the following relation is obtained:

oy (?)

1—exp LT :
2 [oyx()

l—exp{—JﬂTz [G (1)) 5 55@)}

el L[ T
1 CXP{ 2 {Ex(to)}}

1—exp{—J7/2 gy @)iee. Sin }

hNew,|X| (Xjj 1) = Ux (Xym-1) - €xp[C, (&,4,0)]-

= T (o) G661 (2.19)

) hNew,|X| (gatO)

1
T

2.6 CONCLUSIONS

This chapter explores the classical first-passage reliability problem for linear elastic SDOF

oscillators subjected to stationary and/or non-stationary Gaussian excitations modeled as

separable non-stationary processes. Existing analytical approximations (i.e., the P, cVM, and

mVM approximations) are reviewed and compared in terms of absolute and relative accuracy in

estimating the time-variant FPFP.

A new analytical approximation of the FPFP for linear SDOF systems is proposed by

modifying the ¢cVM hazard function. This new approximation is verified by comparing its

analytical estimates of the FPFP with the corresponding results obtained using existing analytical
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approximations and the ISEE method for a wide range of damping ratios, natural periods, and
threshold levels. Different types of stochastic input excitations are considered, including white
and non-white spectra, with a sudden application of the loads (i.e., with a unit step time-
modulating function) or with a load modulated in time by using a Shinozuka-Sato function. It is
found that (1) the P approximation generally overestimates (sometimes by a large factor) the
FPFP, (2) the two Vanmarcke’s approximations are significantly more accurate than the P
approximation, (3) the cVM approximation tends to overestimate the FPFP, (4) the mVM
approximation tends to underestimate the FPFP, (5) the relative accuracy of the two Vanmarcke’s
approximation is different on a case-by-case basis, and (6) the newly proposed analytical
approximation of the hazard function yields significantly improved estimates of the FPFP when

compared with P, cVM, and mVM approximations.
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3 FPFP FOR LINEAR MDOF OSCILLATORS

3.1 INTRODUCTION

This chapter presents the results of the research performed to gain a better insight into the
first-passage reliability problem of MDOF systems subjected to stationary and/or nonstationary
excitations. The use of the real-valued and complex-valued modal analysis methods in the
context of stochastic dynamics is illustrated. Several application examples are used to study the
convergence rate of spectral characteristics and analytical failure probability estimates obtained
using modal truncation with increasing number of modes. These application examples include
the analysis of: (1) the roof displacement response of four shear-type MDOF systems subjected
to both stationary and nonstationary random excitations, (2) the roof displacement response of a
finite element (FE) model of an actual 13-story welded steel building, and (3) the relative
displacement response of two adjacent buildings modeled as SDOF systems subjected to seismic

pounding hazard.

3.2 USE OF MODAL TRUNCATION IN FPFP OF LINEAR MDOF OSCILLATORS

The application of modal truncation for the FPFP of MDOF linear oscillators requires the use
of the spectral characteristics which are obtained from the truncated modal response values. The

response values are calculated considering only the contributions of the first p modes (p<n,

n = total number of DOFs of the system).

3.2.1 Response Variance Computed Using Real-valued Modal Analysis

The spectral characteristics for computation of the FPFP of the response of MDOF systems
are discussed in Chapter 1. The auto-covariance matrix function corresponding to the truncated

modal response is obtained as:
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E|:ll(l‘) 'uT (t)] ~ E|:[i¢r 'qr(t)]‘(i‘ﬁs "4 (t)j} = (I)(p) 'E[q(p)(t)'q(Tp)(t)jl'q)(Tp) (3-1)

3.2.2 Response Variance Computed Using Complex-valued Modal Analysis

In stochastic dynamic analysis of complex-valued nonstationary random processes, the
normalized complex modal response vectors are obtained using the equations discussed in
Chapter 1. The auto-covariance matrix function using the modal truncation for the contributions

of the first 2p complex modes is given as:

*

E[2()-Z'(0)]~T,., E [S*M 0)-S",.,, (t)] T, (3.2)

where T , . ,,= effective modal participation factor which includes the contributions of the first

2p complex modes. The cross-covariance matrix function between the response vector Z(t) and

the auxiliary process vector Z(¢) using modal truncation is computed as:

*

E ':Z(t) ’ ET (t):| ~ T2n><2p ’ E|:S*2p><1 (t) ’ ZT1><2p (t):| ' TngZn (33)
where

T

2 (=] 210, 2,0, 2, (0, 2,1 (0, 2, (1), 2, (1) ] (3.4)

3.3 EXTENSION OF THE NEWLY PROPOSED ANALYTICAL APPROXIMATION TO
MDOF SYSTEMS

The newly proposed hazard function for SDOF systems subjected to both stationary and
nonstationary random processes is used here to find the FPFP of linear MDOF systems as well.

The proposed hazard function for SDOF systems is defined as:
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1—exp {—, /71-/2 1q, (t)]Cl(s”,c,t) xh(mt)}
P (s 1) = Uy (1) - €XP[C (6, D) Ox (3.5)
I—exp {

where, C,(&,¢,¢)and C,(&,d,¢) are found using Eqs. (2.2) and (2.3).

In this study, the MDOF systems are subjected to both stationary (white noise excitation from
at-rest initial conditions) and nonstationary random excitations. The nonstationary random input
has the PSD function of Kanai-Tajimi modified by Clough and Penzien (KT-CP) and is
modulated in time with the Shinozuka-Sato modulating function. Several modifications for the
hazard function corresponding to nonstationary input processes are proposed in Chapter 2. Two
forms of the newly proposed hazard function (differing only in the computation of the equivalent
normalized threshold and damping ratio to be used in Egs. (2.5) and (2.6)) are evaluated for
accuracy in this section. The first form of the newly proposed hazard function, referred to as

Newl, is characterized by the following equivalent damping ratio and normalized threshold:

E=¢ (3.6)

= Xlim
g)= m (3.7)

where &, = damping ratio of the first mode of vibration of the MDOF system.

The second form of the newly proposed hazard function, referred to as New2, is

characterized by the following equivalent damping ratio and normalized threshold:
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& =zeroqqy ., —11

) 4.[arctan(\/ﬁ/§1 )]2 %

n’ '(1_512)

X ‘ Gyox, (@)

@)=

O-X,max : A(t) SO

where @, = natural frequency of the MDOF system.

3.4 APPLICATION EXAMPLES

(3.8)

(3.9)

Three application examples are discussed in this section. In the first and second examples,

the FPFP for the roof displacement of the MDOF systems are studied using modal truncation. In

each case, the convergence rate of the spectral characteristics and the stochastic dynamic results

are studied for an increasing number of modes used in the modal truncation. The third example

considers the pounding problem of two adjacent buildings, modeled as two SDOF systems for

two cases of close and well separated natural periods, and includes the evaluation of the accuracy

of analytical FPFP approximations.

3.4.1 Multi-story Shear-type Buildings

Four shear-type buildings with different number of stories (i.e., DOFs) are studied using

modal analysis. The material properties and damping coefficients of these systems are presented

in Table 3.1.

Table 3.1 - Modeling properties of the shear-type buildings.

# of DOFs Ma(stségoor S(Egjﬁs)s Damping Ratio
2 45 30000 2%
3 28.8 40561.52344 2%
8 454.454 628801 2%
20 454.454 827490.234 2%
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3.4.1.1 Input Excitation Models

Two types of excitations are considered in this chapter: (1) a WN excitation, represented by a
constant PSD function (i.e., G, , (®)=S,, in which @= circular frequency, and S, = Im*/s*),
and (2) a non-white excitation, modeled using a KT PSD function modified by Clough and
Penzien (KT-CP) with the function given as:

1+4-& (0l o,) (w/w,)’

2 : 5 S, (3.10)
1-(@0,) | +2-¢,-0/o,) [1—(a>/a>f)2] +(2¢, - 0jm,)

2

GXSXS (w)=
[

where &, and @, = damping ratio and the natural frequency of the Clough-Penzien filter. In this
study the parameters of the Kanai-Tajimi filter are are assumed equal to @, =12.5rad/s and

¢, =0.6, and the parameters of the Clough-Penzien filter are @, =2.0rad/sand &, =0.7.

2 ,
---WN
—KT
sl —— KT-CP
=
S
E
| CE A R
a
N
[a W)
0.5}
0 1 1 1 1 1
0 10 20 30 40 50 60

o [rad/s]
Figure 3.1- Types of PSD functions.

The unit step and Shinozuka-Sato (with parameters B, =0.2s™';B, =0.25s") time-

modulating functions are considered in this example. The shear-type buildings are studied

subjected to both stationary (WN and unit step time-modulating function) and nonstationary
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(KT-CP and Shinozuka-Sato time-modulating function).

The spectral characteristics of the roof displacement response are computed using modal
truncation. These spectral characteristics are used to estimate the FPFP of the roof displacement
for a given threshold. The time-variant FPFP is calculated for a double-barrier problem with
normalized failure threshold level of ¢ =4 using the P, ¢VM, and mVM analytical
approximations, as well as the newly proposed Newl and New2 hazard functions. The
convergence rate of results obtained using spectral characteristics computed via modal truncation
for each p (1< p<mn) to the results obtained using the spectral characteristics computed
including all modes is studied. Table 3.2 presents the modal analysis results of the four shear-

type buildings, including modal periods, 7; , modal circular frequencies,®,, modal damping

ratios, & ;, modal participation factors, I', , and cumulative modal participation factors,

1

[.., (=1,2,.., n where n = number of DOFs). The MDOF systems are all classically

damped and the classical damping matrix is obtained using the Rayleigh damping model by
assuming that the damping ratios correspond to the first and the last mode of vibration of each

system are equal to 2%.

3.4.1.2 Stochastic Dynamic Analysis Results

The stochastic dynamic analysis is performed on all four shear-type buildings subjected to

stationary and nonstationary random processes and the results are presented in separate tables for

each building. These results include the maximum values of displacement variance (GjR , ®)),

velocity variance (o-jw (7)), hazard functions based on P (U‘MR ‘(xlim,t) ), € VM (h oy (Xi52) ),

00f
mVM (A, gy (X0 52) ), Newl (hy,,, (X .2) ), and New2 (A, (x,; ) )(for nonstationary cases)

approximations, and the corresponding failure probabilities ( P, cVM, mVM, Newl and New?2).
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Table 3.2- Modal analysis results for shear-type buildings.

Mode (i) | T;[s] | w;[rad/s] ¢ i [%)] | Teumi [%]
2-story shear-type building
1 0.3937 | 15.9576 | 0.0200 | 94.7214 | 94.7214
2 0.1504 | 41.7775 | 0.0200 5.2786 100
3-story shear-type building
1 0.3762 | 16.7017 | 0.0200 | 91.4079 | 91.4079
2 0.1343 | 46.7972 | 0.0168 7.4877 | 98.8956
0.0929 | 67.6240 | 0.0200 1.1044 |100.0000
8-story shear-type building
1 0.9154 6.8636 0.0200 | 85.6332 | 85.6332
2 0.3086 | 20.3570 | 0.0113 9.0828 | 94.7161
3 0.1895 | 33.1572 | 0.0121 2.9656 | 97.6816
4 0.1402 | 44.8283 | 0.0140 1.2894 | 98.9710
5 0.1143 | 54.9728 | 0.0160 0.6111 | 99.5821
6 0.0993 | 63.2453 | 0.0178 0.2819 | 99.8640
7 0.0906 | 69.3640 | 0.0192 0.1104 | 99.9743
8 0.0859 | 73.1206 | 0.0200 0.0257 100
20-story shear-type building
1 1.9223 3.2685 0.0200 | 83.0021 | 83.0021
2 0.6420 9.7864 0.0086 9.1503 | 92.1524
3 0.3867 | 16.2469 | 0.0076 3.2423 | 95.3947
4 0.2779 | 22.6120 | 0.0079 1.6149 | 97.0096
5 0.2178 | 28.8444 | 0.0087 0.9454 | 97.9550
6 0.1800 | 34.9075 | 0.0097 0.6068 | 98.5618
7 0.1541 | 40.7658 | 0.0108 0.4124 | 98.9742
8 0.1355 | 46.3849 | 0.0119 0.2908 | 99.2650
9 0.1215 | 51.7317 | 0.0129 0.2099 | 99.4749
10 0.1107 | 56.7750 | 0.0140 0.1535 | 99.6284
11 0.1022 | 61.4851 | 0.0149 0.1130 | 99.7414
12 0.0954 | 65.8344 | 0.0159 0.0829 | 99.8243
13 0.0900 | 69.7973 | 0.0167 0.0603 | 99.8847
14 0.0857 | 73.3507 | 0.0175 0.0431 | 99.9278
15 0.0822 | 76.4735 | 0.0181 0.0299 | 99.9577
16 0.0794 | 79.1477 | 0.0187 0.0198 | 99.9775
17 0.0772 | 81.3573 | 0.0192 0.0122 | 99.9897
18 0.0756 | 83.0895 | 0.0196 0.0067 | 99.9964
19 0.0745 | 84.3341 | 0.0198 0.0029 | 99.9993
20 0.0738 | 85.0838 | 0.0200 0.0007 100
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The results obtained using the modal truncation for each p <n ( R,) are also compared with the

results obtained when the contribution of all modes are considered in the response (R, ). These

R,—R,

differences are denoted as error, £[%]= x100.

n

3.4.1.2.1 Two-story Shear-type Building

As observed from Table 3.2, the first mode of the two-story building contains almost 94.7%
of the total mass of the system in the horizontal direction. For the case of stationary random
process (Table 3.3), including only the first mode gives a maximum error value of 2.5% for all

the reliability measures while it is less than 1% the for the nonstationary case (Table 3.4).

Table 3.3 -Stochastic dynamic analysis results for the horizontal roof drift response
of the two-story building subjected to stationary input.

Modes included #1 to #2 #1 € [%]
max(o, (1)) 2.6524E-02 2.6495E-02 -0.1087
max(o; (1)) 6.8000E+00 6.7469E+00 -0.7811

max(y, (%, 1)) 1.7097E-03 1.6892E-03 -1.2007
max (A, (X, ,1)) 9.4248E-04 9.2421E-04 -1.9391
max(,,,, (X;,-1)) 7.2841E-04 7.1222E-04 -2.2226
max(h,,,, (X, 1)) 7.3861E-04 7.2000E-04 -2.5203
P 2.6457E-02 2.6137E-02 -1.2079

cVM 1.4820E-02 1.4534E-02 -1.9326

mVM 1.1511E-02 1.1256E-02 -2.2129

Newl 1.1756E-02 1.1463E-02 -2.4998

It is observed that the error values for the nonstationary case are significantly lower than for
the stationary case. This observation can be explained based on the differences in the PSD

functions of the inputs.
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Table 3.4 - Stochastic dynamic analysis results for the horizontal roof drift response

of the two-story building subjected to nonstationary input.

Modes included #1 to #2 #1 € [%]
max(o, (1) 2.5670E-04 | 2.5701E-04 | 0.1199
max(o, (1)) 6.3364E-02 | 6.3259E-02 | -0.1655

max(y, (%, 1)) 1.6777E-03 | 1.6914E-03 | 0.8177
max(h,,,, (X;,-1)) 7.5158E-04 | 7.5394E-04 | 0.3137
max(h,,,, (X;.,1)) | 5.3951E-04 | 5.4033E-04 | 0.1520
max(fy,,, (¥;,-1)) | 6.2600E-04 | 6.2686E-04 | 0.1362
max(fy,,,(xX;,.1)) | 3.5914E-04 | 3.5846E-04 | -0.1903
P 7.1944E-03 | 7.2571E-03 | 0.8714
cVM 3.2863E-03 | 3.2986E-03 | 0.3743
mVM 2.3641E-03 | 2.3691E-03 | 0.2125
Newl 2.7503E-03 | 2.7565E-03 | 0.2261
New?2 1.5836E-03 | 1.5829E-03 | -0.0489
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g o012t ]
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Figure 3.2 - Input PSD function for the two-story building.
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Figure 3.2 shows the PSD function of the nonstationary input excitation and the modal
circular frequencies of the 2-DOF system. The frequency content of the input in correspondence
of the circular frequency of the first mode is almost 10 times larger than the frequency content of
the input in correspondence of the circular frequency of the second mode. Thus, the first mode of
vibration contributes to the structural response relatively more for the nonstationary case than for

the white noise excitation case, in which the input frequency content is constant for all modes.

3.4.1.2.2 Three-story Shear-type Building

In the three-story building, the first mode contributes 91% of the total mass and the first two
modes contribute 98% of the total mass of the system in the horizontal direction (Table 3.2). The
maximum value of error for the FPFP estimates is 14.14 % for the stationary cases (Table 3.5)
and is 1.28% for the nonstationary case (Table 3.6 ) when considering only one mode in the

modal truncation.

Table 3.5 - Stochastic dynamic analysis results for the horizontal roof drift response
of the three-story building subjected to stationary input.

Modes included #1 to #3 #1 € [%] #1 to #2 € [%]
max(o, (1)) 2.5178E-02 | 2.5108E-02 | -0.2771 [2.5177E-02| -0.0036
max(c; (1) 7.1621E+00| 7.0039E+00 | -2.2083 |7.1582E+00| -0.0537
max(y, (%, 1)) 1.8010E-03 | 1.7442E-03 | -3.1499 |1.8000E-03 | -0.0541
max(h,y,, (X;,,1)) | 1.0S56E-03 | 9.5483E-04 | -9.5470 |1.0478E-03 | -0.7409
max(h,,, (x;,,1)) | 8.3519E-04 | 7.3588E-04 |-11.8906 |8.2679E-04 | -1.0059
max(hy,,, (X;,-1)) | 9.0147E-04 | 7.7394E-04 |-14.1460 |8.9019E-04 | -1.2513
P 2.8191E-02 | 2.7300E-02 | -3.1611 |2.8176E-02 | -0.0542

cVM 1.6763E-02 | 1.5183E-02 | -9.4211 |1.6641E-02| -0.7253
mVM 1.3323E-02 | 1.1759E-02 |-11.7394 | 1.3191E-02 | -0.9870
Newl 1.4462E-02 | 1.2449E-02 |-13.9164 | 1.4285E-02 | -1.2233
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Inclusion of the first two modes in the modal truncation decreases the maximum error values
to 1.25% and 0.28% for the stationary and nonstationary cases, respectively. The difference
between the stationary and nonstationary cases has an explanation similar to the one presented

for the two-story building problem (see Appendix E).

Table 3.6 - Stochastic dynamic analysis results for the horizontal roof drift response

of the three-story building subjected to nonstationary input.

Modes included #1 to #3 #1 € [%] #1 to #2 € [%]
max(o, (1)) 2.2557E-04 | 2.2597E-04 | 0.1731 | 2.2553E-04 | -0.0214
max(o, (1) 6.0816E-02 | 6.0701E-02 | -0.1887 | 6.0820E-02 | 0.0068

max(y, (%, 1)) 1.7533E-03 | 1.7745E-03 | 1.2082 | 1.7506E-03 | -0.1568
max(h,,,, (X)) 8.0586E-04 | 8.1074E-04 | 0.6050 | 8.0415E-04 | -0.2123
max(h,,,,, (X;,,1)) 5.8357E-04 | 5.8598E-04 | 0.4121 | 5.8221E-04 | -0.2332
max(hy,,, (x;,,1)) 6.7454E-04 | 6.7732E-04 | 0.4123 | 6.7290E-04 | -0.2435
max(hy,,, (X, 1)) 3.9647E-04 | 3.9666E-04 | 0.0474 | 3.9535E-04 | -0.2840
P 7.4785E-03 | 7.5746E-03 | 1.2848 | 7.4661E-03 | -0.1661

cVM 3.5046E-03 | 3.5289E-03 | 0.6927 | 3.4968E-03 | -0.2217

mVM 2.5437E-03 | 2.5564E-03 | 0.4997 | 2.5375E-03 | -0.2427

Newl 2.9474E-03 | 2.9626E-03 | 0.5146 | 2.9403E-03 | -0.2422
New2 1.7389E-03 | 1.7423E-03 | 0.1910 | 1.7341E-03 | -0.2786

3.4.1.2.3 Eight-story Shear-type Building

For the eight-story building, the cumulative mass participation factor by including one, two,
and three modes are 85.6%, 94.7%, and 97.7%, respectively (see Table 3.2). By including the
first two modes, the maximum value of the error for the reliability measures is 7.8% and 2.5%
for stationary and nonstationary input excitations, respectively (Table 3.7 and Table 3.8).
Inclusion of the third mode in the analysis reduces the corresponding error values in the two

cases considered to 1.37% and 0.59% , respectively.
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Table 3.7 - Stochastic dynamic analysis results for the horizontal roof drift response
of the eight-story building subjected to stationary input.

Modes included #1 to #8 #1 € [%] #1 to #2 € [%] #1 to #3 € [%] #lto#d | €[%] #1 to #5 € [%]
max(ofw () 3.8940E-01 3.8664E-01 -0.7097 3.8922E-01 -0.0466 | 3.8938E-01 |-0.0055| 3.8940E-01 |-0.0009 | 3.8940E-01 [-0.0001
maX(O';M (1)) 1.9512E+01 1.8211E+01 -6.6663 1.9289E+01 | -1.1413 | 1.9464E+01 |-0.2462 | 1.9501E+01 |-0.0540| 1.9510E+01 |-0.0091

max(%m‘ (X)) 7.5627E-04 6.9252E-04 -8.4304 7.4932E-04 | -0.9191 | 7.5503E-04 |-0.1644 | 7.5602E-04 |-0.0335| 7.5623E-04 |-0.0053
max(h,,,, (x;,,t)) | 5.1577E-04 3.8055E-04 -26.2175 4.8944E-04 | -5.1062 | 5.1116E-04 |-0.8950 | 5.1429E-04 |-0.2883 | 5.1569E-04 |-0.0162
max(h,,,,, (x,,,2))| 4.3388E-04 2.9361E-04 -32.3281 4.0436E-04 | -6.8041 | 4.2866E-04 |-1.2020 | 4.3216E-04 |-0.3958 | 4.3379E-04 |-0.0208
max(hy,,, (x;.,.t))| 5.5760E-04 3.5157E-04 -36.9492 5.1396E-04 | -7.8266 | 5.4994E-04 |-1.3727 | 5.5506E-04 |-0.4548 | 5.5747E-04 |-0.0234
P 7.8651E-03 7.1719E-03 -8.8132 7.7897E-03 -0.9584 | 7.8517E-03 |-0.1706 | 7.8624E-03 |-0.0347 | 7.8647E-03 |-0.0055

cVM 5.4788E-03 4.0737E-03 -25.6460 5.2069E-03 -4.9621 | 5.4312E-03 |-0.8688 | 5.4636E-03 |-0.2784 | 5.4779E-03 |-0.0158

mVM 4.6422E-03 3.1765E-03 -31.5739 4.3351E-03 -6.6165 | 4.5881E-03 |-1.1674 | 4.6245E-03 |-0.3831 | 4.6413E-03 |-0.0203

Newl 6.0517E-03 3.8864E-03 -35.7799 5.5963E-03 -7.5249 | 5.9720E-03 |-1.3171 | 6.0254E-03 |-0.4349 | 6.0504E-03 |-0.0225
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Table 3.8 - Stochastic dynamic analysis results for the horizontal roof drift response
of the eight-story building subjected to nonstationary input.

Modes included #1 to #8 #1 € [%] #1 to #2 € [%] #1 to #3 € [%] #1 to #4 € [%] #1 to #5 € [%]
maX(O'MZM ) 4.0359E-03 | 4.0161E-03 -0.4907 | 4.0363E-03 | 0.0104 | 4.0357E-03 | -0.0050 | 4.0360E-03 | 0.0016 | 4.0359E-03 | -0.0006
maX(O':M ) 1.9819E-01 1.9085E-01 -3.7050 1.9805E-01 | -0.0712 | 1.9809E-01 | -0.0514 | 1.9821E-01 | 0.0090 | 1.9818E-01 | -0.0052

max(v, (%,.1)) | 74845E-04 | 7.0779E-04 | -54324 | TASTTE-04 | 0.0426 | 7.4798E-04 | 0.0634 | 7.4858E-04 | 0.0164 | 7.4840E-04 | -0.0074
max(h,_,,, (x;,,t)) 4.1664E-04 | 3.0193E-04 | -27.5329 | 4.1192E-04 | -1.1323 | 4.1538E-04 | -0.3029 | 4.1671E-04 | 0.0181 | 4.1654E-04 | -0.0229
max(h,,,,, (x,,,2)) | 3.2338E-04 | 2.1333E-04 | -34.0326 | 3.1830E-04 | -1.5696 | 3.2211E-04 | -0.3936 | 3.2344E-04 | 0.0189 | 3.2329E-04 | -0.0288
max(hy,,, (x;,,1)) 3.645E-04 2.490E-04 -31.702 3.581E-04 | -1.7832 | 3.630E-04 | -0.4401 | 3.646E-04 | 0.0198 | 3.644E-04 | -0.0313
max(hy,,,(X;,,t)) | 2.5938E-04 | 1.5704E-04 | -39.4553 | 2.5291E-04 | -2.4914 | 2.5786E-04 | -0.5863 | 2.5943E-04 | 0.0206 | 2.5927E-04 | -0.0413
P 3.7794E-03 | 3.5681E-03 -5.5902 3.7812E-03 | 0.0486 | 3.7769E-03 | -0.0653 | 3.7800E-03 | 0.0171 | 3.7791E-03 | -0.0077

cVM 2.1307E-03 | 1.5404E-03 -27.7077 | 2.1071E-03 | -1.1081 | 2.1243E-03 | -0.3007 | 2.1311E-03 | 0.0188 | 2.1302E-03 | -0.0229

mVM 1.6553E-03 | 1.0879E-03 -34.2775 | 1.6298E-03 | -1.5445 | 1.6488E-03 | -0.3911 | 1.6556E-03 | 0.0196 | 1.6548E-03 | -0.0288

Newl 1.8688E-03 | 1.2702E-03 -32.0298 | 1.8396E-03 | -1.5587 | 1.8613E-03 | -0.3985 | 1.8691E-03 | 0.0197 | 1.8682E-03 | -0.0293
New2 1.3311E-03 | 8.0015E-04 | -39.8871 | 1.3018E-03 | -2.2003 | 1.3240E-03 | -0.5343 | 1.3314E-03 | 0.0209 | 1.3306E-03 | -0.0382
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3.4.1.2.4 20-story Shear-type Building

The first two, three, and four modes contribute 92%, 95%, and 97% of the total mass of the
structure in the horizontal direction, respectively (see Table 3.2). Inclusion of the first three
modes yields a maximum error value of 4.2% and 1.6% for the stationary (Table 3.9) and

nonstationary (Table 3.10) input cases, respectively.

3.4.1.3 Discussion of the Results
3.4.1.3.1 Displacement and Velocity Variances

Study of the stochastic dynamic analysis of the four MDOF cases reveals that the

displacement variances converge faster than the velocity variances.

x 10

—#1 1o #8
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Figure 3.3 - Estimates of the roof displacement variance of the eight-story
building obtained using modal truncation (nonstationary input).

Figure 3.3 and Figure 3.4 show the displacement and velocity variances, respectively, of the
eight-story building model subjected to nonstationary input excitation for one and eight modes
included in the modal truncation. It is observed that the displacement variance for the MDOF
systems with higher number of DOFs (i.e., the eight- and 20-story buildings) presents a

significantly smaller error compared to the one observed for the velocity variance. This error
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reduces rapidly when more modes are included in the analysis. For the two- and three-story
buildings, the errors of the displacement and velocity variances have the same order of

magnitude.
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Figure 3.4 - Estimates of the roof velocity variance of the eight-story
building obtained using modal truncation (nonstationary input).

3.4.1.3.2 Mean Out-crossing Rate and Hazard Functions

Based on the results presented in Table 3.3 through Table 3.10, the convergence error
corresponding to the mean out-crossing rate (the Poisson’s hazard function) obtained from modal
truncation for the two- and three-story buildings is similar to the convergence error
corresponding to the other analytical hazard approximations. However, for taller buildings, i.e.,
eight- and 20-story buildings, the mean out-crossing rate presents significantly smaller
convergence error values compared to the other approximations. Including more modes in the
analysis decreases the error values considerably. Figure 3.5 shows the different hazard function
approximations for the eight-story buildings subjected to nonstationary input process when one

mode is included in the modal truncation. It is noted that the mean out-crossing rate (denoted by

h, in the figure) presents a faster convergence error compared to the other approximations.
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Table 3.9 - Stochastic dynamic analysis results for the horizontal roof drift response
ected to stationary input.

of the 20-story building subj

Modes included | #1 to #20 #1 e[%] | #1to#2 | e[%] #1 to #3 e[%] | #lto#4 | e[%] | #1to#5 | e[%]
maX(O'uzM (1)) 3.413E+00 | 3.376E+00 | -1.085 | 3.410E+00 | -0.107 | 3.412E+00 | -0.020 | 3.413E+00 | -0.005 | 3.413E+00 | -0.002
max(ofm (1)) 4.036E+01 | 3.596E+01 | -10.902 | 3.914E+01 | -3.031 | 3.992E+01 |-1.099 | 4.017E+01 | -0.467 | 4.027E+01 | -0.216

max(v), (%;,,1)) | 3.686E-04 | 3209E-04 |-12.933 | 3.601E-04 | -2291 | 3.660E-04 |-0.698 | 3.676E-04 |-0.272 | 3.681E-04 | -0.120

max(h,,,, (x;,,t)) | 2.778E-04 | 1.849E-04 | -33.430 | 2.530E-04 | -8.919 | 2.696E-04 |-2.950 | 2.740E-04 |-1.352 | 2.761E-04 | -0.584
max(h,,,,, (x,,,2))| 2.441E-04 | 1.452E-04 | -40.498 | 2.155E-04 | -11.698 | 2.344E-04 |-3.942 | 2.396E-04 | -1.833 | 2.421E-04 | -0.792
max(h,,,(x;,.t)) | 3.610E-04 | 2.004E-04 | -44.475 | 3.157E-04 | -12.558 | 3.460E-04 | -4.161 | 3.540E-04 | -1.927 | 3.580E-04 | -0.829
P 2.056E-03 | 1.774E-03 | -13.695 | 2.005E-03 | -2.458 2.040E-03 | -0.745 | 2.050E-03 | -0.290 | 2.053E-03 | -0.128

cVM 1.592E-03 | 1.080E-03 | -32.187 | 1.454E-03 | -8.664 1.546E-03 | -2.868 | 1.571E-03 | -1.310 | 1.583E-03 | -0.565

mVM 1.412E-03 | 8.629E-04 | -38.875 | 1.251E-03 | -11.354 | 1.358E-03 | -3.832 | 1.387E-03 | -1.779 | 1.401E-03 | -0.768

Newl 2.127E-03 | 1.231E-03 | -42.116 | 1.873E-03 | -11.971 | 2.043E-03 | -3.965 | 2.088E-03 | -1.831 | 2.111E-03 | -0.788
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Table 3.10 - Stochastic dynamic analysis results for the horizontal roof drift response

of the 20-story building subjected to nonstationary input.

Modes included #1 to #20 #1 € [%] #1 to #2 € [%] #1 to #3 € [%] #1 to #4 € [%] #1 to #5 € [%]
max(ofm (1) 1.9101E-02 | 1.8683E-02 | -2.1886 | 1.9085E-02 | -0.0844 | 1.9097E-02 | -0.0241 | 1.9102E-02 | 0.0036 | 1.9101E-02 | -0.0029
max(ofm (1) 2.4680E-01 | 2.0519E-01 | -16.8619 | 2.4002E-01 | -2.7454 | 2.4533E-01 | -0.5969 | 2.4657E-01 | -0.0913 | 2.4666E-01 | -0.0557
max(z)‘uw‘ (Xim>1)) 3.8395E-04 | 2.9609E-04 | -22.8849 | 3.7631E-04 | -1.9895 | 3.8214E-04 | -0.4728 | 3.8389E-04 | -0.0172 | 3.8376E-04 | -0.0490
max(h,,,, (X;..%)) | 2.9828E-04 | 1.4219E-04 | -52.3320 | 2.7942E-04 | -6.3245 | 2.9430E-04 | -1.3365 | 2.9768E-04 | -0.2034 | 2.9790E-04 | -0.1277
max(h,,,,, (X;.,1)) | 2.6577E-04 | 1.0470E-04 | -60.6034 | 2.4391E-04 | -8.2269 | 2.6117E-04 | -1.7315 | 2.6500E-04 | -0.2888 | 2.6533E-04 | -0.1640
max(hy,,; (X;,-7)) | 2.8014E-04 | 1.2003E-04 | -57.1548 | 2.5947E-04 | -7.3777 | 2.7579E-04 | -1.5539 | 2.7944E-04 | -0.2503 | 2.7973E-04 | -0.1477
max(hy,,, (X,,7)) | 2.8884E-04 | 1.3023E-04 | -54.9124 | 2.6900E-04 | -6.8702 | 2.8466E-04 | -1.4489 | 2.8819E-04 | -0.2277 | 2.8844E-04 | -0.1380
P 2.4274E-03 | 1.8588E-03 | -23.4242 | 2.3795E-03 | -1.9721 | 2.4159E-03 | -0.4740 | 2.4271E-03 | -0.0135 | 2.4262E-03 | -0.0498
cVM 1.9015E-03 | 8.8932E-04 | -53.2296 | 1.7842E-03 | -6.1669 | 1.8767E-03 | -1.2999 | 1.8978E-03 | -0.1906 | 1.8991E-03 | -0.1248
mVM 1.6963E-03 | 6.5173E-04 | -61.5798 | 1.5599E-03 | -8.0407 | 1.6678E-03 | -1.6843 | 1.6917E-03 | -0.2733 | 1.6936E-03 | -0.1602
Newl 1.7881E-03 | 7.4875E-04 | -58.1268 | 1.6584E-03 | -7.2544 | 1.7604E-03 | -1.5518 | 1.7837E-03 | -0.2489 | 1.7855E-03 | -0.1505
New2 1.8429E-03 | 8.1345E-04 | -55.8610 | 1.7185E-03 | -6.7492 | 1.8163E-03 | -1.4452 | 1.8388E-03 | -0.2256 | 1.8403E-03 | -0.1404
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Figure 3.5 - Estimates of the roof hazard functions of
the eight-story building obtained using modal truncation (nonstationary input).

3.4.1.3.3 Time-variant FPFP

The time-variant FPFP using the Poisson approximation shows a significantly faster
convergence when compared to the other analytical approximations for the case of eight- and 20-
story buildings. For the case of shorter buildings (i.e., two- and three-story buildings), the
convergence error corresponding to P approximation is of the same order of magnitude of other
approximations. The cVM, mVM, Newl, and New2 show similar values of convergence error
for the different shear-type buildings considered.

Figure 3.6 compares the analytical results obtained using modal truncation by including the
first mode and including all modes for the eight-story building. It is observed that the proposed
hazard function is not in a good agreement with the ISEE results. The ISEE results almost

coincide with the FPFP obtained using the mVM approximation with all modes included.
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Figure 3.6 - Estimates of the roof FPFP of the eight-story
building obtained using modal truncation (nonstationary input).

3.4.1.3.4 Accuracy of the Analytical Approximations

The FPFP values of stationary and nonstationary random processes are calculated using the P,
cVM, mVM, and the newly proposed approximations. In general, the FPFP of the nonstationary
cases present smaller error values compared with the stationary case. In the stationary case, the
mVM approximation provides the most accurate results compared with other analytical

approximations.

Table 3.11 - Comparison of FPFP of different approximations subjected to stationary input.

’ DOF | 5 tory | e[%] | 3-story | €[%] | 8-story & [%] 20-story | & [%]
ISEE | 1.1440E-02 | — 1.2239E02 | 3.6745E-03 | - 11073603 | —

P 2.6457E-02 | 13127 | 2.8191E-02 | 130.35 | 7.8651E-03 | 114.05 | 2.0558E-03 | 85.66

CVM | 1.4820E02 | 29.55 | 1.6763E-02 | 36.97 | 54788E-03 | 49.11 | 1.5919E-03 | 43.77

mVM | LISIIE-02 | 0.62 | 1.3323E-02 | 8.86 | 4.6422E-03 | 2634 | 1.4118E-03 | 27.50

Newl | 1.1756E-02 | 2.77 | 1.4462B-02 | 18.17 | 6.0517E-03 | 6470 | 2.1274E-03 | 92.13

Emx 113127 €max | 13035] £ ma 114.05 € oy | 92.13

€min | 0.62 € min 8.86 € min 2634 £ min 27.50

s 41.05 A 48.58 A 63.55 M 62.26
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In the nonstationary case, the cVM and Newl approximations provide the most accurate
results for shorter buildings (two- and three-story), while the results are less accurate as the

number of DOFs increases. For the taller buildings (eight- and 20-story), the best estimates of

FPFP are given by the mVM approximation.

Table 3.12 - Comparison of FPFP of different approximations subjected to nonstationary input.

N EDOF |\ 5 ory | e[%] | 3-story | e[%] | 8-story | e[%] | 20-story | &[%]
ISEE | 3.0872E-03 | - 3.1942E-03 | - 1.6556E-03 | 12376E-03 | -
P 7.1944E-03 | 133.04 | 7.4785E-03 | 134.13 | 3.7794E-03 | 128.28 | 1.8790E-03 | 51.83
CVM | 3.2863E-03 | 645 | 3.5046E-03 | 9.72 | 2.1307E-03 | 28.70 | 1.5034E-03 | 21.47
mVM | 2.3641E-03 | -23.42 | 2.5437E-03 | 2037 | 1.6553E-03 | -0.02 | 1.3545E-03 | 9.44
Newl | 2.7503E-03 | -10.91 | 2.9474E-03 | -7.73 | 1.8688E-03 | 12.87 | 1.5457E-03 | 24.90
New2 | 1.5836E-03 | -48.70 | 1.7389E-03 | -45.56 | 13311E-03 | -19.60 | 1.4649E-03 | 18.37
Emae | 133.04 | Emae | 13413 | £ma | 12828 |  £ma | 51.83

eon | 4870 |  eumm | 4556 |  &mm | <1960 | & mm 9.4

s 52.90 Hi 52.44 M 44.15 M 25.28

3.4.2 Welded Steel 13-Story Building

The Woodland Hills building is a 13-story welded steel moment frame (WSMF) building
constructed in 1975 using the 1973 UBC and was damaged during the Northridge earthquake in
1994. This building is located in the southern San Fernando Valley, about 3 miles southwest of
the Northridge earthquake epicenter.

The lateral loads are resisted by four identical steel frames along the building perimeter (two
frames in each principal direction of the building). The typical story is square with side length of
1601t (48.77 m). The cross-sections used for the steel members are shown in Figure 3.7.

All the frame members are A36 steel. In this study, uniformly distributed dead load of 82.5
psfand 62.5 psf are used to calculate the reactive weights of the floors and roof, respectively. In

addition, a 20 psf curtain wall weight is considered over the full building height [28].
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The following conditions are assumed for the linear elastic analysis:

(1) reactive weight equal to 10 psf partition load and no live load.

(2) fixed beam columns at the ground level and infinitely stiff springs to prevent translation
and plan rotation at the plaza level (i.e., plaza level is considered as fixed supports).

(3) Rayleigh damping model with damping ratio of 5% for the 1** and 3™ of vibration.

More details on the characteristics of this building can be found in [28].
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Figure 3.7 - Frame elevation and member sizes (adapted from [29]).
3.4.2.1 Analysis Results
This structure is modeled considering three DOFs (2 translational and one rotational) at each
node, for a total of 270 DOF for the entire building. Using the static condensation procedure

[14], the rotational DOFs, for which the assigned masses are zero, are eliminated from the
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dynamic analysis. 12 nodes are assumed to be fixed at the ground and the plaza level. Thus, the
total number of free DOFs is 156 for this problem. This building is analyzed using a Matlab
toolbox called FEDEASLab [30]. Using modal analysis, the modal frequencies, modal periods,
and mass participation ratios are calculated. In this study, the FPFP of the horizontal roof

displacement is the response of the interest.

Table 3.13 - Modal properties of the 13-story building.

Mode ()| T;[s] | @ [rad/s] S Uy [%] | Doy, [%] | Ty [%] | Ty [%0]

1 3.0325 2.0720 0.0500 77.9029 77.9029 0 0

2 1.0779 5.8292 0.0394 11.0888 88.9917 0 0

3 0.6470 9.7119 0.0500 4.0787 93.0705 0 0

4 0.4583 13.7083 0.0644 2.2734 95.3438 0 0

5 0.3517 17.8634 0.0806 1.5260 96.8699 0 0

6 0.2989 21.0176 0.0932 0 96.8699 63.6738 63.6738
7 0.2863 21.9459 0.0970 0.0037 96.8736 0 63.6738
8 0.2841 22.1172 0.0977 0.9806 97.8542 0 63.6738
9 0.2680 23.4462 0.1031 0 97.8542 5.3961 69.0699
10 0.2502 25.1169 0.1100 0.0002 97.8544 0 69.0699
11 0.2401 26.1703 0.1143 0.5824 98.4368 0 69.0699
12 0.2062 30.4759 0.1321 0.3941 98.8308 0 69.0699
13 0.2046 30.7071 0.1331 0 98.8308 10.3555 79.4254
14 0.2034 30.8970 0.1339 0.1098 98.9407 0 79.4254
15 0.1792 35.0612 0.1512 0.3727 99.3134 0 79.4254
16 0.1571 39.9946 0.1718 0.2109 99.5243 0 79.4254
17 0.1571 40.0072 0.1719 0 99.5243 0.0025 79.4279
18 0.1498 41.9480 0.1800 0 99.5243 0.0001 79.4280
19 0.1445 43.4874 0.1865 0 99.5243 0.0002 79.4282
20 0.1408 44.6238 0.1913 0 99.5243 0.0003 79.4285

Table 3.13 shows the modal analysis results for the first 20 modes of the 13-story building.
The modal participation factors are shown for both x- and y-directions. The first five modes
contribute 96.9% of the total mass of the building in the x-direction. All higher modes contribute
less than 1% to the modal mass of the building in the x-direction. The sixth mode contributes in

the y-direction and accounts for 63.7% of the total mass in that direction. It is observed that the
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modal contributions of x- and y-directions are well separated.

3.4.2.2 Stochastic Dynamic Analysis Results
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Figure 3.8- Input PSD function for the 13-story building.

The 13-story building model is subjected to an earthquake ground motion excitation modeled
as a nonstationary random process with the same KT-CP PSD function used for the shear-type
buildings (see Section 3.4.1.1) and modulated in time with the Shinozuka-Sato function.
Figure 3.8 shows the PSD function of the nonstationary input excitation and the modal circular
frequencies of the 13-story building. The frequency content of the input is largest in
correspondence of the circular frequency of the first five modes which contribute 96.9% of the
total mass of the system in the x-direction. Thus, the modal superposition of the first five modes
is used as reference solution for this problem and the complex-valued spectral characteristics are
calculated for the first five modes only and the modal truncation is performed for increasing

number of modes p <5. The error values corresponding to different numbers of modes included

in the modal truncation are computed with respect to the results obtained from the modal

superposition of the first five modes.
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3.4.2.2.1 Displacement and Velocity Variances

Study of the displacement and velocity variances reveals that the displacement variance
converges faster than the velocity variance. Figure 3.9 and Figure 3.10 present the displacement

and velocity variances obtained using modal truncation with p=1,2,5, respectively. It is
observed that the displacement variance is converged with p =2, while the velocity variance

present larger error value. As it is seen in Table 3.14, with two modes included in the modal
truncation, the error of the maximum displacement variance and velocity variance are 0.02% and
4.38%, respectively. Inclusion of the first four modes gives the error value of 0.29% for the

maximum velocity variance.
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Figure 3.9- Estimates of the roof displacement variance of
the 13-story building obtained using modal truncation p =1,2,5.

3.4.2.2.2 Mean out-crossing Rate and Hazard Function

Inclusion of the first two modes in the modal truncation gives a convergence error value of
1.96% for the mean out-crossing rate (see Table 3.14). The cVM, mVM, Newl, and New?2
hazard functions present significantly larger values of convergence error compared to the mean

out-crossing rate.
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Table 3.14 - Stochastic dynamic analysis for the 13-story building.

Modes included #1 to #5 #1 e [%] #1 to #2 € [%] #1 to #3 € [%] #lto#4d | €[%]
max(o, (f)) | 0.0218694 | 2.1056E-02 | -3.7186 | 2.1873E-02 | 0.0182 | 2.1850E-02 | -0.0886 | 2.1882E-02 | 0.0559
max(co; (1)) | 0.1309523 | 1.0596E-01 | -19.0815 | 1.2521E-01 | -4.3826 | 1.2967E-01 | -0.9773 | 1.3134E-01 | 0.2927
max(y), 1 (%,,1)) | 0.0002604 | 1.7568E-04 | -32.5245 | 2.5526E-04 | -1.9603 | 2.5744E-04 | -1.1230 | 2.6181E-04 | 0.5582
max(h,,,, (Xy,,1)) | 0.0002122 | 1.2176E-04 | -42.6235 | 1.9735E-04 | -7.0068 | 2.0829E-04 | -1.8524 | 2.1362E-04 | 0.6599
max(f,,,, (X,-1)) | 0.0001934 | 1.0303E-04 | -46.7252 | 1.7548E-04 | -9.2646 | 1.8914E-04 | -2.1988 | 1.9477E-04 | 0.7105
mMax(Ay,,, (Xm>1)) | 0.0002171 | 1.2695E-04 | -41.5234 | 2.0314E-04 | -6.4286 | 2.1326E-04 | -1.7657 | 2.1850E-04 | 0.6472
mMax(/y,,, (X, »1)) | 0.0002239 | 1.3443E-04 | -39.9618 | 2.1131E-04 | -5.6260 | 2.2022E-04 | -1.6464 | 2.2532E-04 | 0.6301
P 0.0014171 | 9.4443E-04 | -33.3568 | 1.3904E-03 | -1.8891 | 1.4008E-03 | -1.1531 | 1.4254E-03 | 0.5825

cVM 0.0011614 | 6.5749E-04 | -43.3862 | 1.0821E-03 | -6.8235 | 1.1397E-03 | -1.8644 | 1.1693E-03 | 0.6814
mVM 0.0010586 | 5.5565E-04 | -47.5090 | 9.6255E-04 | -9.0699 | 1.0352E-03 | -2.2077 | 1.0663E-03 | 0.7316
Newl 0.0011879 | 6.8563E-04 | -42.2816 | 1.1137E-03 | -6.2497 | 1.1668E-03 | -1.7785 | 1.1958E-03 | 0.6690
New2 0.0012248 | 7.2615E-04 | -40.7151 | 1.1580E-03 | -5.4549 | 1.2045E-03 | -1.6609 | 1.2328E-03 | 0.6521
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Figure 3.10 - Estimates of the roof velocity variance of
the 13-story building obtained using modal truncation p =1,2,5.
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Figure 3.11 - Hazard functions for the roof horizontal drift of the
13-story building by including the first two and five modes.

Inclusion of the first three modes reduces the error values for all hazard functions to less than
2.2%. The mVM approximation shows the largest value of convergence error. Figure 3.11
presents the estimates of hazard functions for the case of two and five modes included in the

modal truncation. It is observed that the mean out-crossing rate presents the smallest value of
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error compared to the other hazard approximations.

3.4.2.2.3 Time-variant FPFP

Based on Table 3.14, inclusion of the first two modes in the modal truncation yields
convergence error values of less than 10% in the FPFP approximations. By including the
contribution of the third mode in the analysis, the corresponding convergence error values reduce
to less than 2.2%. As it is seen in Figure 3.12, the mVM approximation for the FPFP presents, in
general, the largest value of convergence error when modal truncation is used. By contrast, the P
approximation presents the smallest value of convergence error among the analytical

approximations.
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Figure 3.12 - FPFP for the roof horizontal drift of the
13-story building by including the first two and five modes.

3.4.2.2.4 Accuracy of the Analytical Approximations

Table 3.15 compares the FPFP values obtained by including the first five modes, with the
exact ISEE results (which includes indirectly all modes of the structural model). It is observed

that the mVM approximation gives the most accurate results among all analytical approximations
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with an error of 7.7%. The results presented in Table 3.14 and Table 3.15 show that the mVM
approximation is the most accurate analytical approximation; however, in order to reach this
level of accuracy, a larger number of modes need to be included in the modal truncation

compared to the P approximation.

Table 3.15 - Comparison of the analytical and ISEE
estimates of FPFP for the 13-story building.

P, #Modes 5-modes € [%]
ISEE 9.8247E-04 |  --—---
P 1.4171E-03 | 44.2419
cVM 1.1614E-03 | 18.2081
mVM 1.0586E-03 | 7.7438
Newl 1.1879E-03 | 20.9080
New2 1.2248E-03 | 24.6699
€ max 44.2419
€ min 7.7438
Mg 23.1544

3.4.3 Pounding of Adjacent Buildings

Earthquake ground motion excitation can induce pounding in adjacent buildings with
inadequate separation distance. The corresponding risk is particularly relevant in densely
inhabited metropolitan areas, due to the usually limited separation distance between the adjacent
buildings. In this section, two adjacent SDOF systems are studied for the pounding risk. These
two SDOF are modeled as a 2-DOF system and the FPFP is found for the specified threshold
value for two sets of natural periods.

Pounding occurs when the separation distance between two adjacent buildings is insufficient
to accommodate the motion of the two buildings subjected to seismic excitation. Pounding
events can be analyzed as first-passage failure problems. The FPFP in the case of pounding is

defined as the probability that the relative displacement of the adjacent buildings subjected to
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seismic loading, outcrosses the separation distance between the two buildings at-rest
(see Figure 3.13).

Based on Eq. (1.59), a single-barrier time-variant pounding probability can be defined as:

P,(t)=P{U, () 2 uy,} (3.11)

in which U ,(1)=U,(t)-U,(¢), U, (¢t) and U,(¢) = displacement response of the adjacent

rel

buildings A and B at the (most likely) pounding location, and u,, = deterministic value of the

building separation distance (see Figure 3.13).

Ujim

Building A

Building B

U, Uy

Figure 3.13 - Geometric description of the pounding problem between adjacent buildings.

3.4.3.1 Computation of the Pounding Probability

Under the hypotheses of deterministic linear elastic systems subjected to Gaussian loading

processes and of deterministic threshold, the analytical approximations of P (¢) discussed

previously in this thesis (i.e., P, cVM, mVM, and New approximations) can be used to estimate
the pounding probability. Following the methodology described in Barbato et. al. [15], a
state-space formulation of the equations of motion for the two buildings is employed to compute
exactly and in closed-form the required spectral characteristics. The seismic input is modeled as

a time-modulated Gaussian colored noise process. For this specific input ground motion process,
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the spectral characteristics of the displacement processes (and of any response process obtained
as a linear combination of the displacement processes) are available in exact closed-form for
single-degree-of-freedom (SDOF) systems and both classically and non-classically damped
MDOF systems [15].

The equations of motion for the linear system constituted by two non-connected adjacent

buildings can be expressed as follows:

m-U@)+c- U@)+k-U@)=p-F(1) (3.12)

' ' m, 0 c, 0 k, 0 U,
in which m = , €= , k= , U= ; m,, k¢, and U, =mass
0 m, 0 ¢ 0 Kk, U, )

matrix, damping matrix, stiffness matrix, and vector of nodal displacements of building i,
respectively (i = A, B); p = load distribution vector; F(f) = scalar function describing the

time-history of the external loading (input random process); and a superposed dot denotes
differentiation with respect to time. It is noteworthy that connections between the two buildings
(e.g., damping devices interposed between the buildings to mitigate seismic pounding risk) can

be easily modeled by introducing the appropriate terms in matrix ¢. The response process U, ,(?)

can be related to the displacement response vector U(f) by means of a linear operator b, i.e.,

U,,(t)=b-U(t). The probability of pounding is given by:

P(t)=1- P[Un, 0)<ullm exp{ Jh (s T) r} (3.13)

in which P[U,(t=0)<u,,] = probability that the random process U, (¢) is below the

threshold & at time ¢#=0s, and (uy, 1) = time-variant hazard function, and 7, =duration
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of the seismic excitation. For systems with at-rest initial conditions, P[U,,(t =0) <u,]=1. The

hy (U5 1) is calculated using Egs. (1.60), (1.61) and (1.62) considering the changes for the

single-barrier problem. In addition, for linear elastic systems subjected to Gaussian loading, F,

can be efficiently and accurately estimated by using the ISEE method [22].

3.4.3.2 Description of the Input Excitation and FE Model

For this problem, the input ground acceleration is modeled by a time-modulated Gaussian
process, with the time-modulating function represented by the Shinozuka-Sato’s function given
by Egs. (2.9) and (2.10) for which B, = 0.0457z s™',B, = 0.0507 s',C= 25812. A
duration of 7 =30s is considered for the seismic excitation. The PSD of the embedded

stationary process is described by the Kanai-Tajimi model, as modified by Clough and Penzien
with the same parameter values used in the previous application example presented in Section
34.1.1.

The two adjacent buildings are modeled as deterministic linear elastic SDOF systems with

periods 7, and T, and damping ratios &, =&, = 5%. A deterministic separation distance
between the buildings u, =0.1m is assumed. Two different combinations of the natural periods
of the two systems are considered, i.e., (1) 7,= 10s and 7, = 0.5s, referred to as well

separated natural periods, and (2) 7, = 1.0s and 7, = 0.9s, referred to as close natural periods.

3.4.3.3 Analysis Results

The probability of pounding, F,, is calculated using the analytical approximations, P, cVM,

mVM, Newl, and New2. These results are compared with the corresponding ISEE results and

are presented in Figure 3.14 for the case of well separated natural periods, and in Figure 3.15 for
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the case of close natural periods.
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Figure 3.14 - FPFP for two SDOF models of adjacent buildings with 7, =1.0s and 7, =0.5s.

Figure 3.14 shows that the time-variant pounding probability obtained using the P, cVM,
mVM, Newl, and New?2 approximations are very similar and close to the ISEE results for the
case of well separated natural periods. In Figure 3.15, it is observed that, for the case of close
natural periods, the FPFP estimated with the approximate analytical methods show significant
differences, and only the ¢VM approximation provides results that are close to the FPFP
estimated using the ISEE method.

The observed results can be explained by recognizing that the relative displacement process

U,,(t) can be interpreted as a response process of a 2-DOF system. This
multi-modal characteristic of U, ,(¢) can significantly affect the accuracy of the different

approximations of the time-variant hazard function hy (Ui, 1) - In the case of well separated

natural periods, the contribution to U, (¢#) of the vibration mode with higher period is

significantly larger than the contribution of the vibration mode with lower period. By contrast, in
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the case of close natural periods, both vibration modes provide a significant contribution to the
response process. Therefore, it is found that the analytical approximations give relatively
accurate results for the case of well separated natural periods; while for the case of close natural
periods, the analytical approximations, with exception of the cVM approximation, are not in

good agreement with the ISEE results.

1

_ Pf,P

—P
0.8} feVM

fmVM

—— P rNewt + +

0.6H JNew + + + + + T
D:'\

0 5 10 15 20 25 30
t[s]
Figure 3.15 - FPFP for two SDOF models of adjacent buildings with 7, = 1.0s and 7, = 0.9s.
It is also found that the P approximation of the time-variant hazard function always yields
conservative results, while the mVM approximation underestimates the risk computed using the
ISEE method for the case of close natural periods. Similar results have been documented for the

first-passage reliability problem of SDOF and MDOF systems subjected to time-modulated

white and colored noise excitations [8].

3.5 CONCLUSIONS

In this chapter, the accuracy of analytical approximations of the time-variant FPFP of linear

MDOF systems is studied. Three application examples are considered: (1) a set of shear-type
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buildings with different number of DOFs; (2) the linear elastic finite element model of a
real-world moment resisting steel frame; and (3) two adjacent buildings modeled as SDOF
systems and subjected to seismic pounding hazard.

In the first two examples, effects of modal truncation are studied. The modal properties of
each system are obtained using classical modal analysis, and the response statistics and FPFP are
computed using modal truncation. The stochastic dynamic analysis of the shear-type buildings
reveals that, when the MDOF systems are subjected to stationary random excitations, a number

of p modes such that their cumulative mass participation factor is at least 95% is needed to

obtain accurate results (i.e., with errors smaller than 5% compared to the solutions obtained by
considering all modes). However, for the case of nonstationary random input, accurate stochastic
dynamic analysis results are obtained by including a number of modes for which the cumulative
mass participation factor is more than 90%. It is also noted that the convergence errors produced
by using the modal truncation in the displacement variances are usually smaller than for other
quantities, while the hazard functions and the FPFPs present the largest convergence error values
when the same number of modes are included in the modal truncation.

For the case of the 13-story building, including 90% of the total mass in the x-direction leads
to acceptable results in the displacement variances. A larger number of modes is needed to obtain
sufficiently accurate results in the hazard functions and FPFP. The mVM approximation is the
most accurate approximation compared with the ISEE results, however its convergence for
increasing number of modes included in the modal truncation is relatively slow compared to the
P approximation.

In the pounding problem of two adjacent buildings, it is found that, for the case of close

natural periods, the FPFP obtained from different analytical approximations do not present
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similar results and are not in good agreement with the ISEE results. However, for the case of
well separated natural periods, the analytical approximations give similar results and are close to
the ISEE values.

In all cases considered as application examples, it is observed that the newly proposed
analytical approximation of the hazard function becomes less accurate as the system considered
becomes more different from a linear elastic SDOF system (i.e., for increasing number of DOFs

in the shear-type buildings and for close natural periods in the pounding problem).
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4 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK

The research presented in this thesis focuses on the analytical approximation of the first-
passage failure probability (FPFP). A new analytical approximation of the FPFP for linear SDOF
systems is proposed by modifying the classical Vanmarcke’s hazard function. This new
approximation is verified by comparing its failure probability estimates with the results obtained
using existing analytical approximations and the importance sampling using elementary events
(ISEE) method for a wide range of oscillator properties, threshold levels, and types of input
excitations. It is shown that the newly proposed analytical approximation of the hazard function
yields significantly more accurate estimates the FPFP when compared with Poisson’s, classical
Vanmarcke’s, and modified Vanmarcke’s approximations.

The parametric study presented in this thesis provides an extensive comparison of the
absolute and relative accuracy of the different analytical hazard rate approximations that are
available in the literature. Although the proposed formulas are not obtained from analytical
derivations, they closely reproduce the behaviour observed from accurate importance sampling
(ISEE) simulations. The modifications to the hazard function approximation are based on known
limitations of the existing analytical approximations and on additional observations available in
the literature. It is worth-mentioning that the approach followed in this thesis to improve the
analytical approximation of the hazard rate has conceptual similarities with techniques
previously employed in the literature. The solution obtained in this study represents a clear
advancement when compared with the heuristic constant value of the exponent of the bandwidth
parameter, since it allows accounting for the major parameters affecting this exponent. It is noted
here that the nonstationary response processes considered in the parametric study behave as
narrow-band and wide-band processes at different instants of time, as shown by the values

assumed by their time-varying bandwidth parameter. Thus, the proposed formula is found to be
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accurate both for narrow-band or wide-band processes, as demonstrated by the results presented
in the thesis.

The new analytical approximation of the time-variant FPFP developed in this study for linear
elastic SDOF systems subjected to stationary and/or nonstationary Gaussian excitations provides
an extremely valuable tool for validating, in the linear range, numerical methods used to estimate
failure probabilities in more general cases, such as those involving nonlinear structural behavior
and non-Gaussian excitations and pounding of adjacent buildings. The proposed analytical
approximation is also very useful in applications requiring numerous repeated computations of
the failure probability, such as parametric studies and design optimization, since its
computational cost is only a very small fraction of the computational cost associated with
simulation techniques. Finally, this new analytical approximation represents an important first
step toward the development of a more general approximation of the time-variant FPFP for linear
and nonlinear MDOF systems subjected to stationary and/or nonstationary excitations.

Based on the research work performed and presented herein, several research areas have been

identified as open to and in need of future work:

(1) Extension of the proposed approximation of the FPFP found in this thesis for the case of
SDOF systems subjected to stationary and/or nonstationary random processes to MDOF
systems. This extension would be very significant, since most of the real-world structures
are modeled as MDOF systems and the estimation of the FPFP for these structures using
simulation is even more computationally expensive than for SDOF systems.

(2) Application of the proposed FPFP approximation to pounding of adjacent buildings and
other structural engineering applications where the first-passage problem is the dominant
failure mechanism.

(3) Extension of the proposed improved approximation of the time-variant FPFP to linear
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elastic systems subjected to more general fully nonstationary excitation models (e.g.,
processes with time-varying amplitude and frequency content obtained as the summation
of separable nonstationary processes).

(4) Extension of the proposed approximation of the FPFP to nonlinear systems. This
extension is fundamental due to the fact that most structural systems exhibit a nonlinear
structural behavior, particularly when subjected to strong excitations, such as earthquake
ground motions.

(5) Extension of the proposed approximation of the FPFP to structural systems characterized

by uncertain properties.
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APPENDIX A: CALCULATION OF HAZARD FUNCTION VALUES
FROM ISEE

The time-variant FPFP, P, , , corresponding to the out-crossing of a failure threshold level,

X, » by the absolute value of the random process X (¢) (symmetric double-barrier problem) from

at-rest initial conditions, is commonly expressed as:

t
Py (Gist) = 1= exp {—j B (X 7) dr} (A1)
0
where ¢ =time, /1, =time-variant hazard function for the symmetric double-barrier problem.

Taking the time derivative of Eq. (A.1) gives:

dP. . (x. ,1) ‘
] ,‘X‘ lim
fT - {_l By (X7 dr} +h(7) (A2)

Combining Egs. (A.1) and (A.2) provides the hazard function as:

; B dP; 1 (Kiim 0 1
) (n-1) = ot 1-P t
f,\X\(xnma )

(A.3)

in which the Pf,‘ X (x,,,¢) function is not known explicitly but can be evaluated for different

values of x; and ¢ by using the ISEE method.

Since P

) X‘(th, t) is computed implicitly through simulation, the time derivative of the FPFP
can be calculated using a numerical differentiation method. Finite difference (FD) is one of the

commonly used methods and has the following three general forms:

P(ISEE)(Z)_P([SEE) (t—Al) 1
. __/ /
Backward FD: hgy (1) = Al ) 1 Pf([SEE) )

(A4)
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}}(ISEE)(t+At)_}}(ISEE)(t) 1

Forward FD: hey (8) = Y - };( I (A.5)
P (14 Aty — P (£ — Ar) 1
Central FD: h.(t) =< / . A.6
= 2-At 1- P (1) (A.0)

in which Af = small but finite time increment.

Several SDOF linear oscillators with different damping ratios and normalized failure
thresholds are studied here and the values of the hazard function are obtained from the ISEE
results using the three numerical differentiation forms given in Egs. (A.4) through (A.6) for the

following values of Af=[0.01,0.02,...,0.07]s. A coefficient of variation equal to 0.01 is used for

estimating the FPFP with the ISEE method.

Table A.1 - Numerical estimation of the hazard function values computed at time ¢ =0.5s for a
linear SDOF system subjected to a WN excitation from at-rest initial conditions
(T'=1.0s;£=0.1;4=4).

At t P, hgw hc hpw
0.49 | 9.63E-09

0.01 0.5 | 1.04E-08 | 7.68E-08 | 7.80E-08 | 7.92E-08
0.51 | 1.12E-08
0.48 | 8.91E-09

0.02 0.5 | 1.04E-08 | 7.57E-08 | 7.66E-08 | 7.75E-08
0.52 | 1.20E-08
0.47 | 8.15E-09

0.03 0.5 | 1.04E-08 | 7.49E-08 | 7.72E-08 | 7.95E-08
0.53 | 1.28E-08
0.46 | 7.41E-09

0.04 0.5 | 1.04E-08 | 7.52E-08 | 7.86E-08 | 8.21E-08
0.54 | 1.37E-08
0.45 | 6.63E-09

0.05 0.5 | 1.04E-08 | 7.58E-08 | 8.02E-08 | 8.46E-08
0.55 | 1.46E-08
0.44 | 5.87E-09

0.06 0.5 | 1.04E-08 | 7.57E-08 | 8.21E-08 | 8.86E-08
0.56 | 1.57E-08
0.43 | 5.09E-09

0.07 0.5 | 1.04E-08 | 7.61E-08 | 8.46E-08 | 9.32E-08
0.57 | 1.69E-08
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The results of this study relative to the hazard function computed at time ¢ =0.5s for a linear
SDOF system with 7 =1.0s ; £ =0.1;{ =4 and subjected to a WN excitation from at-rest initial
conditions are shown in Table A.1 and Figure A.1. The hazard function values are normalized
with the value corresponding to Afr=0.0ls and are plotted versus the values of Af in
Figure A.1. The results in Table A.1 and Figure A.1 show that the hazard function values are
significantly sensitive to both the form of the numerical differentiation used and the value of Af.
Therefore, it is concluded that the estimation of the hazard function from direct simulation is not

feasible because it is prone to numerical inaccuracies.

Hazard Function %

75 \’/—/

0.01 002 0.03 004 005 006 0.07
At [s]
Figure A.1- Dependency of the hazard function numerical estimates on the time interval
At computed at time ¢ =0.5s for a linear SDOF system subjected to a WN excitation

from at-rest initial conditions (7' =1.0s ; £ =0.1;{ =4).
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APPENDIX B: PROPOSED HAZARD FUNCTIONS FOR FPFP OF
SDOF SYSTEMS SUBJECTED TO WN EXCITATION FROM AT-
REST INITIAL CONDITIONS

Six different hazard function approximations for linear elastic SDOF systems subjected to
WN excitation from at-rest initial conditions are developed and studied in this research in order
to determine the proposed improved analytical approximation presented in this thesis. In this

appendix, these six hazard functions are presented and described in detail.

B.1 PROPOSED #1

The first proposed hazard function (referred to as Proposed #1) is given by Eq. (B.1) and is
obtained by introducing a constant value for the exponent of the TVBP. This constant exponent is
defined by a time independent function obtained as a polynomial surface (Eq. (B.2)) fitted to

ISEE simulation results for different values of £ and ¢ (see Figure B.1). The coefficients of the

polynomial function are given in Table B.1.

hl,\X\(Xlim’t):qX\(Xlim’t). 2 (B.1)
1—expd — | Xim_
2| o, (t)
5 4
CEO =YD (B, -&¢™ 5 001<£<0.50 ; 1.5 <5.0 (B.2)
=0 m=0
Table B.1 - Proposed #1: Coefficients of the polynomial representation of C(&,¢) .
i i) i) i) i) i) i) i) i i
Ry | B R P, B R, P P Ry Ry
1.676 | -18.23 -0.1955 77.2 11.09 0.06903 | -136.2 | -47.33 -2.522 -0.01776
Py | B 15 it R, Py P | BY By R
155.2 | 44.52 9.688 0.09391 | 0.001621 -84.81 -14.33 | -4.609 | -0.5489 | 0.01242
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Figure B.1 - Proposed #1: Fitted surface for C(¢&,¢) for Proposed#1.

B.2 PROPOSED #2

The second proposed hazard function (referred to as Proposed #2) is given by Eq. (B.3) and
is obtained by introducing two constant values, one for the exponent of the TVBP and one as the
coefficient of the TVBP. These two constant exponents are defined by time independent
functions obtained as polynomial surfaces (Eq. (B.5)) fitted to ISEE simulation results for

different values of & and ¢ .

-exp a2 [0 -0 (0] s

By (Xim ) = Yy (Xiim 1) > (B.4)

- expd — 1| Xim
P 2 GX(t)

where

C[(g,g):ii(lﬁ,g%g’-g"’) ;i=12; 0.01<£<0.50 ; 1.5<¢<5.0 (B.5)

=0 m=0
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It is observed that the function used in the least-square fitting procedure is not properly
constrained, the obtained optimized values of C,(&,{) and C,(&, &) are not unique and depend

on the starting point of the optimization procedure, and, thus, this proposed function is not

applicable.

SSR ( Pf, New’ Pf, ISEE)

Figure B.2 - Proposed #2: Plot of sum of squared residuals of the error vs. C,and C,
for linear SDOF system with 7 =1.0s ; £ =0.1; {=4.

Figure B.2 presents the sum of squared residuals of the FPFP using the proposed hazard

15 15 5
function and the ISEE results (i.e., zZ[P;i;’eif)(t)—P/»,,SEE(t)} , in which C;and C; are

G=1C;=1
chosen to be in the same range of C,, (£,C) obtained from the optimization) for the case of

T=1.0s;£=0.1;=4. As it is seen, the sum of squared residuals lies along a line and does

not have a unique minimum.

B.3 PROPOSED #3

On the basis of the observed trends (see Section 2.2), a hazard function for the double-barrier

first-passage problem is proposed (see Figure B.3). This proposed hazard function (referred to as
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Proposed #3) is given by Eq. (B.6) and is obtained by introducing a time-variant function for the

exponent of the TVBP given by Eq. (B.7):

1—exp {_Jn_/z-[qx (] f;a)}

hnew,‘X‘ (Xlim ’t) :U‘X‘(Xlim ’t) B (B6)

2| o, (t)

in which C(&,,t) = time-variant function with two variables given as:
C(f,é",f)=Cl,w(é,é")(lJrCz,w(f,é")-eTj (B.7)

where C, (¢,¢) and C,  (&,¢)are obtained from Eq. (B.8) with the coefficients given in

Table B.2.

5 4
Ci(8,0)=DD(BY-&'-¢™) 5 i=1,2; 001<£<0.50 ; 1.5<£ <50  (BS)

=0 m=0
14
1.2¢
1 L
S 08
wb
S 0.6f
0.4f ]
C, (§=0.05,(=2)=1.0788
0.2f, ]
C, (£=0.05,5=2)=-0.9122
% 1 2 3 4 5
=t T
(b)

Figure B.3 - Proposed #3: (a) FPFP for the linear SDOF system with 7=0.1s; £=0.05; { =2
(b) C(&,¢,t) plotted as a function of the normalized time for the same SDOF system.
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Table B.2 - Proposed #3: Coefficients of the polynomial representation of

C.(5,¢) and C, (£,¢).

i By By By Py By Ry Py
1 0.7601 -4.065 0.526 154 -0.01364 | -0.04164 | -18.7
2 -552.4 5668 400.5 -26800 -1535 -152.7 57850
i Py Py Ry Py Py Py Py Ry
1 -7.129 | 0.06362 | -0.03764 | 11.79 4.812 0.8123 |-0.006323(0.005449
2 2710 238.8 26.92 -46710 -1080 -271.3 -7.619 -1.854
1 * * * ———
> —~ ”;_,_F‘F’—'F
0.8} Gt
// #‘*
/ 7 ’ﬁF
0.6/ /"
Ol s
Q> /. fNew
0.4} / P,
4 ~=Prevm
02/ P
C, (E=0050=2=1.0788 | 1 P
0 1 1 1 1 1
0 5 10 15 20 25
tO =T

Figure B.4 - Proposed #3: FPFP for a linear SDOF system with 7 = 0.1s subjected to WN base
excitation from at-rest initial conditions ( £=0.05; £ =2).

B.4 PROPOSED #4

Based on the observed trends and behavior of the ISEE results (see Section 2.2), the fourth

hazard function (referred to as Proposed #4) is proposed by introducing a time-variant function

with follows the same trend as discussed in Section 2.2 ( see Figure B.5). This proposed hazard

function is given by Eq.

(B.9):
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1—exp {—\/72'_/2'[‘])( Ol f;a)}

—w

hnew,‘X‘ (Xlim ’t) :U‘X‘(Xlim ’t) B (B9)
1—exp]—L| Xim_
2| o, (t)
The time-variant function in Eq. (B.9) is given as:
C(&,¢.0=C (& )+C, (60 (1-exp[g() =gy |) (B.10)
in which
P 1/2
4[arctg(\/1 & 5)}
9. =limq (1) P (B.11)

where ¢, , = stationary value of the bandwidth parameter.

1.5
1,
_ 0.5t
\p
w0
&}
-05¢
1+
-1. : : : ‘
5O 1 2 3 4 5
tO:t/T
(b)

Figure B.5 - Proposed #4: (a) FPFP for the linear SDOF system with 7=0.1s; £=0.05; { =2
(b) C(¢,4,t) plotted as a function of the normalized time for the same SDOF system.
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Figure B.6 - Proposed #4: FPFP for a linear SDOF system with 7 =0.1s
subjected to WN base excitation from at-rest initial conditions (£ =0.05; £ =2).

B.5 PROPOSED #5
The fifth proposed hazard function (referred to as Proposed #5) is given by Eq. (B.12) and is
obtained by introducing a time-variant function for the exponent of the TVBP (Eq. (B.13)) which

is calculated using Eq. (B.8) and coefficients presented in Table B.3:

1—exp {—m L 4x (t)]cex"(;’g’” . Xim }

o, ()

hnew,‘X‘(Xlim ’t):qX‘(Xlim ’t) 2 (Blz)
R
I-expy——| —2-
200, (0)
in which C(&,{,¢) = time-variant exponent is defined as follows:
—4x(1)+4x,
C(E¢ )= C (g4 o] (B.13)
Table B.3 - Proposed #5: Coefficients of the polynomial fitted to C, ,(&,¢) .
: (1) (i) (i) (1) (i) (i) (1) (1) (i) (i)
I | R | By B By it By By B it By
1 1.053 | -13.31 | 0.5111 65.91 6.435 -0.2108 -142.6 | -3592 | -1.199 | 0.03141
; (i) (i) (i) (i) (i) (i) (i) (i) (i) (i)
l Py Py P, B By Py P, P Py B,
1 2149 | 30.36 7.934 | -0.07924 | -0.001609 -145.1 -7.412 | -3.666 | -0.4575 | 0.02134
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Figure B.7 shows the FPFP obtained from the analytical approximations and the proposed #5

obtained using the optimized value of C(&,¢,¢) are in a significantly good agreement witht the

ISEE results compared to the other analytical approximations.

0.15}
= ol
Q?\
0.05}
C, (£=02.(=3)=0.63931
04 ‘ — ‘ ‘
0 2 4 6 8

1= T
Figure B.7 - Proposed #5: FPFP obtained through least-square fitting of the ISEE results and the
corresponding P and VM approximations for linear SDOF system (£ =0.2 ; { =3).

Figure B.8 and Figure B.9 plot the isocurves of C, (&,¢) as a function of damping ratio and

normalized threshold level, respectively. It is observed that the surface fitted to the optimized

values of C, (&,¢) is an accurate fit to the values obtained from the least-square fitting.

Figure B.10 and Figure B.11 show that the FPFP values obtained using the proposed #5 are
in significantly better agreement with the ISEE results compared to the other analytical

approximations.

B.6 PROPOSED #6

The sixth proposed function is introduced in Chapter 2 and referred to as newly proposed

hazard function (New).
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Figure B.8 - Proposed #5: Comparison between the interpolation surface C,, (Surf)

and values 51,00 obtained through least-square fitting (LSF) versus damping ratio.
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Figure B.9 - Proposed #5: Comparison between the interpolation surface C,, (Surf)

and values 51,00 obtained through least-square fitting (LSF) versus the
normalized threshold level.
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Figure B.10 - Proposed #5: FPFP for a linear SDOF system with 7" =0.1s
subjected to WN base excitation from at-rest initial conditions ( & =0.05,4 =2).
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Figure B.11 - Proposed #5: FPFP for a linear SDOF system with 7 =0.1s
subjected to WN base excitation from at-rest initial conditions (& =0.05, { =4.5).
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APPENDIX C :

INITIAL CONDITIONS

PARAMETRIC STUDY RESULTS OF LINEAR SDOF
SYSTEMS SUBJECTED TO WN EXCITATION FROM AT-REST

In this appendix, the absolute and relative accuracy of the six proposed hazard functions (see

Appendix B), for linear elastic SDOF systems subjected to WN base excitation from at-rest

initial conditions, is evaluated, by comparing the obtained time-variant FPFP with the

corresponding ISEE values for a wide range of damping ratios and normalized failure thresholds.

It is noted here that the accuracy of the proposed hazard functions is verified indirectly, through

comparison of FPFP results, due to the difficulty in obtaining the values of the hazard function

directly from simulation, as shown in Appendix A.

C.1 PROPOSED #1

Table C.1 - Proposed #1: Time-variant FPFP (¢, = 10) .

¢ & ISEE P € [%] cVM € [%] mVM € [%] #1 € [%]
0.01 |4.06E-01|8.44E-01|108.10 |5.39E-01| 32.81 [4.42E-01| 9.10 |[3.44E-01| -15.15
0.02 |6.83E-01]|9.72E-01 | 42.30 |8.05E-01| 17.82 |[7.16E-01| 4.85 |6.38E-01| -6.62
0.05 |9.20E-01|9.95E-01| 8.16 |9.52E-01| 3.53 |[9.16E-01| -0.42 |9.16E-01 | -0.38
0.1 |9.92E-01|9.97E-01| 0.53 |9.85E-01| -0.70 [9.73E-01| -1.92 |9.85E-01| -0.67
0.15 |9.98E-01|9.98E-01| -0.04 |9.92E-01| -0.58 |9.87E-01| -1.14 |9.95E-01| -0.29
L5 0.2 |9.84E-01|9.98E-01| 1.43 |9.95E-01| 1.15 [9.92E-01| 0.83 |998E-01| 1.41
’ 0.25 |9.95E-01|9.98E-01| 0.35 |9.97E-01| 0.20 [9.95E-01| 0.00 |9.99E-01| 0.40
0.3 |1.00E+00|9.98E-01| -0.18 |9.97E-01| -0.26 |9.96E-01| -0.39 |9.99E-01| -0.09
0.35 |1.00E+00]9.98E-01 | -0.17 |9.98E-01| -0.21 [9.97E-01| -0.30 |9.99E-01| -0.07
0.4 |9.81E-01|9.98E-01| 1.73 |9.98E-01| 1.73 [998E-01| 1.65 |9.99E-01| 1.85
0.45 |9.98E-01|9.98E-01| 0.05 |9.98E-01| 0.07 |9.98E-01| 0.01 |9.99E-01| 0.16
0.5 |1.00E+00|9.98E-01| -0.17 |9.99E-01| -0.13 [9.98E-01| -0.18 [1.00E+00| -0.05
0.01 |1.23E-01|3.39E-01|176.24 |1.66E-01| 35.26 |1.29E-01| 4.87 |9.81E-02| -20.01
0.02 |3.16E-01]|6.81E-01 | 115.15 |4.08E-01| 28.77 |3.34E-01| 5.44 |2.83E-01| -10.53
0.05 |6.15E-01|8.68E-01| 41.22 |6.78E-01| 10.25 |6.07E-01| -1.37 |599E-01| -2.60
0.1 |7.84E-01|9.07E-01| 15.77 |7.98E-01| 1.85 |7.52E-01| -4.03 |7.89E-01| 0.71
0.15 |8.47E-01|9.18E-01| 8.34 |8.44E-01| -0.37 |8.12E-01| -4.16 |8.60E-01| 1.53
0.2 |894E-01|9.22E-01| 3.15 |8.68E-01| -2.91 |844E-01| -5.58 |8.93E-01| -0.07
2 0.25 |9.18E-01|9.25E-01| 0.74 |8.83E-01| -3.82 |[8.64E-01| -5.85 |9.12E-01| -0.69
0.3 |9.26E-01|9.26E-01| 0.02 |8.93E-01| -3.58 |8.78E-01| -5.21 |9.23E-01| -0.40
0.35 [9.34E-01|9.27E-01| -0.69 |9.00E-01| -3.59 |8.88E-01| -4.93 |9.29E-01| -0.50
0.4 |9.32E-01|9.28E-01| -0.44 |9.06E-01| -2.84 |895E-01| -3.98 |9.33E-01| 0.11
0.45 |9.29E-01|9.29E-01| -0.02 |9.10E-01| -2.03 |9.01E-01| -3.03 |9.36E-01| 0.74
0.5 ]9.32E-01|9.29E-01| -0.35 |9.13E-01| -2.04 |[9.05E-01| -2.90 [9.37E-01| 0.53
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #1 € [%]
0.01 |[2.48E-02|6.43E-02 | 159.70 |3.15E-02| 27.38 |2.42E-02 | -2.25 [1.92E-02| -22.63
0.02 [9.95E-02|2.45E-01 | 146.08 |1.29E-01| 29.50 | 1.02E-01 | 2.69 |[8.76E-02| -11.92
0.05 |[2.61E-01|4.57E-01| 74.65 |3.01E-01| 1497 |2.58E-01| -1.51 |[2.55E-01| -2.31
0.1 |4.03E-01|5.26E-01 | 30.42 |4.04E-01| 0.23 |3.67E-01 | -8.99 |3.97E-01| -1.52
0.15 |[4.74E-01|5.47E-01 | 15.43 |4.51E-01| -4.82 |4.21E-01| -11.16 |4.69E-01| -1.13
)5 0.2 |5.02E-01|5.58E-01 | 11.04 [4.79E-01| -4.60 |4.54E-01| -9.51 |5.10E-01| 1.56
’ 0.25 |5.41E-01|5.64E-01 | 4.18 |4.98E-01| -8.05 |4.77E-01| -11.85 |5.35E-01| -1.07
0.3 |5.57E-01|5.68E-01| 198 |[5.11E-01| -824 |4.93E-01]| -11.38 |5.51E-01| -0.97
0.35 |5.38E-01|5.70E-01 | 5.95 |5.21E-01| -3.29 |5.05E-01| -6.09 |5.61E-01| 4.26
0.4 |5.57E-01|5.72E-01| 2.76 |[5.28E-01| -5.15 |5.15E-01| -7.52 |5.67E-01| 1.90
0.45 |5.69E-01|5.73E-01 | 0.74 |5.34E-01| -6.20 |5.22E-01| -8.25 |[5.71E-01| 0.31
0.5 |5.60E-01|5.74E-01 | 2.54 |[5.39E-01| -3.84 |[5.28E-01| -5.69 |5.73E-01| 2.31
0.01 |3.49E-03|7.66E-03 | 119.47 |4.07E-03| 16.64 |3.14E-03 | -10.01 [2.64E-03| -24.29
0.02 |2.30E-02|5.18E-02 | 125.54 |2.81E-02| 22.25 |2.22E-02 | -3.37 |2.00E-02| -13.02
0.05 |7.79E-02| 1.34E-01 | 71.73 |8.66E-02| 11.26 | 7.35E-02 | -5.60 |7.54E-02| -3.18
0.1 |1.27E-01|1.68E-01 | 31.41 |1.26E-01| -0.96 |1.14E-01| -10.83 |1.27E-01| -0.63
0.15 |[1.55E-01|1.79E-01| 15.41 |1.45E-01| -6.45 | 1.34E-01| -13.25 |[1.53E-01| -0.85
3 0.2 |1.70E-01|1.84E-01| 8.30 |[1.56E-01| -8.35 |1.47E-01]| -13.49 |1.69E-01| -0.71
0.25 |1.80E-01|1.87E-01| 4.24 |1.63E-01| -9.23 | 1.56E-01| -13.31 |1.78E-01| -1.00
0.3 |1.83E-01|1.89E-01| 3.49 |1.68E-01| -8.04 |1.62E-01| -11.45 |1.83E-01| 0.21
0.35 |1.86E-01|191E-01| 2.85 |1.72E-01| -7.22 |1.67E-01| -10.11 [1.87E-01| 0.65
0.4 |1.85E-01|1.92E-01| 4.03 |1.75E-01| -5.05 |1.71E-01| -7.59 |1.89E-01| 2.37
0.45 |[1.90E-01|1.93E-01| 1.67 |1.78E-01| -6.35 | 1.73E-01| -8.52 |[1.90E-01| 0.30
0.5 |191E-01|1.93E-01| 1.05 |[1.79E-01| -6.22 |1.76E-01| -8.13 |1.91E-01| -0.24
0.01 |[3.37E-04| 6.40E-04 | 90.15 |3.69E-04| 9.64 |2.87E-04| -14.61 [2.59E-04| -22.99
0.02 |[3.94E-03|7.71E-03 | 95.55 |4.48E-03| 13.75 |3.57E-03| -9.48 |[3.43E-03| -13.10
0.05 |[1.69E-02|2.61E-02 | 54.11 [1.78E-02| 5.13 1.52E-02 | -10.29 [1.63E-02| -3.43
0.1 |2.80E-02|3.45E-02 | 23.17 [2.71E-02| -3.38 |2.45E-02| -12.49 |2.81E-02| 0.15
0.15 |[3.37E-02|3.74E-02 | 10.77 |3.13E-02| -7.15 |2.92E-02 | -13.39 |[3.37E-02| -0.07
0.2 |[3.66E-02|3.88E-02 | 5.81 |[3.38E-02| -7.83 |[3.20E-02| -12.52 |3.67E-02| 0.11
e 0.25 |[3.76E-02|3.96E-02 | 5.19 |3.54E-02| -6.03 |3.40E-02| -9.81 |[3.83E-02| 1.86
0.3 |[3.88E-02|4.02E-02 | 3.57 |[3.65E-02| -5.84 |3.53E-02| -8.91 |3.94E-02| 1.45
0.35 |[4.03E-02|4.06E-02 | 0.76 |3.74E-02| -7.21 |3.64E-02| -9.71 |4.00E-02| -0.75
0.4 |4.03E-02|4.09E-02| 1.36 |[3.80E-02| -5.73 |[3.71E-02| -7.88 |4.04E-02| 0.09
0.45 |4.14E-02|4.11E-02 | -0.65 |3.85E-02| -6.88 |3.78E-02| -8.71 |4.06E-02| -1.83
0.5 |4.12E-02|4.12E-02 | 0.06 |[3.89E-02| -5.64 |3.82E-02| -7.24 |4.07E-02| -1.17
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #1 € [%]
0.01 |2.24E-05|3.82E-05| 70.60 [2.37E-05| 5.55 |1.86E-05| -16.96 |1.80E-05| -19.87
0.02 |4.95E-04| 8.66E-04 | 74.75 |5.40E-04| 890 |4.33E-04| -12.53 |4.44E-04| -10.35
0.05 |2.72E-03|3.79E-03 | 39.36 [2.74E-03| 0.89 |2.37E-03| -13.03 |2.67E-03| -1.93

0.1 |4.60E-03 |5.25E-03 | 14.04 |4.31E-03| -6.23 |3.94E-03 | -14.25 |4.59E-03| -0.25
0.15 |5.36E-03|5.73E-03| 6.92 |5.00E-03| -6.82 |4.70E-03| -12.33 |5.40E-03| 0.78

4 0.2 |5.70E-03 | 5.98E-03 | 4.89 |5.38E-03| -5.54 |5.15E-03| -9.67 |5.80E-03| 1.84
0.25 |6.00E-03|6.12E-03| 1.96 |5.63E-03| -6.24 |544E-03| -9.40 |6.02E-03| 0.25

0.3 |6.07E-03 | 6.22E-03 | 2.48 |5.80E-03| -4.41 |5.65E-03| -6.98 |6.15E-03| 1.33
0.35 |6.27E-03| 6.29E-03 | 0.34 |5.93E-03| -5.43 |5.80E-03| -7.50 |6.23E-03| -0.55

0.4 |6.33E-03|6.34E-03| 0.16 |6.03E-03| -4.86 |5.92E-03| -6.60 |6.29E-03| -0.66
0.45 |6.34E-03| 6.38E-03| 0.69 |6.10E-03| -3.79 |6.01E-03| -527 |6.33E-03| -0.17

0.5 |6.30E-03|6.41E-03| 1.70 |6.16E-03| -2.36 |6.07E-03 | -3.65 |6.35E-03| 0.74
0.01 |1.07E-06| 1.64E-06 | 53.12 [1.07E-06| 0.59 |8.54E-07 | -20.04 |8.71E-07 | -18.43
0.02 |4.78E-05|7.45E-05| 55.86 [4.93E-05| 3.11 |4.00E-05| -16.38 |4.32E-05| -9.58
0.05 |3.32E-04|4.26E-04 | 28.50 [3.25E-04| -2.02 |2.83E-04| -14.64 |3.30E-04| -0.58

0.1 |5.62E-04|6.14E-04| 9.25 |5.25E-04| -6.54 |4.85E-04 | -13.69 |S5.65E-04| 0.58
0.15 |6.45E-04|6.77E-04| 4.95 |6.09E-04| -5.57 |5.78E-04| -10.41 |6.55E-04| 1.58

45 0.2 |6.94E-04|7.08E-04| 2.06 |6.55E-04| -5.61 |6.31E-04| -9.09 |6.97E-04| 0.47
’ 0.25 |7.14E-04|7.27E-04| 1.86 |6.84E-04| -4.18 |6.65E-04| -6.84 |7.20E-04| 0.93
0.3 |7.21E-04|7.40E-04| 2.56 |7.04E-04| -2.41 |6.89E-04| -4.53 |7.35E-04| 1.88
0.35 |7.52E-04|7.49E-04 | -0.39 |7.18E-04| -4.44 |7.06E-04| -6.11 |7.44E-04| -0.97

0.4 |7.52E-04|7.56E-04| 0.49 |7.29E-04| -3.02 |7.19E-04| -440 |7.51E-04| -0.11
0.45 |7.46E-04|7.61E-04| 2.05 |7.38E-04| -1.06 |7.29E-04| -2.24 |7.56E-04| 1.37

0.5 |7.57E-04|7.65E-04| 1.14 |7.44E-04| -1.59 |7.37E-04| -2.58 |7.59E-04| 0.36

0.01 |3.53E-08|5.00E-08 | 41.56 |3.46E-08| -2.12 |2.78E-08| -21.38 |2.93E-08| -17.13
0.02 |3.42E-06|4.92E-06 | 43.82 |3.42E-06| 0.12 |2.80E-06| -18.00 |3.13E-06| -8.60
0.05 |3.16E-05|3.74E-05| 18.20 [2.98E-05| -591 |2.62E-05| -17.18 |3.08E-05| -2.48

0.1 |5.28E-05|5.59E-05| 5.97 |4.94E-05| -6.44 |4.60E-05| -12.82 |5.30E-05| 0.41
0.15 |6.12E-05|6.22E-05| 1.63 |5.73E-05| -6.29 |5.48E-05| -10.43 |6.10E-05| -0.39

5 0.2 |6.43E-05|6.53E-05| 1.61 |6.16E-05| -4.14 |597E-05| -7.10 |6.47E-05| 0.60
0.25 |6.77E-05]|6.72E-05| -0.75 |6.42E-05| -5.06 |6.28E-05| -7.22 |6.67E-05| -1.39

0.3 |6.89E-05|6.84E-05| -0.70 |6.60E-05| -4.15 |6.49E-05| -5.82 |6.80E-05| -1.22
0.35 |6.94E-05|6.93E-05| -0.14 |6.73E-05| -2.99 |6.64E-05| -4.32 |6.89E-05| -0.65

0.4 |6.98E-05|7.00E-05| 0.27 |6.83E-05| -2.15 |6.75E-05| -3.23 |6.96E-05| -0.30
0.45 |7.01E-05|7.05E-05| 0.55 |6.91E-05| -1.53 |6.84E-05| -2.43 |7.01E-05| -0.12

0.5 |6.97E-05|7.09E-05| 1.83 |6.97E-05| -0.02 |6.91E-05| -0.77 |7.04E-05| 1.07

Ue %o 22.38 Ue %o -0.004 U % -7.09 U % -2.54

(% 39.25 (% 9.45 C: 9 5.76 (7 6.25

€max %0 | 176.24 | €1x% | 35.26 €max Y0 9.10 €max Y0 4.26

€min Y0 -0.75 | €mn % -9.23 €min Y0 -21.38 €min Yo | -24.29

We) %o 2248 | g% 6.32 e Yo 7.70 Mgy %0 3.35
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C.2 PROPOSED #3

Table C.2 - Proposed #3: Time-variant FPFP (¢, = 10) .

¢ & ISEE P € [%] cVM € [%] mVM € [%] #3 € [%]
0.01 |4.06E-01|8.44E-01 | 108.10 [5.39E-01| 32.81 [4.42E-01| 9.10 |[5.48E-01| 35.22
0.02 |6.83E-01|9.72E-01 | 42.30 |8.05E-01| 17.82 |7.16E-01| 4.85 |8.28E-01| 21.26
0.05 |9.20E-01(9.95E-01 | 8.16 |[9.52E-01| 3.53 |[9.16E-01| -0.42 |9.70E-01| 5.42
0.1 [9.92E-01|9.97E-01| 0.53 |[9.85E-01| -0.70 [9.73E-01| -1.92 [9.93E-01| 0.05
0.15 |[9.98E-01(9.98E-01 | -0.04 [9.92E-01| -0.58 |9.87E-01| -1.14 |9.87E-01| -1.11
L5 0.2 |[9.84E-01|9.98E-01| 1.43 |[9.95E-01| 1.15 [|9.92E-01| 0.83 |9.97E-01| 1.28
’ 0.25 |[9.95E-01(9.98E-01 | 0.35 [9.97E-01| 0.20 [9.95E-01| 0.00 |9.99E-01| 0.44
0.3 [1.00E+00/9.98E-01 | -0.18 [9.97E-01| -0.26 [9.96E-01| -0.39 |9.99E-01| -0.06
0.35 |[1.00E+00[{9.98E-01 | -0.17 [9.98E-01| -0.21 [9.97E-01| -0.30 |9.99E-01| -0.06
0.4 |[9.81E-01|9.98E-01| 1.73 |[9.98E-01| 1.73 |[9.98E-01| 1.65 |[9.99E-01| 1.83
0.45 |9.98E-01(9.98E-01 | 0.05 [9.98E-01| 0.07 [9.98E-01| 0.01 |[9.99E-01| 0.13
0.5 [1.00E+00/9.98E-01 | -0.17 [9.99E-01| -0.13 |9.98E-01| -0.18 |1.00E+00| -0.05
0.01 |1.23E-01|3.39E-01 | 176.24 |1.66E-01| 3526 |1.29E-01| 4.87 |1.51E-01| 23.08
0.02 |3.16E-01|6.81E-01 | 115.15 [4.08E-01| 28.77 |3.34E-01| 5.44 |3.80E-01| 20.13
0.05 |6.15E-01|8.68E-01 | 41.22 [6.78E-01| 10.25 |6.07E-01| -1.37 |[6.57E-01| 6.85
0.1 |7.84E-01|9.07E-01| 15.77 |7.98E-01| 1.85 |7.52E-01| -4.03 |7.88E-01| 0.61
0.15 |8.47E-01|9.18E-01| 834 |[8.44E-01| -0.37 |8.12E-01| -4.16 |8.17E-01| -3.48
) 0.2 |8.94E-01]9.22E-01| 3.15 |[8.68E-01| -291 |8.44E-01| -5.58 |9.03E-01| 1.03
0.25 |9.18E-01|9.25E-01| 0.74 |8.83E-01| -3.82 |8.64E-01| -5.85 |9.24E-01| 0.61
0.3 [9.26E-01|9.26E-01| 0.02 |[8.93E-01| -3.58 |8.78E-01| -521 |9.31E-01| 0.55
0.35 |9.34E-01|9.27E-01| -0.69 [9.00E-01| -3.59 |8.88E-01| -4.93 |9.35E-01| 0.08
0.4 [9.32E-01]9.28E-01| -0.44 [9.06E-01| -2.84 |8.95E-01| -3.98 |9.34E-01| 0.23
0.45 |9.29E-01|9.29E-01| -0.02 |9.10E-01| -2.03 |9.01E-01| -3.03 |9.33E-01| 0.41
0.5 |[9.32E-01]9.29E-01| -0.35 [9.13E-01| -2.04 [9.05E-01| -2.90 |9.37E-01| 0.54
0.01 |2.48E-02|6.43E-02 | 159.70 (3.15E-02| 27.38 |2.42E-02| -2.25 |2.86E-02| 15.49
0.02 |9.95E-02|2.45E-01 | 146.08 [1.29E-01| 29.50 |[1.02E-01| 2.69 |[1.20E-01| 20.12
0.05 |2.61E-01|4.57E-01| 74.65 |3.01E-01| 14.97 |2.58E-01| -1.51 |2.94E-01| 12.35
0.1 |[4.03E-01|5.26E-01 | 30.42 [4.04E-01| 0.23 |[3.67E-01| -8.99 [4.07E-01| 0.95
0.15 |4.74E-01|5.47E-01 | 15.43 |4.51E-01| -4.82 [4.21E-01| -11.16 |4.76E-01| 0.30
)5 0.2 |[5.02E-01|5.58E-01| 11.04 [4.79E-01| -4.60 |4.54E-01| -9.51 |5.28E-01| 5.16
’ 0.25 |5.41E-01|5.64E-01 | 4.18 [4.98E-01| -8.05 [4.77E-01| -11.85 |5.50E-01| 1.66
0.3 |[5.57E-01|5.68E-01| 198 |[S.11E-01| -8.24 [4.93E-01| -11.38 |5.62E-01| 0.88
0.35 |5.38E-01(5.70E-01 | 595 |[S.21E-01| -3.29 |5.05E-01| -6.09 |5.68E-01| 5.46
0.4 |[5.57E-01|5.72E-01| 2.76 |[5.28E-01| -5.15 |5.15E-01| -7.52 |5.70E-01| 2.44
0.45 |5.69E-01|5.73E-01 | 0.74 |[5.34E-01| -6.20 |[5.22E-01| -8.25 |[5.71E-01| 0.25
0.5 |[5.60E-01|5.74E-01| 2.54 |[5.39E-01| -3.84 |5.28E-01| -5.69 |5.73E-01| 2.40
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] #3 £ [%]
0.01 |3.49E-03]7.66E-03 | 119.47 |4.07E-03] 16.64 |3.14E-03| -10.01 |3.96E-03| 13.38
0.02 |2.30E-02]5.18E-02 | 125.54 [2.81E-02] 22.25 |2.22E-02| -3.37 |2.77E-02] 20.78
0.05 |7.79E-02| 1.34E-01 | 71.73 [8.66E-02] 11.26 |7.35E-02| -5.60 |8.95E-02| 14.95
0.1 |1.27E-01|1.68E-01| 31.41 |1.26E-01| -0.96 |1.14E-01| -10.83 |1.33E-01| 4.36
0.15 |1.55E-01|1.79E-01| 15.41 |1.45E-01| -6.45 |1.34E-01]| -13.25 |1.59E-01| 2.87
0.2 |1.70E-01|1.84E-01| 830 |1.56E-01| -835 |1.47E-01| -13.49 |1.74E-01| 2.49
3 7025 |1.80E-01|1.87E-01| 424 |1.63E-01| 9.23 | 1.56E-01 | -1331 | 1.82E-01| 1.15
0.3 |1.83E-01| 1.89E-01| 3.49 |1.68E-01| -8.04 |1.62E-01| -11.45 | 1.86E-01| 1.58
0.35 |1.86E-01| 1.91E-01| 2.85 |1.72E-01| -7.22 |1.67E-01| -10.11 | 1.88E-01| 1.49
0.4 |1.85E-01| 1.92E-01| 4.03 |1.75E-01| -5.05 |1.71E-01| -7.59 |1.90E-01| 2.81
045 |1.90E-01|1.93E-01| 1.67 |1.78E-01| -6.35 |1.73E-01| -8.52 |1.90E-01| 0.40
0.5 |1.91E-01|1.93E-01| 1.05 [1.79E-01| -6.22 |1.76E-01| -8.13 [1.91E-01| -0.08
0.01 |3.37E-04]6.40E-04| 90.15 [3.69E-04] 9.64 [2.87E-04] -14.61 |3.97E-04] 18.07
0.02 |3.94E-03|7.71E-03| 95.55 |4.48E-03| 13.75 |3.57E-03| -9.48 |4.85E-03| 22.92
0.05 |1.69E-02|2.61E-02| 54.11 [1.78E-02] 5.13 |1.52E-02| -10.29 | 1.94E-02| 14.63
0.1 |2.80E-02|3.45E-02| 23.17 [2.71E-02| -3.38 |2.45E-02| -12.49 |2.93E-02| 4.64
0.15 |3.37E-02]3.74E-02] 10.77 [3.13E-02] -7.15 |2.92E-02| -13.39 |3.46E-02| 2.64
3 0.2 |3.66E-02|3.88E-02| 5.81 |3.38E-02] -7.83 |3.20E-02| -12.52 |3.74E-02| 1.9
17025 |3.76E-02|3.96E-02| 5.19 |3.54E-02| -6.03 |3.40E-02| -9.81 |3.88E-02| 3.04
0.3 |3.88E-02|4.02E-02| 3.57 |3.65E-02] -5.84 |3.53E-02| -891 |3.96E-02| 2.16
0.35 |4.03E-02|4.06E-02| 0.76 |3.74E-02| -7.21 |3.64E-02| -9.71 |4.01E-02| -0.31
04 |4.03E-02|4.09E-02| 1.36 |3.80E-02| -5.73 |3.71E-02| -7.88 |4.05E-02| 0.34
045 |4.14E-02]4.11E-02| -0.65 |3.85E-02] -6.88 [3.78E-02| -8.71 |4.06E-02| -1.72
0.5 |4.12E-02|4.12E-02| 0.06 |3.89E-02| -5.64 |3.82E-02| -7.24 |4.08E-02| -0.97
0.01 |2.24E-05|3.82E-05| 70.60 |2.37E-05] 5.55 |1.86E-05| -16.96 |2.80E-05| 24.83
0.02 |4.95E-04]8.66E-04 | 74.75 |5.40E-04] 890 |4.33E-04| -12.53 |6.33E-04| 27.78
0.05 |2.72E-03]3.79E-03 | 39.36 |2.74E-03] 0.89 [2.37E-03| -13.03 |3.11E-03| 14.46
0.1 |4.60E-03|5.25E-03| 14.04 |431E-03| -6.23 |3.94E-03 | -14.25 |4.73E-03| 2.79
0.15 |5.36E-03]5.73E-03| 6.92 |5.00E-03| -6.82 |4.70E-03| -12.33 |5.48E-03| 2.19
0.2 |5.70E-03|5.98E-03| 4.89 |5.38E-03| -5.54 |S5.15E-03| -9.67 |5.85E-03| 2.72
4 7025 [6.00E03]6.12E03| 1.96 |5.63E-03| -6.24 |5.44E-03| -9.40 |6.05E-03| 0.77
0.3 |6.07E-03|6.22E-03| 2.48 |5.80E-03| -4.41 |5.65E-03| -6.98 |6.17E-03| 1.66
0.35 |6.27E-03|6.29E-03| 0.34 |5.93E-03] -5.43 |5.80E-03| -7.50 |6.25E-03| -0.32
04 |6.33E-03|6.34E-03| 0.16 |6.03E-03| -4.86 |5.92E-03| -6.60 |6.30E-03| -0.51
045 |6.34E-03|6.38E-03| 0.69 |6.10E-03] -3.79 |6.01E-03| -527 |6.34E-03| -0.07
0.5 |6.30E-03|6.41E-03| 1.70 |6.16E-03| -2.36 |6.07E-03| -3.65 |6.36E-03| 0.93
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #3 £ [%]
0.01 [1.07B-06] 1.64E-06] 53.12 [1.07E-06] 0.59 [8.54E-07] -20.04 [1.34E-06| 25.38
0.02 |4.78B-05|7.45E-05| 55.86 |4.93E-05| 3.11 |4.00E-05| -16.38 |6.06E-05| 26.80
0.05 |3.32E-04|4.26E-04 | 28.50 |3.25E-04| -2.02 |2.83E-04| -14.64 |3.75E-04| 13.05

0.1 |5.62E-04|6.14E-04| 9.25 [5.25E-04| -6.54 |4.85E-04| -13.69 |5.75E-04| 2.35
0.15 |6.45E-04]6.77E-04| 4.95 [6.09E-04| -5.57 |5.78E-04| -10.41 |6.59E-04| 2.12
45|02 [6.94E-04]7.08E-04| 2.06 |6.55E-04] -5.61 |631E-04] -9.09 |7.00E-04] 0.83
1025 [7.14B-04]7.27E-04| 1.86 |6.84E-04| -4.18 |6.656-04| -6.84 |7.22E-04| 1.17
0.3 |7.21E-04|7.40E-04| 2.56 |7.04E-04] -2.41 [6.89E-04| -4.53 [7.36E-04]| 2.06

0.35 |7.52B-04|7.49E-04| -0.39 |7.18E-04] -4.44 [7.06E-04| -6.11 |7.46E-04| -0.82

0.4 |7.52E-04|7.56E-04| 049 [7.29E-04] -3.02 |7.19E-04| -4.40 |7.52E-04| 0.01

045 |7.46E-04|7.61E-04| 2.05 |7.38E-04| -1.06 |7.29E-04| -2.24 [7.56E-04| 1.37

0.5 |7.57E-04|7.65E-04| 1.14 |7.44E-04| -1.59 |7.37E-04| -2.58 |7.60E-04| 0.49

0.01 |3.53E-08]5.00E-08 | 41.56 |3.46E-08] 2.12 |2.78E-08| -21.38 |4.31E-08| 21.83
0.02 [3.42E-06|4.92E-06| 43.82 [3.42E-06] 0.12 |2.80E-06| -18.00 |4.20E-06| 22.92
0.05 |3.16E-05|3.74E-05| 18.20 [2.98E-05| -5.91 |2.62E-05| -17.18 |3.40E-05| 7.59

0.1 |5.28E-05|5.59E-05| 5.97 |4.94E-05] -6.44 |4.60E-05| -12.82 |5.35E-05| 1.29
0.15 |6.12E-05|6.22E-05| 1.63 |5.73E-05| -6.29 |5.48E-05| -10.43 |6.10E-05| -0.32

s |02 [643E05/653E-05] 1.61 [6.16E-05] 4.14 |5.97E-05| -7.10 [6.48E-05] 0.74
0.25 |6.77E-05|6.72E-05| -0.75 |6.42E-05| -5.06 |6.28E-05| -7.22 |6.68E-05| -1.24

0.3 |6.89E-05|6.84E-05| -0.70 |6.60E-05| -4.15 |6.49E-05| -5.82 |6.81E-05| -1.07
0.35 |6.94E-05]6.93E-05| -0.14 [6.73E-05| -2.99 |6.64E-05| -432 |6.90E-05]| -0.51

0.4 |6.98E-05|7.00E-05| 0.27 |6.83E-05| -2.15 |6.75E-05| -3.23 |6.96E-05| -0.27

0.45 |7.01B-05|7.05E-05| 0.55 [6.91E-05| -1.53 |6.84E-05| -2.43 |6.99E-05| -0.31

0.5 |6.97E-05|7.09E-05| 1.83 |6.97E-05| -0.02 [6.91E-05| -0.77 [7.04E-05| 1.07
% | 2238 w% | 0004 | w% | 709 | w% | 542

Gove | 3925 | ou | 9.45 Geve 5.76 Gy 8.60

e % | 17624 | £nx% | 3526 | ema% | 910 | enm% | 35.22

emn% | 075 | emn% | 923 | ean% | 2138 | enn% | -3.48

we% | 2248 | wy% | 632 | py% | 770 | py% | 5.89
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C.3 PROPOSED #4

Table C.3 - Proposed #4: Time-variant FPFP (¢, = 10) .

¢ & ISEE P € [%] cVM € [%] mVM € [%] #4 € [%]
0.01 |4.06E-01|8.44E-01 | 108.10 [5.39E-01| 32.81 |[4.42E-01| 9.10 |[5.13E-01| 26.57
0.02 |6.83E-01(9.72E-01 | 42.30 [8.05E-01| 17.82 |7.16E-01| 4.85 |7.64E-01| 11.81
0.05 |[9.20E-01(9.95E-01| 8.16 |[9.52E-01| 3.53 |[9.16E-01| -0.42 |9.18E-01| -0.20
0.1 |[9.92E-01|9.97E-01| 0.53 [9.85E-01| -0.70 [9.73E-01| -1.92 |9.66E-01| -2.63
0.15 |9.98E-01|9.98E-01 | -0.04 [9.92E-01| -0.58 |9.87E-01| -1.14 |9.97E-01| -0.08
L5 0.2 |[9.84E-01|9.98E-01| 1.43 [9.95E-01| 1.15 [|9.92E-01| 0.83 |9.98E-01| 1.44
’ 0.25 |9.95E-01(9.98E-01 | 0.35 [9.97E-01| 0.20 [9.95E-01| 0.00 [9.97E-01| 0.28
0.3 [1.00E+00/9.98E-01 | -0.18 [9.97E-01| -0.26 [9.96E-01| -0.39 |9.98E-01| -0.20
0.35 |[1.00E+00[{9.98E-01 | -0.17 [9.98E-01| -0.21 [9.97E-01| -0.30 |9.99E-01| -0.10
0.4 |[9.81E-01|9.98E-01| 1.73 [9.98E-01| 1.73 [9.98E-01| 1.65 |1.00E+00| 1.86
0.45 |9.98E-01(9.98E-01 | 0.05 [9.98E-01| 0.07 [9.98E-01| 0.01 |[1.00E+00| 0.18
0.5 [1.00E+00{9.98E-01 | -0.17 [9.99E-01| -0.13 [9.98E-01| -0.18 |9.99E-01| -0.06
0.01 |1.23E-01|3.39E-01 | 176.24 |1.66E-01| 3526 |1.29E-01| 4.87 |1.51E-01| 23.16
0.02 |3.16E-01|6.81E-01 | 115.15 |[4.08E-01| 28.77 |3.34E-01| 5.44 |3.80E-01| 20.11
0.05 |6.15E-01|8.68E-01 | 41.22 [6.78E-01| 10.25 |6.07E-01| -1.37 |6.56E-01| 6.71
0.1 |7.84E-01|9.07E-01| 15.77 |7.98E-01| 1.85 |7.52E-01| -4.03 |7.87E-01| 0.47
0.15 |8.47E-01(9.18E-01| 8.34 |8.44E-01| -0.37 |8.12E-01| -4.16 |8.77E-01| 3.60
) 0.2 |[8.94E-01]9.22E-01| 3.15 |8.68E-01| -291 |8.44E-01| -5.58 |8.66E-01| -3.10
0.25 |9.18E-01|9.25E-01| 0.74 |8.83E-01| -3.82 |8.64E-01| -5.85 |8.59E-01| -6.39
0.3 [9.26E-01|9.26E-01| 0.02 |[8.93E-01| -3.58 |8.78E-01| -5.21 |8.77E-01| -5.35
0.35 |9.34E-01|9.27E-01| -0.69 [9.00E-01| -3.59 |8.88E-01| -4.93 |9.04E-01| -3.18
0.4 [9.32E-01]9.28E-01| -0.44 |9.06E-01| -2.84 |8.95E-01| -3.98 |9.28E-01| -0.41
0.45 |9.29E-01|9.29E-01 | -0.02 [9.10E-01| -2.03 |9.01E-01| -3.03 |9.36E-01| 0.79
0.5 |[9.32E-01]9.29E-01| -0.35 [9.13E-01| -2.04 [9.05E-01| -290 |9.35E-01| 0.28
0.01 |2.48E-02|6.43E-02 | 159.70 (3.15E-02| 27.38 |2.42E-02| -2.25 |2.84E-02| 14.77
0.02 |9.95E-02|2.45E-01 | 146.08 [1.29E-01| 29.50 |1.02E-01| 2.69 |[1.17E-01| 17.66
0.05 |2.61E-01|4.57E-01| 74.65 |3.01E-01| 14.97 |2.58E-01| -1.51 |2.78E-01| 6.49
0.1 |[4.03E-01|5.26E-01| 30.42 [4.04E-01| 0.23 |[3.67E-01| -8.99 |3.80E-01| -5.70
0.15 |4.74E-01|5.47E-01 | 15.43 |4.51E-01| -4.82 [4.21E-01| -11.16 [4.51E-01| -4.98
0.2 |[5.02E-01|5.58E-01| 11.04 [4.79E-01| -4.60 |4.54E-01| -9.51 |4.37E-01| -12.96
2:3 0.25 |5.41E-01|5.64E-01| 4.18 [4.98E-01| -8.05 [4.77E-01| -11.85 |4.48E-01| -17.17
0.3 |[5.57E-01|5.68E-01| 198 |[S.11E-01| -8.24 [4.93E-01| -11.38 |4.74E-01 | -14.90
0.35 |5.38E-01(5.70E-01 | 595 |[S5.21E-01| -3.29 |5.05E-01| -6.09 |5.12E-01| -4.94
0.4 |[5.57E-01|5.72E-01| 2.76 |5.28E-01| -5.15 |5.15E-01| -7.52 |5.53E-01| -0.75
0.45 |5.69E-01|5.73E-01| 0.74 |[5.34E-01| -6.20 |[5.22E-01| -8.25 |[5.68E-01| -0.13
0.5 |[5.60E-01|5.74E-01| 2.54 |[5.39E-01| -3.84 |5.28E-01| -5.69 |5.70E-01| 1.72
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] #4 £ [%]
0.01 |3.49E-03|7.66E-03 | 119.47 |4.07E-03] 16.64 |3.14E-03| -10.01 |3.91E-03| 12.12
0.02 |2.30E-02]5.18E-02 | 125.54 [2.81E-02] 22.25 [2.22E-02| -3.37 [2.67E-02]| 16.46
0.05 |7.79E-02| 1.34E-01 | 71.73 [8.66E-02] 11.26 |7.35E-02| -5.60 |7.98E-02| 2.45
0.1 |1.27E-01| 1.68E-01| 31.41 |1.26E-01| -0.96 |1.14E-01| -10.83 | 1.13E-01| -11.69
0.15 |1.55E-01|1.79E-01| 15.41 [1.45E-01| -6.45 |1.34E-01]| -13.25 |1.34E-01| -13.57
0.2 |1.70E-01|1.84E-01| 830 |1.56E-01| -8.35 |1.47E-01| -13.49 |1.36E-01]| -19.77
3 7025 |1.80E-01|1.87E-01| 424 |1.63E-01| 9.23 |1.56E-01| -13.31 | 1.43E-01| -20.64
0.3 |1.83E-01| 1.89E-01| 3.49 |1.68E-01| -8.04 |1.62E-01| -11.45 | 1.53E-01] -16.29
0.35 |1.86E-01| 1.91E-01| 2.85 |1.72E-01| -7.22 |1.67E-01| -10.11 | 1.69E-01| -8.95
0.4 |1.85E-01|1.92E-01| 4.03 |1.75E-01| -5.05 |1.71E-01| -7.59 |1.85E-01| -0.03
045 |1.90E-01|1.93E-01| 1.67 |1.78E-01| -6.35 |1.73E-01| -8.52 |1.89E-01| -0.09
0.5 |1.91E-01|1.93E-01| 1.05 [1.79E-01| -6.22 |1.76E-01| -8.13 |1.90E-01| -0.66
0.01 |3.37E-04]6.40E-04| 90.15 [3.69E-04] 9.64 [2.87E-04| -14.61 |3.94E-04] 16.99
0.02 |3.94E-03|7.71E-03| 95.55 |4.48E-03| 13.75 |3.57E-03| -9.48 |4.71E-03| 19.48
0.05 |1.69E-02|2.61E-02| 54.11 [1.78E-02] 5.13 |1.52E-02| -10.29 | 1.75E-02| 3.22
0.1 |2.80E-02|3.45E-02| 23.17 [2.71E-02| -3.38 |2.45E-02| -12.49 |2.48E-02| -11.73
0.15 |3.37E-02]3.74E-02| 10.77 [3.13E-02] -7.15 |2.92E-02| -13.39 |2.93E-02] -13.16
3 0.2 |3.66E-02|3.88E-02| 5.81 |3.38E-02| -7.83 |3.20E-02| -12.52 |3.02E-02] -17.45
17025 |3.76E-02|3.96E-02| 5.19 |3.54E-02| -6.03 |3.40E-02| -9.81 |3.17E-02| -15.79
0.3 |3.88E-02|4.02E-02| 3.57 |3.656-02| -5.84 |3.53E-02| -8.91 |3.42E-02] -11.85
0.35 |4.03E-02|4.06E-02| 0.76 |3.74E-02] -7.21 |3.64E-02| -9.71 |3.77E-02| -6.50
04 |4.03E-02|4.09E-02| 1.36 |3.80E-02| -5.73 |3.71E-02| -7.88 |4.00E-02| -0.90
045 |4.14E-02]4.11E-02| -0.65 [3.85E-02] -6.88 |3.78E-02| 8.71 |4.05E-02| -2.00
0.5 |4.12E-02|4.12E-02| 0.06 |3.89E-02| -5.64 |3.82E-02| -7.24 |4.05E-02| -1.64
0.01 |2.24E-05|3.82E-05| 70.60 |2.37E-05] 5.55 |1.86E-05| -16.96 |2.78E-05| 24.10
0.02 |4.95E-04|8.66E-04 | 74.75 |5.40E-04] 8.90 |4.33E-04| -12.53 |6.23E-04| 25.80
0.05 |2.72E-03]3.79E-03 | 39.36 [2.74E-03] 0.89 |2.37E-03| -13.03 |2.92E-03| 7.23
0.1 |4.60E-03|5.25E-03| 14.04 |431E-03| -6.23 |3.94E-03| -14.25 |4.19E-03| -8.98
0.15 |5.36E-03]5.73E-03| 6.92 [5.00E-03] -6.82 |4.70E-03| -12.33 |4.95E-03| -7.75
02 |5.70E-03|5.98E-03| 4.89 |5.38E-03| -5.54 |5.15E-03| -9.67 |5.11E-03| -10.39
4 7025 |6.00E03]6.12E03| 1.96 |5.63E-03| 6.4 |5.44E-03| -9.40 |532E-03| -11.37
0.3 |6.07E-03|6.22E-03| 2.48 |5.80E-03| -4.41 |5.65E-03| -6.98 |5.69E-03| -6.16
0.35 |6.27E-03]6.29E-03| 0.34 [5.93E-03] -5.43 |5.80E-03| -7.50 |6.09E-03| -2.81
04 |6.33E-03|6.34E-03| 0.16 |6.03E-03] -4.86 |5.92E-03| -6.60 |6.27E-03| -1.06
045 |6.34E-03|6.38E-03| 0.69 |6.10E-03] -3.79 |6.01E-03| -527 |6.32E-03| -0.29
0.5 |6.30E-03|6.41E-03| 1.70 |6.16E-03| -2.36 |6.07E-03| -3.65 |6.27E-03| -0.63
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #4 £ [%]
0.01 [1.07E-06] 1.64E-06] 53.12 [1.07E-06] 0.59 [8.54E-07] -20.04 [1.34E-06| 24.98
0.02 |4.78B-05|7.45E-05| 55.86 |4.93E-05| 3.11 |4.00E-05| -16.38 |6.02E-05| 25.87
0.05 |3.32E-04|4.26E-04 | 28.50 |3.25E-04| -2.02 |2.83E-04| -14.64 |3.63E-04| 9.45

0.1 |5.62E-04|6.14E-04| 9.25 [5.25E-04] -6.54 |4.85E-04| -13.69 |5.37E-04| -4.40
0.15 |6.45E-04]6.77E-04| 4.95 [6.09E-04| -5.57 |5.78E-04| -10.41 |6.39E-04| -0.95
45|02 [694E-04]7.08E-04| 2.06 |6.55E-04] -5.61 |631E-04] -9.09 |6.64E-04] -431
1025 [7.14B-04]7.27E-04| 1.86 |6.84E-04| -4.18 |6.65E-04| -6.84 |6.84E-04| -4.20
0.3 |7.21E-04|7.40E-04| 2.56 |7.04E-04| -2.41 |6.89E-04| -4.53 |7.14B-04| -1.04

0.35 |7.52E-04|7.49E-04| -0.39 |7.18E-04| -4.44 |7.06E-04| -6.11 |7.38E-04| -1.83

0.4 |7.52E-04|7.56E-04| 0.49 [7.29E-04] -3.02 [7.19E-04| -4.40 [7.50E-04| -0.27

045 |7.46E-04|7.61E-04| 2.05 |7.38E-04| -1.06 |7.29E-04| -2.24 [7.55E-04| 1.8

0.5 |7.57E-04|7.65E-04| 1.14 |7.44E-04| -1.59 [7.37E-04| -2.58 |7.15E-04| -5.47

0.01 |3.53E-08]5.00E-08 | 41.56 |3.46E-08] 2.12 |2.78E-08| -21.38 |4.30E-08 | 21.65
0.02 [3.42E-06|4.92E-06| 43.82 [3.42E-06] 0.12 |2.80E-06| -18.00 |4.19E-06| 22.46
0.05 |3.16E-05|3.74E-05| 18.20 [2.98E-05| -5.91 |2.62E-05| -17.18 |3.34E-05| 5.64

0.1 |5.28E-05]5.59E-05| 5.97 |4.94E-05] -6.44 |4.60E-05| -12.82 |5.14E-05| -2.70
0.15 |6.12E-05|6.22E-05| 1.63 |5.73E-05| -6.29 |5.48E-05| -10.43 |6.09E-05| -0.55

s |02 [643E05/653E-05] 1.61 [6.16E-05] -4.14 [5.97E-05| -7.10 |644E-05| 0.22
0.25 |6.77E-05]6.72E-05| -0.75 |6.42E-05| -5.06 |6.28E-05| -7.22 |6.62E-05| -2.21

0.3 |6.89E-05|6.84E-05| -0.70 |6.60E-05| -4.15 |6.49E-05| -5.82 |6.76E-05| -1.83
0.35 |6.94E-05]6.93E-05| -0.14 [6.73E-05] -2.99 |6.64E-05| -4.32 |6.88E-05| -0.78

0.4 |6.98E-05|7.00E-05| 0.27 |6.83E-05| -2.15 |6.75E-05]| -3.23 |6.96E-05| -0.24

0.45 |7.01B-05|7.05E-05| 0.55 [6.91E-05| -1.53 |6.84E-05| -2.43 |6.99E-05| -0.33

0.5 |6.97E-05|7.09E-05| 1.83 |6.97E-05| -0.02 |6.91E-05| -0.77 |5.85E-05| -15.98
% 2238 w% | 0004 | w% | 709 | w% | 026

Gove | 3925 | ou | 9.45 Geve 5.76 6.0 | 10.95

e % | 17624 | enx% | 3526 | ema% | 910 | enm% | 26.57

emn% | -0.75 | emn% | 923 | emn% | 2138 | ean% | -20.64

we% | 2248 | wy% | 632 | py% | 770 | py% | 7.78
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C.4 PROPOSED #5

Table C.4 - Proposed #5: Time-variant FPFP (¢, = 10).

¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |4.06E-01|8.44E-01 | 108.10 [5.39E-01| 32.81 [4.42E-01| 9.10 |[3.94E-01| -2.73
0.02 |6.83E-01|9.72E-01 | 42.30 [8.05E-01| 17.82 |7.16E-01| 4.85 |6.80E-01| -0.48
0.05 |9.20E-01(9.95E-01 | 8.16 |[9.52E-01| 3.53 |[9.16E-01| -0.42 |9.26E-01| 0.62
0.1 |[9.92E-01|9.97E-01| 0.53 [9.85E-01| -0.70 [9.73E-01| -1.92 |9.86E-01| -0.59
0.15 |9.98E-01|9.98E-01 | -0.04 [9.92E-01| -0.58 |9.87E-01| -1.14 |9.95E-01| -0.28
L5 0.2 |[9.84E-01|9.98E-01| 1.43 [9.95E-01| 1.15 [9.92E-01| 0.83 |9.98E-01| 1.41
’ 0.25 |[9.95E-01(9.98E-01 | 0.35 [9.97E-01| 0.20 [9.95E-01| 0.00 |9.99E-01| 0.41
0.3 [1.00E+00/9.98E-01 | -0.18 [9.97E-01| -0.26 [9.96E-01| -0.39 |9.99E-01| -0.09
0.35 |1.00E+00[{9.98E-01 | -0.17 [9.98E-01| -0.21 |[9.97E-01| -0.30 |9.99E-01| -0.07
0.4 |[9.81E-01|9.98E-01| 1.73 |[9.98E-01| 1.73 |[9.98E-01| 1.65 |[9.99E-01| 1.85
0.45 |9.98E-01(9.98E-01 | 0.05 [9.98E-01| 0.07 [9.98E-01| 0.01 [9.99E-01| 0.17
0.5 [1.00E+00/9.98E-01 | -0.17 [9.99E-01| -0.13 |9.98E-01| -0.18 |1.00E+00| -0.05
0.01 |[1.23E-01|3.39E-01 | 176.24 |1.66E-01| 35.26 |1.29E-01| 4.87 |1.08E-01| -11.61
0.02 |3.16E-01|6.81E-01 | 115.15 |[4.08E-01| 28.77 |3.34E-01| 5.44 |298E-01| -5.71
0.05 |6.15E-01|8.68E-01| 41.22 |6.78E-01| 10.25 |6.07E-01| -1.37 |6.09E-01| -0.90
0.1 |7.84E-01|9.07E-01| 15.77 |7.98E-01| 1.85 |7.52E-01| -4.03 |7.95E-01| 1.47
0.15 |8.47E-01|9.18E-01| 834 |[8.44E-01| -0.37 |8.12E-01| -4.16 |8.64E-01| 2.01
) 0.2 |[8.94E-01]9.22E-01| 3.15 |[8.68E-01| -291 |8.44E-01| -5.58 |8.97E-01| 0.32
0.25 |9.18E-01|9.25E-01| 0.74 |8.83E-01| -3.82 |[8.64E-01| -5.85 |[9.15E-01| -0.35
0.3 |[9.26E-01|9.26E-01| 0.02 |[8.93E-01| -3.58 |8.78E-01| -521 |9.25E-01| -0.12
0.35 |9.34E-01|9.27E-01| -0.69 [9.00E-01| -3.59 |8.88E-01| -4.93 |9.31E-01| -0.29
0.4 [9.32E-01|9.28E-01| -0.44 [9.06E-01| -2.84 |8.95E-01| -3.98 |9.35E-01| 0.25
0.45 |9.29E-01|9.29E-01 | -0.02 [9.10E-01| -2.03 |9.01E-01| -3.03 |9.37E-01| 0.82
0.5 |[9.32E-01]9.29E-01| -0.35 [9.13E-01| -2.04 [9.05E-01| -2.90 |9.38E-01| 0.60
0.01 |2.48E-02|6.43E-02 | 159.70 [3.15E-02| 27.38 [2.42E-02| -2.25 |2.08E-02| -15.90
0.02 |9.95E-02|2.45E-01 | 146.08 [1.29E-01| 29.50 |1.02E-01| 2.69 |9.18E-02| -7.78
0.05 |2.61E-01|4.57E-01 | 74.65 [3.01E-01| 14.97 |2.58E-01| -1.51 |[2.61E-01| -0.05
0.1 |[4.03E-01|5.26E-01 | 30.42 [4.04E-01| 0.23 |[3.67E-01| -8.99 |4.04E-01| 0.07
0.15 |4.74E-01|5.47E-01 | 15.43 [4.51E-01| -4.82 [4.21E-01| -11.16 [4.75E-01| 0.08
0.2 |[5.02E-01|5.58E-01| 11.04 [4.79E-01| -4.60 |4.54E-01| -9.51 |5.15E-01| 2.59
2:3 0.25 |5.41E-01|5.64E-01 | 4.18 [4.98E-01| -8.05 |[4.77E-01| -11.85 |5.40E-01| -0.22
0.3 |[5.57E-01|5.68E-01| 198 |[S5.11E-01| -8.24 [4.93E-01| -11.38 |5.55E-01| -0.29
0.35 |5.38E-01|5.70E-01 | 595 |[S5.21E-01| -3.29 |5.05E-01| -6.09 |5.64E-01| 4.78
0.4 |[5.57E-01|5.72E-01| 2.76 |[5.28E-01| -5.15 |5.15E-01| -7.52 |5.69E-01| 2.24
0.45 |5.69E-01(5.73E-01 | 0.74 |[5.34E-01| -6.20 |5.22E-01| -8.25 |5.72E-01| 0.52
0.5 |[5.60E-01|5.74E-01| 2.54 |5.39E-01| -3.84 |[5.28E-01| -5.69 |5.74E-01| 2.51
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |3.49E-03|7.66E-03 | 119.47 |4.07E-03] 16.64 |3.14E-03| -10.01 |2.86E-03 | -17.99
0.02 |2.30E-02]5.18E-02 | 125.54 [2.81E-02| 22.25 [2.22E-02| -3.37 [2.09E-02| -8.98
0.05 |7.79E-02| 1.34E-01 | 71.73 |8.66E-02] 11.26 |7.35E-02| -5.60 |7.73E-02| -0.69
0.1 |1.27E-01|1.68E-01| 31.41 |1.26E-01| -0.96 |1.14E-01| -10.83 |1.29E-01| 1.15
0.15 |1.55E-01|1.79E-01 | 15.41 [1.45E-01| -6.45 |1.34E-01]| -13.25 |1.55E-01| 0.43
0.2 |1.70E-01|1.84E-01| 830 |1.56E-01| -835 |1.47E-01| -13.49 |1.70E-01| 0.29
3 7025 |1.80E-01|1.87E-01| 424 |1.63E-01| 9.23 |1.56E-01| -1331 | 1.79E-01| -0.21
0.3 |1.83E-01| 1.89E-01| 3.49 |1.68E-01| -8.04 |1.62E-01| -11.45 |1.85E-01| 0.83
0.35 |1.86E-01| 1.91E-01| 2.85 |1.72E-01| -7.22 |1.67E-01| -10.11 | 1.88E-01| 1.12
0.4 |1.85E-01| .92E-01| 4.03 |1.75E-01| -5.05 |1.71E-01| -7.59 |1.90E-01| 2.71
045 |1.90E-01|1.93E-01| 1.67 |1.78E-01| -6.35 |1.73E-01| -8.52 |1.91E-01| 0.54
0.5 |1.91E-01|1.93E-01| 1.05 [1.79E-01| -6.22 [1.76E-01| -8.13 |1.91E-01| 0.00
0.01 |3.37E-04]6.40E-04| 90.15 [3.69E-04] 9.64 [2.87E-04] -14.61 |2.79E-04| -17.08
0.02 |3.94E-03]7.71E-03 | 95.55 |4.48E-03] 13.75 |3.57E-03| -9.48 [3.57E-03| -9.47
0.05 |1.69E-02|2.61E-02| 54.11 [1.78E-02] 5.13 |1.52E-02| -10.29 | 1.67E-02| -1.33
0.1 |2.80E-02|3.45E-02| 23.17 |2.71E-02| -3.38 |2.45E-02| -12.49 |[2.856-02| 1.51
0.15 |3.37E-02]3.74E-02| 10.77 [3.13E-02] -7.15 |2.92E-02| -13.39 |3.40E-02| 0.86
3 0.2 |3.66E-02|3.88E-02| 5.81 |3.38E-02| -7.83 |3.20E-02| -12.52 |3.69E-02| 0.82
17025 |3.76E-02|3.96E-02| 5.19 |3.54E-02| -6.03 |3.40E-02| -9.81 |3.86E-02| 2.44
0.3 |3.88E-02|4.02E-02| 3.57 |3.65E-02] -5.84 |3.53E-02| -891 |3.95E-02| 1.90
0.35 |4.03E-02|4.06E-02| 0.76 |3.74E-02] -7.21 |3.64E-02| -9.71 |4.01E-02]| -0.39
04 |4.03E-02|4.09E-02| 1.36 |3.80E-02| -5.73 |3.71E-02| -7.88 |4.05E-02| 0.38
045 |4.14E-02]4.11E-02| -0.65 |3.85E-02] -6.88 [3.78E-02| -8.71 |4.07E-02| -1.58
0.5 |4.12E-02|4.12E-02| 0.06 |3.89E-02| -5.64 |3.82E-02| -7.24 |4.08E-02| -0.90
0.01 |2.24E-05|3.82E-05| 70.60 |2.37E-05| 5.55 |1.86E-05| -16.96 | 1.91E-05| -14.84
0.02 |4.95E-04|8.66E-04 | 74.75 [5.40E-04] 8.90 |4.33E-04| -12.53 |4.58E-04| -7.65
0.05 |2.72E-03]3.79E-03 | 39.36 [2.74E-03] 0.89 [2.37E-03| -13.03 |2.70E-03| -0.61
0.1 |4.60E-03|5.25E-03| 14.04 |[431E-03] -6.23 |3.94E-03| -14.25 |4.63E-03| 0.56
0.15 |5.36E-03]5.73E-03| 6.92 [5.00E-03] -6.82 |4.70E-03| -12.33 |5.44E-03| 135
02 |5.70E-03|5.98E-03| 4.89 |5.38E-03| -5.54 |5.15E-03| -9.67 |5.83E-03| 2.31
4 17025 [6.00E-03]6.12E03| 1.96 |5.63E-03| -6.24 |5.44E-03| -9.40 |6.04E-03| 0.64
0.3 |6.07E-03|6.22E-03| 2.48 |5.80E-03| -4.41 |5.65E-03| -6.98 |6.17E-03| 1.66
0.35 |6.27E-03]6.29E-03| 0.34 [5.93E-03] -5.43 |5.80E-03| -7.50 |6.25E-03| -0.26
04 |6.33E-03|6.34E-03| 0.16 |6.03E-03] -4.86 |5.92E-03| -6.60 |6.31E-03| -0.40
045 |6.34E-03|6.38E-03| 0.69 |6.10E-03| -3.79 |6.01E-03| -527 |6.35E-03| 0.09
0.5 |6.30E-03|6.41E-03| 1.70 |6.16E-03| -2.36 |6.07E-03| -3.65 |6.37E-03| 1.04
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #5 £ [%]
0.01 [1.07E-06] 1.64E-06] 53.12 [1.07E-06] 0.59 [8.54E-07]| -20.04 [9.13E-07] -14.53
0.02 |4.78E-05|7.45E-05| 55.86 |4.93E-05| 3.11 |4.00E-05| -16.38 |4.40E-05| -7.93
0.05 |3.32E-04|4.26E-04 | 28.50 |3.25E-04| -2.02 |2.83E-04| -14.64 |3.32E-04| 0.05

0.1 |5.62E-04|6.14E-04| 9.25 [5.25E-04] -6.54 |4.85E-04| -13.69 |5.68E-04| 1.05
0.15 |6.45E-04]6.77E-04| 4.95 [6.09E-04| -5.57 |5.78E-04| -10.41 |6.58E-04| 1.97
45|02 |694E-04|7.08E-04| 2.06 |6.55E-04] -5.61 |631E-04] -9.09 |7.00E-04] 081
1025 [7.14B-04]7.27E-04| 1.86 |6.84E-04| -4.18 |6.656-04| -6.84 |7.23E-04| 1.22
0.3 |7.21E-04|7.40E-04| 2.56 |7.04E-04| -2.41 |6.89E-04| -4.53 |7.37E-04| 2.15

0.35 |7.52B-04|7.49E-04| -0.39 |7.18E-04| -4.44 [7.06E-04| -6.11 |7.46E-04| -0.72

0.4 |7.52E-04|7.56E-04| 049 [7.29E-04] -3.02 [7.19E-04| -4.40 [7.53E-04| 0.16

0.45 |7.46E-04|7.61E-04| 2.05 [7.38E-04| -1.06 |7.29E-04| -2.24 |7.58E-04| 1.65

0.5 |7.57E-04|7.65E-04| 1.14 |7.44E-04| -1.59 |7.37B-04| -2.58 |7.62B-04| 0.68

0.01 |3.53E-08]5.00E-08 | 41.56 |3.46E-08] -2.12 |2.78E-08| -21.38 |3.07E-08 | -13.27
0.02 [3.42B-06|4.92E-06| 43.82 [3.42E-06] 0.12 |2.80E-06| -18.00 |3.18E-06| -6.91
0.05 |3.16E-05|3.74E-05| 18.20 [2.98E-05| -5.91 |2.62E-05| -17.18 |3.10E-05| -1.84

0.1 |5.28E-05|5.59E-05| 5.97 |4.94E-05] -6.44 |4.60E-05| -12.82 |5.32E-05| 0.86
0.15 |6.12E-05|6.22E-05| 1.63 |5.73E-05| -6.29 |5.48E-05| -10.43 |6.12E-05| -0.04

s |02 [643E05/653E-05] 1.61 [6.16E-05] 4.14 |5.97E-05| -7.10 [6.49E-05] 0.90
025 |6.77E-05]6.72E-05| -0.75 |6.42E-05| -5.06 |6.28E-05| -7.22 |6.69E-05| -1.13

0.3 |6.89E-05|6.84E-05| -0.70 |6.60E-05| -4.15 |6.49E-05| -5.82 |6.82E-05| -0.96
0.35 |6.94E-05]6.93E-05| -0.14 [6.73E-05] -2.99 |6.64E-05| -432 |6.91E-05| -0.38

0.4 |6.98E-05|7.00E-05| 0.27 |6.83E-05| -2.15 |6.75E-05| -3.23 |6.98E-05] -0.01

0.45 |7.01B-05]7.05E-05| 0.55 [6.91E-05| -1.53 |6.84E-05| -2.43 |7.03E-05] 0.20

0.5 |6.97E-05|7.09E-05| 1.83 [6.97E-05| -0.02 [6.91E-05| -0.77 |7.06E-05| 1.40
W% 2238 w% | -0.004 [ % | -7.09 | w% | -1.24

Gove | 3925 | ou | 9.45 Geve 5.76 G 4.62

e % | 17624 | enx% | 3526 | emm% | 9.10 | enx% | 4.78

enn% | 075 | emn% | 923 | esin®% | 2138 | €an% | -17.99

we% | 2248 | wy% | 632 | py% | 770 | pg% | 2.58
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C.5 PROPOSED #6 (NEW)

Table C.5 - New: Time-variant FPFP (¢, = 10).

¢ & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |4.06E-01|8.44E-01 | 108.10 [5.39E-01| 32.81 [4.42E-01| 9.10 |4.07E-01| 0.36
0.02 |6.83E-01(9.72E-01 | 42.30 [8.05E-01| 17.82 |7.16E-01| 4.85 |6.86E-01| 0.46
0.05 |[9.20E-01(9.95E-01| 8.16 |[9.52E-01| 3.53 |[9.16E-01| -0.42 |[9.26E-01| 0.63
0.1 |[9.92E-01|9.97E-01| 0.53 [9.85E-01| -0.70 [9.73E-01| -1.92 |9.86E-01| -0.60
0.15 |9.98E-01(9.98E-01 | -0.04 [9.92E-01| -0.58 |9.87E-01| -1.14 |9.95E-01| -0.29
15 0.2 [9.84E-01|9.98E-01| 1.43 [9.95E-01| 1.15 [9.92E-01| 0.83 |9.98E-01| 1.40
’ 0.25 |9.95E-01[9.98E-01| 0.35 [9.97E-01| 0.20 [9.95E-01| 0.00 |9.99E-01| 0.40
0.3 [1.00E+00/ 9.98E-01 | -0.18 [9.97E-01| -0.26 [9.96E-01| -0.39 |9.99E-01| -0.09
0.35 |1.00E+00[{9.98E-01 | -0.17 [9.98E-01| -0.21 [9.97E-01| -0.30 |9.99E-01| -0.07
0.4 |[9.81E-01|9.98E-01| 1.73 [9.98E-01| 1.73 [9.98E-01| 1.65 |9.99E-01| 1.84
0.45 |[9.98E-01(9.98E-01 | 0.05 [9.98E-01| 0.07 [9.98E-01| 0.01 |9.99E-01| 0.16
0.5 |[1.00E+00/9.98E-01| -0.17 [9.99E-01| -0.13 [9.98E-01| -0.18 |9.99E-01| -0.06
0.01 |1.23E-01|3.39E-01|176.24 |1.66E-01| 3526 |1.29E-01| 4.87 |1.20E-01| -2.29
0.02 |3.16E-01|6.81E-01 | 115.15 [4.08E-01| 28.77 |3.34E-01| 5.44 |3.12E-01| -1.38
0.05 |6.15E-01|8.68E-01| 41.22 [6.78E-01| 10.25 |6.07E-01| -1.37 |6.11E-01| -0.59
0.1 |7.84E-01|9.07E-01| 15.77 |7.98E-01| 1.85 |7.52E-01| -4.03 |7.92E-01| 1.07
0.15 |8.47E-01|9.18E-01| 8.34 |[8.44E-01| -0.37 |8.12E-01| -4.16 |8.60E-01| 1.59
) 0.2 |[8.94E-01]9.22E-01| 3.15 |[8.68E-01| -2.91 |8.44E-01| -5.58 |8.93E-01| -0.07
0.25 |9.18E-01|9.25E-01| 0.74 |8.83E-01| -3.82 |8.64E-01| -5.85 |9.11E-01| -0.72
0.3 [9.26E-01]9.26E-01| 0.02 |[8.93E-01| -3.58 |8.78E-01| -521 |9.22E-01| -0.48
0.35 |9.34E-01|9.27E-01 | -0.69 [9.00E-01| -3.59 |8.88E-01| -4.93 |9.28E-01| -0.67
0.4 [9.32E-01]9.28E-01| -0.44 |9.06E-01| -2.84 |895E-01| -3.98 |9.31E-01| -0.16
0.45 |[9.29E-01|9.29E-01| -0.02 [9.10E-01| -2.03 |9.01E-01| -3.03 |9.32E-01| 0.34
0.5 [9.32E-01]9.29E-01| -0.35 [9.13E-01| -2.04 |9.05E-01| -2.90 |9.33E-01| 0.04
0.01 |2.48E-02|6.43E-02 | 159.70 (3.15E-02| 27.38 |[2.42E-02| -2.25 |[2.34E-02| -5.63
0.02 |9.95E-02(2.45E-01 | 146.08 |1.29E-01| 29.50 |1.02E-01| 2.69 |9.63E-02| -3.26
0.05 |[2.61E-01(4.57E-01| 74.65 [3.01E-01| 14.97 |2.58E-01| -1.51 |2.61E-01| -0.06
0.1 |[4.03E-01|5.26E-01 | 30.42 [4.04E-01| 0.23 |3.67E-01| -8.99 |4.01E-01| -0.53
0.15 |4.74E-01|5.47E-01| 15.43 |4.51E-01| -4.82 |4.21E-01| -11.16 |4.72E-01 | -0.46
)5 0.2 |[5.02E-01|5.58E-01| 11.04 [4.79E-01| -4.60 |[4.54E-01| -9.51 |5.12E-01| 2.03
’ 0.25 |5.41E-01|5.64E-01| 4.18 [4.98E-01| -8.05 |[4.77E-01| -11.85 [5.37E-01| -0.85
0.3 |[5.57E-01|5.68E-01| 198 |5.11E-01| -8.24 |4.93E-01| -11.38 |5.51E-01| -1.05
0.35 |5.38E-01|5.70E-01 | 5.95 |[5.21E-01| -3.29 |5.05E-01| -6.09 |[5.59E-01| 3.83
0.4 |[5.57E-01|5.72E-01| 2.76 |[S5.28E-01| -5.15 |5.15E-01| -7.52 |5.63E-01| 1.12
0.45 |5.69E-01(5.73E-01| 0.74 |5.34E-01| -6.20 |5.22E-01| -8.25 |5.65E-01| -0.81
0.5 |[5.60E-01|5.74E-01 | 2.54 |[5.39E-01| -3.84 |5.28E-01| -5.69 |5.65E-01| 0.90
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¢ £ ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |3.49E-03|7.66E-03 | 119.47 |4.07E-03| 16.64 |3.14E-03| -10.01 |3.20E-03| -8.35
0.02 |2.30E-02|5.18E-02 | 125.54 |2.81E-02| 22.25 |2.22E-02| -3.37 |2.17E-02| -5.34
0.05 |7.79E-02|1.34E-01 | 71.73 |8.66E-02| 11.26 |7.35E-02| -5.60 |7.71E-02| -1.05
0.1 1.27E-01|1.68E-01| 31.41 [1.26E-01| -0.96 |1.14E-01| -10.83 |1.29E-01| 0.82
0.15 |1.55E-01|1.79E-01 | 15.41 |1.45E-01| -6.45 |1.34E-01| -13.25 |[1.55E-01| 0.27
3 0.2 |[1.70E-01|1.84E-01| 8.30 |[1.56E-01| -8.35 |1.47E-01| -13.49 |[1.70E-01| 0.01
0.25 |1.80E-01|1.87E-01| 4.24 |1.63E-01| -9.23 |1.56E-01| -13.31 |1.78E-01| -0.70
0.3 |[1.83E-01|1.89E-01| 3.49 |[1.68E-01| -8.04 |1.62E-01| -11.45 |1.83E-01| 0.09
0.35 |1.86E-01|1.91E-01| 2.85 |1.72E-01| -7.22 |1.67E-01| -10.11 |1.86E-01| 0.12
0.4 |[1.85E-01|1.92E-01| 4.03 |[1.75E-01| -5.05 |[1.71E-01| -7.59 |1.87E-01| 1.39
0.45 |1.90E-01|1.93E-01| 1.67 |1.78E-01| -6.35 |1.73E-01| -8.52 |[1.88E-01| -1.12
0.5 |[191E-01|1.93E-01| 1.05 |[1.79E-01| -6.22 |1.76E-01| -8.13 |1.87E-01| -2.00
0.01 |3.37E-04|6.40E-04 | 90.15 |3.69E-04| 9.64 |2.87E-04| -14.61 |3.12E-04| -7.35
0.02 |3.94E-03|7.71E-03 | 95.55 |4.48E-03| 13.75 |3.57E-03| -9.48 |[3.70E-03| -6.08
0.05 |[1.69E-02|2.61E-02 | 54.11 |1.78E-02| 5.13 |[1.52E-02| -10.29 |1.66E-02| -1.60
0.1 |[2.80E-02|3.45E-02 | 23.17 (2.71E-02| -3.38 |[2.45E-02| -12.49 |2.84E-02| 1.41
0.15 |3.37E-02|3.74E-02 | 10.77 |3.13E-02| -7.15 |[2.92E-02| -13.39 [3.40E-02| 0.81
35 0.2 |[3.66E-02|3.88E-02 | 5.81 |(3.38E-02| -7.83 |[3.20E-02| -12.52 [3.68E-02| 0.58
’ 0.25 |3.76E-02|3.96E-02 | 5.19 |3.54E-02| -6.03 |3.40E-02| -9.81 |3.84E-02| 1.95
0.3 |[3.88E-02(4.02E-02 | 3.57 |3.65E-02| -5.84 |[3.53E-02| -891 |[3.92E-02| 1.18
0.35 |4.03E-02|4.06E-02| 0.76 |3.74E-02| -7.21 |[3.64E-02| -9.71 |[3.97E-02| -1.36
0.4 |[4.03E-02(4.09E-02| 1.36 |(3.80E-02| -5.73 |[3.71E-02| -7.88 |3.99E-02| -0.96
0.45 |4.14E-02|4.11E-02 | -0.65 |3.85E-02| -6.88 |3.78E-02| -8.71 |4.00E-02| -3.35
0.5 |[4.12E-02(4.12E-02| 0.06 |(3.89E-02| -5.64 |[3.82E-02| -7.24 |[3.99E-02| -3.12
0.01 |2.24E-05|3.82E-05| 70.60 |2.37E-05| 5.55 |1.86E-05| -16.96 |2.15E-05| -4.19
0.02 |4.95E-04|8.66E-04 | 74.75 |5.40E-04| 8.90 |4.33E-04| -12.53 [4.77E-04| -3.68
0.05 |2.72E-03|3.79E-03 | 39.36 |2.74E-03| 0.89 |2.37E-03| -13.03 [2.70E-03 | -0.58
0.1 |[4.60E-03|5.25E-03 | 14.04 [4.31E-03| -6.23 |[3.94E-03| -14.25 [4.62E-03| 0.47
0.15 |5.36E-03|5.73E-03 | 6.92 |5.00E-03| -6.82 |[4.70E-03| -12.33 |5.43E-03| 1.21
4 0.2 |[5.70E-03|5.98E-03 | 4.89 |[5.38E-03| -5.54 |[5.15E-03| -9.67 |5.81E-03| 1.98
0.25 |6.00E-03|6.12E-03 | 1.96 |5.63E-03| -6.24 |5.44E-03| -9.40 |6.01E-03| 0.15
0.3 |[6.07E-03|6.22E-03 | 2.48 |5.80E-03| -4.41 |5.65E-03| -6.98 |6.13E-03| 0.98
0.35 |6.27E-03|6.29E-03 | 0.34 |5.93E-03| -543 |5.80E-03| -7.50 |[6.19E-03| -1.19
04 |6.33E-03|6.34E-03| 0.16 [6.03E-03| -4.86 |592E-03| -6.60 |6.22E-03| -1.75
0.45 |6.34E-03|6.38E-03| 0.69 |6.10E-03| -3.79 |6.01E-03| -527 |6.22E-03| -1.83
0.5 |[6.30E-03/6.41E-03| 1.70 [6.16E-03| -2.36 |6.07E-03| -3.65 |6.21E-03| -1.43
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¢ £ ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |1.07E-06|1.64E-06 | 53.12 |1.07E-06| 0.59 |8.54E-07| -20.04 |1.03E-06| -3.38
0.02 |4.78E-05|7.45E-05| 55.86 |4.93E-05| 3.11 |[4.00E-05| -16.38 |[4.61E-05| -3.60

0.05 |3.32E-04|4.26E-04 | 28.50 |3.25E-04| -2.02 |2.83E-04| -14.64 [3.33E-04| 0.22

0.1 |[5.62E-04|6.14E-04 | 9.25 |5.25E-04| -6.54 |4.85E-04| -13.69 |5.67E-04| 0.91

0.15 |6.45E-04|6.77E-04 | 4.95 |6.09E-04| -5.57 |5.78E-04| -10.41 [6.57E-04| 1.77

45 0.2 |[6.94E-04|7.08E-04 | 2.06 |[6.55E-04| -5.61 |[6.31E-04| -9.09 |6.98E-04| 0.51
’ 0.25 |7.14E-04|7.27E-04| 1.86 |6.84E-04| -4.18 |6.65E-04| -6.84 |7.20E-04| 0.82
0.3 |[7.21E-04|7.40E-04 | 2.56 |7.04E-04| -2.41 |6.89E-04| -4.53 |7.33E-04| 1.58

0.35 |7.52E-04|7.49E-04 | -0.39 |7.18E-04| -4.44 |7.06E-04| -6.11 |7.40E-04| -1.55

0.4 |7.52E-04|7.56E-04| 0.49 |[7.29E-04| -3.02 |7.19E-04| -440 |7.43E-04| -1.15

0.45 |7.46E-04|7.61E-04| 2.05 |7.38E-04| -1.06 |7.29E-04| -2.24 |7.44E-04| -0.32

0.5 |7.57E-04|7.65E-04| 1.14 |7.44E-04| -1.59 |7.37E-04| -2.58 |7.43E-04| -1.77

0.01 |3.53E-08|5.00E-08 | 41.56 |3.46E-08| -2.12 |2.78E-08| -21.38 [3.42E-08| -3.27

0.02 |3.42E-06|4.92E-06 | 43.82 |3.42E-06| 0.12 |2.80E-06| -18.00 [3.29E-06| -3.67

0.05 |3.16E-05|3.74E-05| 18.20 |2.98E-05| -591 |2.62E-05| -17.18 [3.10E-05| -2.07

0.1 |[5.28E-05|5.59E-05| 5.97 |4.94E-05| -6.44 |4.60E-05| -12.82 |5.32E-05| 0.75

0.15 |6.12E-05|6.22E-05| 1.63 |5.73E-05| -6.29 |5.48E-05| -10.43 |6.11E-05| -0.13

5 0.2 |6.43E-05|/6.53E-05| 1.61 |[6.16E-05| -4.14 |597E-05| -7.10 |6.48E-05| 0.76
0.25 |6.77E-05|6.72E-05| -0.75 |6.42E-05| -5.06 |6.28E-05| -7.22 |6.68E-05| -1.35

0.3 |6.89E-05|6.84E-05| -0.70 [6.60E-05| -4.15 |6.49E-05| -5.82 |6.80E-05| -1.33

0.35 |6.94E-05|6.93E-05| -0.14 |6.73E-05| -2.99 |6.64E-05| -4.32 |6.87E-05| -1.01

0.4 |[6.98E-05|7.00E-05| 0.27 |6.83E-05| -2.15 |6.75E-05| -3.23 |6.91E-05| -1.07

0.45 |7.01E-05|7.05E-05| 0.55 |6.91E-05| -1.53 |6.84E-05| -2.43 |6.92E-05| -1.37

0.5 |[6.97E-05|7.09E-05| 1.83 |6.97E-05| -0.02 |6.91E-05| -0.77 |6.94E-05| -0.45

Ue %o 22.38 U % -0.004 U % -7.09 Ue %o -0.71

(% 39.25 (7 9.45 (o7 5.76 (% 2.04

€max %0 | 176.24 | €,.x% | 35.26 €max Y0 9.10 €max Y0 3.83

€nin %0 | -0.75 | €min % -9.23 E€min Yo | 2138 | €min % -8.35

e % | 2248 | wy % 6.32 Mg %0 7.70 Mgl 70 1.47
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APPENDIX D :

PARAMETRIC STUDY RESULTS OF LINEAR SDOF
SYSTEMS SUBJECTED TO TIME-MODULATED WHITE OR
COLORED NOISE EXCITATIONS

This appendix presents the parametric study results of the FPFP of linear SDOF systems

subjected to time-modulated white or non-white excitation. The proposed #5 (Appendix B) and

the proposed #6 (denoted as New in the text) obtained with and without the proposed

modifications (see Section 2.3) are evaluated for accuracy in estimating the time-variant FPFP of

linear SDOF systems with different damping ratios and normalized threshold levels.

D.1 PROPOSED #5

D.1.1 White Noise and Shinozuka-Sato Time-modulating Function, 7= 1.0s

Table D.1 - Proposed #5: Time-variant FPFP computed at # = 20s for linear elastic SDOF systems
with 7' =1.0s subjected to WN base excitation time modulated by a Shinozuka-Sato function.

¢ S ISEE P e[%] | cVM € [%] mVM € [%] #5 € [%]
0.01 |7.45E-01|9.99E-01 | 34.15 |8.57E-01| 15.04 |7.33E-01| -1.62 |6.20E-01| -16.84
0.02 |7.89E-01|9.97E-01 | 26.34 |8.83E-01| 11.81 |7.89E-01| -0.04 |7.29E-01| -7.65
0.05 |8.81E-01{9.90E-01 | 12.41 |9.15E-01| 3.89 |8.61E-01| -2.21 |8.73E-01| -0.90
0.1 |9.38E-01|9.85E-01| 5.08 |9.43E-01| 0.59 |[9.14E-01| -2.47 |9.46E-01| 0.1
0.15 |9.71E-01{9.84E-01 | 1.30 |9.58E-01| -1.40 |9.40E-01| -3.25 |9.69E-01| -0.21
L5 0.2 [9.80E-01|9.83E-01| 0.34 |9.66E-01| -1.44 |9.53E-01| -2.71 |9.79E-01| -0.11
’ 0.25 |9.80E-01{9.83E-01| 0.35 |9.71E-01| -0.87 |9.62E-01| -1.80 |9.84E-01| 0.43
0.3 |9.60E-01|9.83E-01 | 2.40 |9.75E-01| 1.54 |[9.68E-01| 0.80 |9.87E-01| 2.77
0.35 |9.70E-01{9.83E-01| 130 |9.77E-01| 0.72 |9.72E-01| 0.13 |9.88E-01| 1.82
0.4 |9.90E-01|9.83E-01| -0.70 |9.79E-01| -1.07 |9.75E-01| -1.54 |9.89E-01| -0.10
0.45 |9.84E-01|9.83E-01| -0.12 |9.81E-01| -0.34 |9.77E-01| -0.74 |9.89E-01| 0.52
0.5 |9.92E-01]|9.83E-01| -0.88 |9.82E-01| -0.98 |9.79E-01| -1.32 |9.90E-01| -0.21
0.01 |3.90E-01|9.21E-01|136.15|5.00E-01| 28.16 |3.77E-01| -3.38 |2.84E-01]| -27.06
0.02 |4.13E-01|8.59E-01 | 108.08 |5.22E-01| 26.48 |4.19E-01| 1.55 |3.57E-01| -13.48
0.05 |4.99E-01|7.83E-01| 56.83 |5.61E-01| 12.37 |4.88E-01| -2.24 |4.89E-01| -2.05
0.1 |5.95E-01|7.53E-01| 26.53 |6.07E-01| 2.02 |5.56E-01| -6.47 [6.03E-01| 1.45
0.15 |6.46E-01|7.45E-01| 15.38 |6.37E-01| -1.35 |5.99E-01| -7.29 |6.63E-01| 2.68
0.2 [6.92E-01|743E-01| 7.36 |6.58E-01| -491 |6.28E-01| -934 |6.99E-01| 0.94
2 0.25 |7.26E-01|7.42E-01| 2.16 |6.73E-01| -7.35 |6.48E-01| -10.83 |7.20E-01| -0.82
0.3 [7.29E-01|7.42E-01| 1.75 |6.84E-01| -6.14 |6.63E-01| -9.06 |7.34E-01| 0.71
0.35 |7.39E-01|7.41E-01| 0.29 |6.93E-01| -6.30 |6.74E-01| -8.78 |7.42E-01| 0.39
04 |7.48E-01|741E-01| -0.88 |6.99E-01| -6.47 |6.83E-01| -8.61 |7.47E-01| -0.16
0.45 |7.49E-01|7.41E-01| -1.09 |7.05E-01| -5.91 |6.91E-01| -7.80 |7.49E-01| -0.02
0.5 |7.50E-01|7.41E-01| -1.23 |7.09E-01| -5.43 |6.97E-01| -7.11 |7.51E-01| 0.09
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¢ S ISEE P e[%] | cVM € [%] mVM | & [%] #5 € [%]
0.01 |[1.46E-01|4.95E-01| 238.92 |1.88E-01| 28.78 |1.34E-01| -8.49 |1.01E-01 | -30.93
0.02 |1.55E-01|4.09E-01| 163.23 |1.95E-01| 25.72 |1.49E-01| -3.78 |1.28E-01 | -17.88
0.05 |1.85E-01|3.37E-01| 81.89 |2.10E-01| 13.45 |1.77E-01| -4.53 |1.79E-01 | -3.25
0.1 |2.30E-01|3.13E-01| 36.33 |2.30E-01| 0.30 |2.06E-01| -10.17 |2.30E-01 | 0.14
0.15 |2.56E-01|3.08E-01| 20.24 |2.45E-01| -4.35 |2.26E-01| -11.70 | 2.60E-01 | 1.45
)5 0.2 |2.72E-01|3.06E-01| 12.49 |2.55E-01| -6.25 |2.40E-01| -11.88 |2.78E-01 | 2.16
’ 0.25 |2.86E-01|3.05E-01| 6.73 |2.62E-01| -8.24 |2.50E-01| -12.70 |2.89E-01 | 1.09
0.3 |2.96E-01|3.05E-01| 3.16 |2.68E-01| -9.32 |2.57E-01| -12.99 |2.96E-01 | 0.09
0.35 |2.93E-01|3.05E-01| 4.17 |2.72E-01| -6.88 |2.63E-01| -10.09 |3.00E-01 | 2.43
04 |2.98E-01|3.05E-01| 2.17 |2.76E-01| -7.48 |2.68E-01| -10.23 | 3.02E-01 | 1.16
0.45 |[2.99E-01|3.05E-01| 1.89 |2.79E-01| -6.76 |2.71E-01| -9.19 |3.03E-01 | 1.23
0.5 |3.02E-01|3.05E-01| 0.98 |2.81E-01| -6.80 |2.75E-01| -8.95 |3.03E-01 | 0.55
0.01 |4.01E-02|1.37E-01| 240.73 |4.94E-02| 23.33 |3.46E-02| -13.59 |2.80E-02 | -30.08
0.02 |4.17E-02|1.07E-01| 156.43 |5.06E-02| 21.32 |3.84E-02| -7.91 |3.48E-02| -16.72
0.05 |4.95E-02|8.47E-02| 71.03 |5.36E-02| 8.21 |4.50E-02| -9.12 |4.74E-02 | -4.26
0.1 |5.87E-02|7.76E-02| 32.32 |5.81E-02] -0.91 |5.21E-02| -11.15 |5.94E-02| 1.33
0.15 |6.50E-02|7.61E-02| 17.13 |6.15E-02] -5.31 |5.69E-02| -12.39 |6.62E-02 | 1.87
0.2 [6.94E-02|7.56E-02| 8.98 |6.39E-02| -7.88 |6.02E-02| -13.17 | 7.00E-02 | 0.95
3 0.25 |7.16E-02|7.54E-02| 5.26 |6.56E-02] -8.40 |6.26E-02| -12.60 | 7.22E-02| 0.79
0.3 |7.19E-02|7.53E-02| 4.68 |6.69E-02| -7.00 [6.44E-02| -10.50 | 7.34E-02 | 2.00
0.35 |7.25E-02|7.53E-02| 3.77 |6.79E-02| -6.39 |6.57E-02| -9.35 |7.40E-02| 2.00
04 |7.44E-02|7.52E-02| 1.18 |6.87E-02] -7.65 |6.68E-02| -10.15 | 7.42E-02 | -0.15
0.45 |7.32B-02|7.52E-02| 2.78 |6.93E-02] -531 |6.77E-02| -7.53 |7.43E-02| 1.58
0.5 |7.43E-02|7.52E-02| 1.27 |6.98E-02| -6.00 |6.84E-02| -7.93 |7.44E-02| 0.16
0.01 |8.28E-03|2.48E-02| 199.02 |9.67E-03| 16.77 |6.80E-03| -17.86 | 6.02E-03 | -27.36
0.02  |8.63E-03|1.92E-02 | 122.33 |9.77E-03| 13.16 |7.46E-03| -13.52 | 7.27E-03 | -15.80
0.05 |1.00E-02|1.51E-02| 50.24 |1.01E-02| 1.17 |8.59E-03| -14.26 | 9.48E-03 | -5.39
0.1 |1.14E-02|1.37E-02| 20.81 |1.08E-02| -4.93 |9.78E-03| -13.96 |1.14E-02 | -0.05
0.15 |1.23E-02|1.35E-02| 8.97 |1.13E-02| -8.18 |1.06E-02| -14.32 | 1.23E-02 | -0.36
0.2 |1.27E-02|1.34E-02| 5.56 |1.17E-02| -7.54 |1.11E-02| -12.19 | 1.28E-02 | 0.88
33 0.25 |1.29B-02|1.33E-02| 3.01 |1.20E-02| -7.51 |1.15E-02| -11.15 |1.30E-02 | 0.50
03 |1.31E-02|1.33E-02| 1.87 |1.22E-02| -6.95 |1.18E-02] -9.90 |1.31E-02| 0.36
0.35 |1.32E-02|1.33E-02| 1.03 |1.23E-02] -6.55 |1.20E-02| -9.00 |1.32E-02 | -0.03
04 |1.30E-02|1.33E-02| 2.24 |1.24E-02| -4.52 |1.21E-02| -6.63 |132E-02| 1.34
045 |1.31E-02|1.33E-02| 1.53 |1.25E-02| 448 |1.23BE-02| -6.29 |1.32E-02| 0.65
0.5 |1.29E-02|1.33E-02| 2.75 |1.26E-02| -2.76 |1.24E-02| -4.35 |132E-02| 1.84
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |1.33E-03|3.38E-03| 154.94 |1.45E-03| 9.36 |1.03E-03 | -22.39 | 9.88E-04 | -25.57
0.02 |1.32E-03|2.62E-03| 98.75 |1.45E-03| 9.73 |1.12E-03| -15.24 | 1.16E-03 | -11.75
0.05 |1.51E-03|2.05E-03| 36.22 |1.47E-03| -2.32 |1.26E-03| -16.25 | 1.45E-03 | -3.87
0.1 1.65E-03|1.87E-03| 13.42 |1.55E-03| -6.40 |1.41E-03| -14.41 | 1.66E-03 | 0.37
0.15 |1.74E-03|1.83E-03| 5.25 |1.61E-03| -7.83 |1.51E-03| -13.21 | 1.74E-03 | 0.07
0.2 |1.79E-03|1.82E-03| 1.72 |1.65E-03| -7.96 |1.58E-03| -11.90 | 1.78E-03 | -0.60
4 0.25 |1.82E-03|1.82E-03| -0.21 |1.68E-03| -7.84 |1.62E-03| -10.86 | 1.80E-03 | -1.39
0.3 |1.78E-03|1.81E-03| 2.12 |1.70E-03| -4.37 |1.66E-03| -6.85 | 1.80E-03 | 1.38
0.35 |1.80E-03|1.81E-03| 0.95 |1.72E-03| -4.52 |1.68E-03| -6.53 | 1.80E-03 | 0.40
0.4 |1.80E-03|1.81E-03| 0.54 |1.73E-03| -4.19 |1.70E-03| -5.87 | 1.80E-03 | 0.04
0.45 |1.82E-03|1.81E-03| -0.41 |1.74E-03| -4.55 |1.71E-03| -5.96 | 1.80E-03 | -0.93
0.5 |1.80E-03|1.81E-03| 0.62 |1.74E-03| -3.12 |1.72E-03| -4.35 | 1.80E-03 | 0.04
0.01 |1.61E-04|3.62E-04| 124.53 |1.69E-04| 4.92 |1.21E-04 | -24.81 | 1.24E-04 | -23.08
0.02 |1.60E-04|2.81E-04| 75.51 |1.67E-04| 4.15 |1.30E-04| -18.64 | 1.43E-04 | -10.73
0.05 |1.72E-04|2.20E-04| 27.58 |1.66E-04| -3.49 |1.44E-04| -16.31 | 1.70E-04 | -1.40
0.1 |1.85E-04|2.00E-04| 8.53 |1.72E-04| -6.90 |1.59E-04| -14.02 | 1.86E-04 | 0.63
0.15 |1.93E-04|1.96E-04| 1.41 |1.77E-04| -8.43 |1.68E-04| -13.07 | 1.91E-04 | -1.30
0.2 |1.94E-04|1.95E-04| 0.22 |1.81E-04| -7.00 |1.74E-04| -10.35 | 1.93E-04 | -0.91
5 0.25 |1.93E-04|1.94E-04| 0.89 |1.83E-04| -4.80 |1.78E-04| -7.37 | 1.93E-04 | 0.31
0.3 |1.91E-04|1.94E-04| 1.57 |1.85E-04| -3.09 |1.81E-04| -5.12 |1.93E-04| 1.20
0.35 |1.91E-04|1.94E-04| 1.74 |1.87E-04| -2.17 |1.83E-04| -3.80 | 1.93E-04 | 1.44
0.4 |1.95E-04|1.94E-04| -0.55 |1.88E-04| -3.81 |1.85E-04| -5.13 | 1.93E-04| -0.85
0.45 |1.92E-04|1.94E-04| 1.24 |1.88E-04| -1.66 |1.86E-04| -2.78 | 1.93E-04| 0.88
0.5 |[1.93E-04|1.94E-04| 0.65 |1.89E-04| -1.89 |1.87E-04| -2.84 | 1.93E-04 | 0.24
0.01 |1.53E-05|3.04E-05| 99.11 |1.53E-05| 0.22 |1.11E-05| -27.46 | 1.20E-05 | -21.79
0.02 |1.50E-05|2.36E-05| 57.34 |1.49E-05| -0.67 |1.18E-05]| -21.54 | 1.34E-05| -10.50
0.05 |1.57E-05|1.85E-05| 17.71 |1.46E-05| -6.93 |1.28E-05| -18.40 | 1.53E-05| -2.77
0.1 |1.63E-05|1.69E-05| 3.22 |1.49E-05| -8.69 |1.39E-05| -14.91 | 1.61E-05| -1.61
0.15 |1.62E-05|1.65E-05| 2.12 |1.53E-05| -5.61 |1.46E-05| -9.73 | 1.63E-05| 0.53
0.2 |1.64E-05|1.64E-05| 0.29 |1.55E-05| -5.17 |1.50E-05| -8.03 | 1.63E-05| -0.36
> 0.25 |1.61E-05|1.64E-05| 1.31 |1.57E-05| -2.89 |1.53E-05| -5.04 | 1.63E-05| 0.96
0.3 |1.63E-05|1.63E-05| 0.25 |1.58E-05| -3.06 |1.55E-05| -4.69 | 1.63E-05| 0.01
0.35 |1.63E-05|1.63E-05| 0.11 |1.59E-05| -2.60 |1.57E-05| -3.89 | 1.63E-05| -0.12
0.4 |1.60E-05|1.63E-05| 1.89 |1.60E-05| -0.43 |1.58E-05| -1.49 | 1.63E-05| 1.63
0.45 |1.60E-05/1.63E-05| 2.21 |1.60E-05| 0.21 |1.59E-05| -0.66 | 1.63E-05| 1.88
0.5 |1.63E-05|1.63E-05| 0.38 |1.60E-05| -1.33 |1.59E-05| -2.05 | 1.63E-05| -0.01
U % 28.27 ue %o -0.673 ue %o -8.81 U % -3.02

(% 53.27 C: 9% 8.93 C: 9 5.74 (% 7.97

€max %0 | 240.73 | €mx% | 28.78 €max Y0 1.55 €max Y0 2.77

E€mn %0 | -1.23 | &min % -9.32 E€mn %0 | 27.46 | &min %0 -30.93

We Yo 2839 | g% 6.58 e Y0 8.86 We Yo 4.09
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D.1.2 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.1s

Table D.2 - Proposed #5: Time-variant FPFP computed at # = 1.0s for linear elastic SDOF system
with 7'=0.1s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P e[%] | cVM € [%] mVM € [%] #5 € [%]
0.01 |5.15E-01|8.88E-01| 72.41 |6.71E-01| 30.18 |5.88E-01| 14.16 |5.71E-01| 10.91
0.02 |8.17E-01|9.84E-01 | 20.54 |9.01E-01| 10.36 |8.47E-01| 3.72 |8.44E-01| 3.40
0.05 |9.76E-01|9.98E-01 | 2.25 |9.86E-01| 1.04 |9.73E-01| -0.31 |9.81E-01| 0.49
0.1 [1.00E+00]9.99E-01| -0.08 |[9.97E-01| -0.26 |9.94E-01| -0.56 |9.98E-01| -0.20
0.15 |9.97E-01|9.99E-01 | 0.24 |9.99E-01| 0.21 |9.98E-01| 0.09 |1.00E+00| 0.26
0.2 |1.00E+00]9.99E-01 | -0.05 |[1.00E+00] -0.05 |9.99E-01| -0.10 |1.00E+00| -0.01
= 0.25 |9.79E-01|1.00E+00| 2.13 |1.00E+00] 2.15 [9.99E-01| 2.12 |1.00E+00| 2.18
0.3 [9.94E-01|9.99E-01| 0.60 |1.00E+00] 0.64 |1.00E+00| 0.61 |1.00E+00| 0.65
0.35 |1.00E+00]9.99E-01 | -0.05 |1.00E+00] -0.01 |1.00E+00| -0.03 |1.00E+00| 0.00
0.4 |1.00E+00]9.99E-01| -0.06 [1.00E+00] -0.01 |1.00E+00| -0.03 |1.00E+00| 0.00
0.45 |1.00E+00] 9.99E-01| -0.06 |1.00E+00] -0.01 |1.00E+00| -0.02 |1.00E+00| 0.00
0.5 |1.00E+00|9.99E-01 | -0.06 [1.00E+00| 0.00 |1.00E+00| -0.01 |1.00E+00| 0.00
0.01 |1.82E-01|4.17E-01|129.44 |2.45E-01| 34.90 |2.02E-01| 11.34 |1.90E-01| 4.63
0.02 |4.40E-01|7.73E-01 | 75.49 |5.52E-01| 2538 |4.81E-01| 9.27 [4.69E-01| 6.49
0.05 |8.22E-01{9.43E-01 | 14.75 |8.39E-01| 2.03 |7.89E-01| -4.05 |8.07E-01| -1.79
0.1 [9.54E-01|9.78E-01| 2.48 |9.39E-01| -1.56 |9.15E-01| -4.06 |9.41E-01| -1.30
0.15 ]9.93E-01{9.86E-01 | -0.63 |9.68E-01| -2.46 |9.54E-01| -3.84 |9.76E-01| -1.62
0.2 [9.99E-01|9.90E-01| -0.87 |9.80E-01| -1.84 |9.71E-01| -2.73 |9.89E-01| -0.95
2 0.25 ]9.92E-01|9.92E-01| -0.03 |9.86E-01| -0.57 |9.80E-01| -1.22 |9.94E-01| 0.25
0.3 [9.99E-01|9.93E-01| -0.66 [9.90E-01| -0.95 |9.85E-01| -1.44 |9.97E-01| -0.23
0.35 |1.00E+00[{9.93E-01 | -0.68 |9.92E-01| -0.82 |9.88E-01| -1.22 |9.98E-01| -0.20
0.4 |[1.00E+00|9.93E-01| -0.65 [9.93E-01| -0.69 |9.90E-01| -1.02 |9.99E-01| -0.14
0.45 |1.00E+00[9.94E-01| -0.64 |9.94E-01| -0.60 |9.91E-01| -0.89 |9.99E-01| -0.11
0.5 |1.00E+00|9.94E-01| -0.64 [9.95E-01| -0.53 |9.92E-01| -0.79 |9.99E-01| -0.09
0.01 |4.14E-02|9.31E-02 | 124.83 |5.36E-02| 29.44 |4.37E-02| 5.44 |4.16E-02| 0.51
0.02 |1.71E-01|3.40E-01 | 98.60 |2.10E-01| 22.79 |1.76E-01| 3.18 |1.73E-01| 1.21
0.05 |4.85E-01|6.59E-01 | 35.96 |4.99E-01| 293 |4.49E-01| -7.44 |4.69E-01| -3.23
0.1 |7.33E-01|8.16E-01| 11.35 |7.03E-01| -4.04 |6.62E-01| -9.74 |7.10E-01| -3.14
0.15 |8.45E-01|8.79E-01 | 3.99 |8.00E-01| -532 |7.68E-01| -9.19 |8.26E-01| -2.25
)5 0.2 [9.17E-01|9.11E-01| -0.63 |8.54E-01| -6.79 |8.28E-01| -9.66 |890E-01| -2.91
’ 0.25 |9.38E-01]|9.29E-01 | -0.89 |8.87E-01| -5.36 |8.66E-01| -7.68 |9.27E-01| -1.10
0.3 |9.53E-01|9.40E-01| -1.26 |9.08E-01| -4.63 |8.90E-01| -6.56 |9.49E-01| -0.38
0.35 |9.45E-01|9.48E-01| 0.30 |9.23E-01| -2.34 |9.07E-01| -4.04 |9.62E-01| 1.78
04 |9.67E-01|9.53E-01| -1.49 |9.33E-01| -3.54 |9.18E-01| -5.02 |9.69E-01| 0.24
0.45 |9.75E-01|9.56E-01| -1.99 |9.40E-01| -3.62 |9.27E-01| -4.95 |9.74E-01| -0.13
0.5 |9.76E-01|9.58E-01| -1.81 |9.45E-01| -3.13 |9.33E-01| -435 |9.77E-01| 0.15
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |6.54E-03| 1.30E-02 | 98.28 |7.96E-03] 21.77 |6.52E-03| -0.33 |6.47E-03| -1.13
0.02 |4.62E-02|8.76E-02 | 89.81 |5.44E-02] 17.76 |4.54E-02] -1.69 |4.61E-02| -0.27
0.05 |1.97E-01|2.81E-01 | 43.03 [2.00E-01] 1.56 |1.76E-01]| -10.33 |1.90E-01| -3.25
0.1 |3.96E-01|4.70E-01| 18.67 |3.72E-01| -5.89 |3.43E-01| -13.35 |3.84E-01| -3.03
0.15 |5.44E-01]5.90E-01| 834 |4.95E-01] -9.12 |4.64E-01| -14.67 |5.27E-01| -3.13
3 |02 [632E-01[6.70E-01] 6.02 [S.82E-01] -7.83 |5.53E-01] -12.45 [6.33E-01] 0.15
025 |7.06E-01|7.24E-01| 2.51 |6.46E-01| -8.62 |6.18E-01| -12.53 |7.09E-01| 0.38
0.3 |7.60E-01|7.62E-01| 0.33 |6.92E-01| -8.91 |6.66E-01| -12.33 |7.63E-01| 0.43
0.35 |7.91E-01|7.89E-01| -0.20 |7.27E-01| -8.12 |7.02E-01| -11.22 |8.00E-01| 1.19
0.4 |8.25E-01|8.09E-01| -1.91 |7.53E-01| -8.72 |7.30E-01| -11.52 |8.26E-01| 0.16
0.45 |8.18E-01|8.24E-01| 0.72 |7.73E-01| -5.47 |7.51E-01| -8.15 |8.44E-01| 3.23
0.5 |8.50E-01|8.35E-01| -1.76 |7.89E-01| -7.16 |7.68E-01| -9.61 |8.57E-01| 0.93
0.01 |7.25E-04] 1.28E-03| 76.95 [8.45E-04] 16.64 |6.98E-04] -3.64 |7.23E-04| -0.22
0.02 |9.32E-03| 1.59E-02] 70.19 [1.04E-02] 11.60 |8.73E-03| -6.33 |9.22E-03| -1.06
0.05 |5.72E-02|7.94E-02| 38.72 [5.75E-02] 046 |5.08E-02| -11.30 |5.66E-02| -1.12
0.1 |1.54E-01|1.81E-01| 17.53 |1.42E-01| -7.75 |1.30E-01| -15.45 |1.50E-01| -2.39
0.15 |2.47E-01|2.75E-01| 11.45 [2.25E-01] -9.09 |2.09E-01| -15.26 |2.46E-01| -0.38
0.2 |3.41E-01|3.57E-01| 4.75 |2.98E-01| -12.34 |2.81E-01| -17.46 |3.34E-01| -1.81
3577025 [4.136-01|4.23E-01| 2.61 |3.61E-01| -12.44 |3.42E-01| -17.00 |4.10E-01| -0.59
0.3 |4.65E-01|4.77E-01| 2.62 |4.13E-01| -11.07 |3.94E-01 | -1527 |4.72E-01| 1.56
0.35 |5.07E-01|5.20E-01| 2.40 |4.56E-01| -10.14 |4.36E-01| -14.06 |5.21E-01| 2.65
04 |5.42E-01|5.54E-01| 2.05 |4.91E-01| 9.50 |4.71E-01| -13.18 |5.59E-01| 3.03
045 |5.72E-01|5.81E-01| 1.47 |5.19E-01] 9.21 [5.00E-01]| -12.69 |5.88E-01| 2.78
0.5 |6.16E-01|6.02E-01| -2.22 |5.43E-01| -11.85 |5.23E-01| -15.05 |6.11E-01| -0.78
0.01 |5.59E-05|9.26E-05| 65.64 |6.49E-05| 16.05 |5.42E-05| -3.14 |5.81E-05| 3.88
0.02 |1.45E-03]2.19E-03 | 51.44 [1.53E-03] 5.35 |1.29E-03| -10.80 |1.41E-03| -2.45
0.05 |1.34E-02]1.68E-02 | 25.32 [1.27E-02] -5.00 |1.13E-02] -15.52 |1.29E-02| -3.45
0.1 |4.58E-02|5.13E-02| 11.88 |4.14E-02] 9.64 |3.81E-02| -16.82 |4.476-02| -2.46
0.15 |8.79E-02]9.49E-02| 7.92 [7.86E-02] -10.64 |7.34E-02]| -16.54 |8.73E-02| -0.71
02 |1.32E-01|1.42E-01| 6.90 |1.19E-01| -10.16 | 1.12E-01 | -15.39 |1.35E-01| 1.65
4 7025 [1.76E-01|1.87E-01| 5.97 |1.59E-01] -9.95 | 1.50E-01| -14.72 | 1.81E-01| 3.01
0.3 |2.18E-01|2.28E-01| 4.71 |1.96E-01| -10.21 | 1.86E-01| -14.62 |2.25E-01| 3.20
0.35 |2.51E-01|2.65E-01| 5.54 |2.29E-01| -8.80 |2.18E-01| -13.01 |2.63E-01| 4.85
0.4 |2.86E-01|2.97E-01| 3.66 |2.58E-01| -9.82 |2.47E-01| -13.77 |2.96E-01| 3.36
045 |3.15E-01|3.24E01| 2.84 |2.84E01| -9.99 |2.72E-01| -13.75 |3.23E-01| 2.59
0.5 |3.38E-01|347E-01| 2.86 [3.06E-01| -9.48 [2.93E-01| -13.11 |3.46E-01| 2.54
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #5 £ [%]
0.01 [3.19E-06|4.91E-06] 53.90 [3.62E-06] 13.48 [3.05E-06| -4.31 [3.35E-06] 5.19
0.02 |1.68E-04|2.37E-04| 41.20 [1.74E-04| 3.44 [1.49E-04| -11.59 |1.67E-04| -0.88
0.05 |2.44E-03[2.83E-03| 16.26 |2.25E-03| -7.78 |2.02E-03| -17.25 [2.34E-03| -4.11

0.1 |1.07E-02|1.16E-02| 8.88 [9.72E-03| -8.79 [9.02E-03| -15.41 |1.06E-02| -0.72
0.15 |2.44E-02[2.61E-02| 6.73 [2.23E-02| -8.97 |2.09E-02| -14.48 [2.47E-02| 1.08
45|02 [4.17B-02]4.48E-02] 7.53 [3.86E-02] -7.46 [3.65E-02] -12.45 |4.34E-02] 3.98
1025 [6.276-02]6.59E-02| 4.98 |5.70E-02] -9.14 [5.42E-02] -13.65 |6.45E-02| 2.79
0.3 |8.37E-02|8.75E-02| 4.53 |7.61E-02| -9.14 [7.25E-02] -13.37 |8.63E-02] 3.07
0.35 |1.01E-01|1.09E-01| 7.39 [9.48E-02] -6.31 |9.06E-02| -10.45 | 1.08E-01| 6.23

0.4 |1.23E-01|1.29E-01| 4.85 [1.13E-01] -8.24 |1.08E-01]| -12.12 |1.27E-01| 3.73
045 |[1.39E-01|1.47E-01| 5.67 |1.29E-01| -7.24 |1.24E-01| -11.02 |1.45E-01| 4.27

0.5 |1.58E-01|1.63E-01| 3.32 [1.44E-01| -9.04 |1.38E-01| -12.62 | L.61E-01| 1.59
0.01 |1.27E-07| L.90E-07 | 49.83 |1.46E-07| 15.32 | 1.25E-07| -1.77 | 1.40E-07| 9.86
0.02 [1.50E-05|2.02E-05| 34.95 [1.55E-05] 3.29 |1.33E-05| -10.90 |1.52E-05| 1.52
0.05 |3.44E-04|3.88E-04| 12.86 [3.20E-04| -6.95 |2.90E-04| -15.76 |3.37E-04| -2.06

0.1 |2.01E-03[2.17E-03| 7.81 [1.88E-03] -6.67 |1.76E-03| -12.78 [2.04E-03| 1.32
0.15 [5.59E-03]5.99E-03| 7.09 [5.26E-03| -5.92 |4.97E-03| -11.03 |5.78E-03| 3.31

s |02 [112B02]1.19E-02] 5.90 [1.05E-02 -6.39 |1.00E-02] -10.92 [1.16E-02] 3.45
025 |1.85B-02|1.95E-02] 5.86 |[1.73E-02] -6.12 |1.66E-02| -10.32 | 1.92E-02| 4.09

0.3 |2.64E-02[2.83E-02| 7.02 [2.51E-02] -4.90 |[2.41E-02| -891 [2.79E-02] 5.52
0.35 |[3.62B-02]3.76E-02| 3.84 [3.35E-02] -7.59 |[3.21E-02| -11.31 |3.71E-02| 2.38

0.4 |4.46E-02|4.71E-02] 5.60 |420E-02] -5.91 [4.03E-02] -9.55 [4.63E-02] 3.79
0.45 |5.38E-02]5.64E-02| 4.71 |5.03E-02| -6.60 |4.84E-02] -10.10 |5.51E-02] 2.30

0.5 |6.26E-02|6.52E-02| 4.24 |5.82E-02| -6.92 [5.61E-02| -10.30 |6.33E-02| 1.13
% | 1650 w% | 1702 [ w% | 781 | w% | 093

6o, | 28.88 | o | 1009 | o, 6.86 Gy 2.74

e % | 12944 | €00 % | 3490 | enw% | 14.16 | em% | 10.91

Enn% | 222 | enn% | -1244 | enin% | -17.46 | ean% | -4.11

we% | 1690 | wy% | 772 | pu% | 885 | pwy% | 2.10
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D.1.3 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.5s

Table D.3 - Proposed #5: Time-variant FPFP computed at ¢ = 5.0s for linear elastic SDOF system
with 7" =0.5s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |3.86E-01|8.41E-01|117.86 |4.93E-01| 27.68 |3.91E-01| 127 |3.27E-01| -15.17
0.02 |6.72E-01]|9.71E-01 | 44.52 |7.61E-01| 13.31 |6.56E-01| -2.30 |597E-01| -11.17
0.05 |9.15E-01|9.95E-01| 8.69 |9.30E-01| 1.68 |[8.77E-01| -4.10 |8.87E-01| -3.08
0.1 |9.83E-01|9.97E-01| 1.45 |9.74E-01| -0.85 |9.53E-01| -3.04 |9.76E-01| -0.69
0.15 |9.95E-01|9.97E-01| 0.28 |9.85E-01| -0.92 [9.74E-01| -2.09 |9.91E-01| -0.32
0.2 |1.00E+00|9.97E-01 | -0.26 |9.90E-01| -1.02 [9.82E-01| -1.76 |[9.96E-01| -0.43
1.3 0.25 |9.96E-01|9.97E-01| 0.11 |9.92E-01| -0.43 |9.87E-01| -0.96 |9.97E-01| 0.11
0.3 |9.88E-01|9.97E-01| 0.89 |9.93E-01| 0.47 |9.89E-01| 0.07 |9.98E-01| 0.96
0.35 |1.00E+00|9.97E-01 | -0.29 |9.94E-01| -0.61 [991E-01| -0.94 |9.98E-01| -0.17
0.4 |9.93E-01|9.97E-01| 0.37 |9.94E-01| 0.12 |9.92E-01| -0.16 |9.98E-01| 0.52
0.45 |9.88E-01|9.97E-01| 0.87 |9.95E-01| 0.66 [9.92E-01| 0.42 |998E-01| 1.04
0.5 |9.95E-01|9.96E-01| 0.15 |9.95E-01| -0.02 |9.93E-01| -0.24 |9.98E-01| 0.34
0.01 |1.16E-01|3.34E-01|187.19 |1.47E-01| 26.45 |1.10E-01| -5.37 |8.64E-02| -25.84
0.02 |3.07E-01|6.75E-01|119.68 |3.68E-01| 19.86 |[291E-01| -5.21 |245E-01]| -20.20
0.05 |596E-01|8.61E-01| 44.57 |6.29E-01| 5.52 |546E-01| -8.39 |543E-01| -8.83
0.1 |7.51E-01|8.97E-01| 19.41 |7.49E-01| -0.19 |6.90E-01| -8.16 |7.44E-01| -0.94
0.15 |8.15E-01|9.03E-01| 10.82 |7.94E-01| -2.48 |7.49E-01| -8.03 |8.23E-01| 0.98
) 0.2 |8.73E-01|9.03E-01| 3.43 |8.17E-01| -6.46 |7.80E-01| -10.59 |8.60E-01| -1.45
0.25 |8.71E-01|9.01E-01| 3.43 |8.28E-01| -4.86 |7.99E-01| -8.29 |8.80E-01| 1.00
0.3 |8.83E-01|8.97E-01| 1.61 |8.35E-01| -5.44 |8.09E-01| -8.35 |8.89E-01| 0.66
0.35 |8.88E-01|8.93E-01| 0.55 |8.38E-01| -5.65 |8.16E-01| -8.17 |8.92E-01| 0.43
0.4 |9.04E-01|8.89E-01| -1.75 |8.39E-01| -7.21 |8.19E-01| -9.42 |8.92E-01| -1.41
0.45 |9.01E-01|8.84E-01| -1.90 |8.39E-01| -6.89 |821E-01| -8.90 |8.89E-01| -1.31
0.5 |8.87E-01|8.78E-01| -1.01 |8.37E-01| -5.66 |821E-01| -7.52 |8.85E-01| -0.22
0.01 |2.36E-02]|6.29E-02 | 166.63 |2.77E-02| 17.53 |[2.05E-02| -13.00 |1.65E-02 | -30.13
0.02 |9.62E-02|2.40E-01 | 149.22 |1.14E-01| 18.32 |8.71E-02| -9.42 |7.37E-02| -23.34
0.05 |2.49E-01|4.43E-01| 78.01 |2.67E-01| 7.36 |[2.22E-01| -11.00 |2.23E-01 | -10.48
0.1 |3.62E-01|5.00E-01| 38.16 |3.57E-01| -1.34 |[3.15E-01| -12.95 |3.55E-01| -1.83
0.15 |4.21E-01|5.08E-01 | 20.64 |3.92E-01| -6.82 |[3.57E-01| -15.22 |[4.20E-01 | -0.32
)5 0.2 |4.39E-01|5.05E-01| 15.07 |4.09E-01| -6.88 |3.79E-01| -13.68 |4.53E-01 | 3.22
’ 0.25 |4.66E-01|4.98E-01| 7.04 |4.16E-01| -10.63 |3.91E-01| -16.11 |4.69E-01| 0.71
0.3 |4.69E-01|4.90E-01| 4.55 |4.18E-01| -10.72 |3.96E-01| -15.42 |4.74E-01| 1.11
0.35 |4.69E-01|4.81E-01| 2.37 |4.17E-01| -11.07 |3.98E-01| -15.18 |4.72E-01| 0.50
0.4 |4.60E-01|4.71E-01| 2.32 |4.14E-01| -991 |3.97E-01| -13.61 |4.66E-01 | 1.22
0.45 |4.58E-01|4.61E-01| 0.50 |4.10E-01| -10.55 [3.95E-01| -13.85 [4.57E-01| -0.23
0.5 |4.53E-01|4.51E-01| -0.55 |4.05E-01| -10.69 [3.91E-01| -13.68 [4.49E-01| -1.05
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |3.30E-03|7.43E-03 | 125.12 |3.56E-03] 8.00 |2.65E-03| -19.67 |2.28E-03 | -30.99
0.02 |2.18E-02]5.01E-02 | 129.96 |2.45E-02| 12.65 |1.87E-02| -14.09 | 1.68E-02| -22.98
0.05 |7.21E-02] 1.26E-01| 75.42 |7.50E-02] 4.08 |6.16E-02] -14.60 |6.48E-02]| -10.16
0.1 |1.13E-01| 1.51E-01| 34.30 |1.06E-01| -5.81 |9.27E-02| -17.65 | 1.09E-01| -3.45
0.15 |1.28E-01|1.54E-01| 19.74 |1.17E-01| -8.73 |1.06E-01]| -17.53 | 1.29E-01| 0.32
0.2 |1.36E-01| 1.51E-01] 10.75 |1.21E-01| -11.20 | 1.12E-01] -18.10 |1.37E-01| 0.58
3 7025 |1.38E-01| 1.46E-01| 6.06 |1.22E-01| -11.98 | I.14E-01| -17.67 | 1.39E-01| 0.61
0.3 |1.37E-01| 1.41E-01| 3.57 |1.20E-01| -11.86 | 1.14E-01| -16.70 | 1.37E-01| 0.52
0.35 |1.32E-01| 1.36E-01| 3.54 |1.I8E-01| -10.19 | 1.13E-01| -14.45 | 1.34E-01| 1.63
04 |1.29E-01|1.31E-01| 1.50 |1.15E-01| -10.62 | I.11E-01 | -14.35 | 1.29E-01| 0.13
045 |1.23E-01|1.26E-01| 2.65 |1.12E-01| -8.51 |1.08E-01| -11.89 | 1.24E-01| 1.46
0.5 |1.21E-01|1.21E-01| 0.01 [1.09E-01| -9.97 |1.05E-01| -12.94 |1.20E-01| -1.06
0.01 |3.11E-04]6.14E-04| 97.41 [3.21E-04] 3.31 [2.41E-04] 22.50 [2.23E-04]| -28.18
0.02 |3.68E-03]7.37E-03 | 100.01 |3.89E-03] 5.65 |2.99E-03| -18.93 |2.88E-03 | -21.81
0.05 |1.50E-02|2.40E-02| 60.31 [1.51E-02] 0.71 |1.25E-02| -16.90 | 1.39E-02| -7.48
0.1 |2.35E-02|2.97E-02| 26.19 [2.18E-02| -7.20 |1.92E-02| -18.34 |2.32E-02| -1.20
0.15 |2.62E-02[2.99E-02| 13.84 [2.37E-02] -9.49 |2.16E-02| -17.66 |2.66E-02] 1.21
02 |2.71E-02|2.89E-02| 6.44 [2.40E-02] -11.32 [2.23E-02| -17.65 |2.72E-02| 0.46
357025 |2.656-02|2.75B-02 | 3.88 |2.37E-02| -10.69 |2.23E-02| -15.90 |2.67E-02| 0.87
03 |2.51E-02|2.61E-02| 3.85 |2.29E-02| 8.67 |2.18E-02| -13.12 |2.57E-02| 2.18
0.35 |2.46E-02|2.47E-02| 0.43 [2.21E-02] -10.16 |2.11E-02| -13.89 |2.44E-02| -0.63
04 |2.29E-02|2.33E-02| 1.72 [2.11E-02] -7.79 [2.04E-02| -11.10 |2.31E-02| 0.87
045 [2.16E-02[2.20E-02| 2.24 [2.02E-02] -6.33 |1.96E-02| 9.27 [2.19E-02] 1.43
0.5 |2.07E-02|2.08E-02| 0.54 [1.93E-02| -7.10 [1.87E-02| -9.68 [2.07E-02| -0.28
0.01 |2.04E-05|3.63E-05| 77.85 |2.05E-05] 0.38 |1.55E-05| -23.96 | 1.54E-05| -24.71
0.02 |4.55E-04]8.17E-04 | 79.78 |4.65E-04] 2.27 [3.60E-04| -20.83 |3.71E-04| -18.32
0.05 |2.43E-03|3.40E-03 | 39.86 |2.28E-03| -6.15 |1.90E-03| -21.77 |2.23E-03| -8.39
0.1 |3.72E-03|4.28E-03| 14.98 |3.32E-03| -10.71 |2.96E-03 | -20.60 |3.64E-03| -2.15
0.15 |3.93E-03]4.25E-03| 8.14 [3.54E-03] 9.92 [3.25E-03| -17.23 |3.98E-03| 1.16
0.2 |3.89E-03|4.03E-03| 3.67 |3.50E-03| -10.02 |3.28E-03 | -15.67 |3.92E-03| 0.72
4 7025 [3.71E-03|3.77E:03 | 1.56 |3.36E-03| -9.45 |3.19E-03| -14.01 |3.72E-03| 0.20
0.3 |3.44E-03|3.50E-03| 1.78 |[3.18E-03| -7.51 |3.05E-03| -11.33 |3.47E-03| 1.04
0.35 |3.27E-03|3.25E-03| -0.83 |2.99E-03| -8.60 |2.89E-03| -11.76 |3.23E-03| -1.32
0.4 |2.99E-03|3.01E-03| 0.61 |2.81E-03| -6.26 |2.72E-03| 9.02 |3.00E-03| 0.17
0.45 |2.80E-03]2.80E-03 | -0.05 |2.63E-03] -6.08 |2.56E-03| -8.47 |2.78E-03| -0.51
0.5 |2.54E-03|2.60E-03| 222 |2.46E-03| -329 [2.41E-03| -543 [2.59E-03| 1.70
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¢ S ISEE P e[%] | cVM £ [%] mVM € [%] #5 € [%]
0.01 |9.72E-07|1.53E-06 | 57.66 |9.23E-07| -5.05 |7.06E-07| -27.35 |7.36E-07| -24.26
0.02 |4.25E-05|6.93E-05 | 62.99 |4.21E-05| -1.08 |3.29E-05| -22.70 |3.58E-05| -15.84

0.05 |2.83E-04|3.72E-04 | 31.27 |2.65E-04| -6.66 |2.23E-04| -21.34 |2.70E-04 | -4.56

0.1 |4.36E-04|4.74E-04| 8.72 |3.85E-04| -11.56 |3.46E-04 | -20.51 |4.28E-04| -1.76

0.15 |4.41E-04|4.62E-04 | 4.78 [4.00E-04| -9.29 |3.71E-04 | -15.83 |4.46E-04| 1.10

45 0.2 |4.21E-04|4.29E-04| 1.80 |3.85E-04| -8.70 |3.64E-04 | -13.67 |4.23E-04| 0.40
’ 0.25 |3.87E-04|3.92E-04| 1.17 |3.59E-04| -7.18 |3.44E-04| -11.15 |3.89E-04| 0.55
0.3 |3.53E-04|3.56E-04 | 0.93 |3.32E-04| -5.94 |3.20E-04| -9.19 |3.55E-04| 0.58

0.35 |3.16E-04|3.23E-04 | 2.24 |3.04E-04| -3.62 |2.96E-04| -6.36 |3.22E-04| 1.98

04 |2.86E-04|2.93E-04| 249 |2.79E-04| -2.54 |2.72E-04| -4.87 |2.93E-04| 2.23

0.45 |2.61E-04|2.67E-04| 2.31 [2.56E-04| -2.06 |2.50E-04| -4.05 |2.66E-04| 2.00

0.5 |2.42E-04|2.44E-04| 0.67 |2.35E-04| -3.12 |2.30E-04| -4.81 |2.43E-04| 0.29

0.01 |3.12E-08|4.62E-08 | 47.95 |2.94E-08| -5.76 |2.28E-08| -27.17 |2.47E-08 | -20.91
0.02 |3.04E-06|4.50E-06 | 48.23 |2.89E-06| -4.87 |2.28E-06| -24.94 |2.59E-06| -14.89

0.05 |2.61E-05|3.16E-05| 20.93 |2.36E-05| -9.71 |2.01E-05| -23.10 |2.48E-05| -4.97

0.1 |3.83E-05/4.06E-05| 5.80 |3.43E-05| -10.65 |3.11E-05| -18.88 |3.80E-05| -0.89

0.15 |3.76E-05|3.87E-05| 2.90 |3.46E-05| -8.19 |3.24E-05| -14.05 |3.79E-05| 0.79

5 0.2 [3.52E-05|3.51E-05| -0.34 |3.23E-05| -8.34 |3.07E-05| -12.65 |3.48E-05| -1.11
0.25 |3.10E-05|3.12E-05| 0.73 |2.93E-05| -5.58 |2.82E-05| -8.99 |3.11E-05| 0.37

0.3 |2.72E-05|2.77E-05| 1.78 |2.63E-05| -3.37 |2.55E-05| -6.13 |2.76E-05| 1.55

035 |2.41E-05/2.45E-05| 1.61 [2.35E-05| -2.64 |2.29E-05| -4.90 [2.44E-05| 1.40

04 |2.17E-05|2.17E-05] 0.12 |2.10E-05| -3.41 |2.06E-05| -5.26 |2.17E-05| -0.12

0.45 |1.91E-05/1.93E-05| 1.05 |1.88E-05| -2.00 |1.85E-05| -3.57 |1.93E-05| 0.73

0.5 |1.69E-05|1.73E-05| 2.32 |1.68E-05| -0.36 |1.66E-05| -1.71 |1.72E-05| 1.90

%% | 2410 | m% | 3423 | m% | -1189 | m% | 402

Gz % 41.33 G 8.08 G 6.81 Gg 8.65

Emax Y0 | 18719 €max% | 27.68 Emax Y0 1.27 Bivore 0 3.22
Emin %0 | -1.90 | €min% | -11.98 | €min% | -27.35 | &min % | -30.99

Mgl % 24.25 Ljel % 7.09 Ljel % 11.92 Lgl % 4.97
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D.1.4 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 1.0s

Table D.4 - Proposed #5: Time-variant FPFP computed at t = 10.0s for linear elastic SDOF

system with 7'=1.0s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |4.03E-01|8.45E-01|109.56 |5.35E-01| 32.74 [4.38E-01| 8.67 |3.88E-01| -3.72
0.02 |6.91E-01]|9.72E-01 | 40.68 |8.02E-01| 1599 |7.11E-01| 292 |[6.72E-01| -2.73
0.05 |9.18E-01|9.95E-01| 8.37 |9.51E-01| 3.58 |[9.13E-01| -0.52 |9.23E-01| 048
0.1 |9.89E-01|9.97E-01| 0.81 |9.85E-01| -0.48 |[9.72E-01| -1.76 |9.86E-01| -0.37
0.15 |1.00E+00|9.98E-01 | -0.20 |9.92E-01| -0.77 |9.86E-01| -1.36 |9.95E-01| -0.46
L5 0.2 |9.93E-01|9.98E-01| 0.49 |9.95E-01| 0.19 |9.92E-01| -0.15 |9.98E-01| 0.46
’ 0.25 |1.00E+00|9.98E-01 | -0.16 |9.97E-01| -0.34 [9.95E-01| -0.55 |9.99E-01| -0.12
0.3 |1.00E+00|9.98E-01| -0.16 |9.97E-01| -0.26 [9.96E-01| -0.40 |9.99E-01| -0.08
0.35 |9.94E-01|9.98E-01| 0.50 |9.98E-01| 0.44 |9.97E-01| 0.34 |9.99E-01| 0.59
0.4 |1.00E+00|9.99E-01| -0.15 |9.98E-01| -0.17 [9.97E-01| -0.26 |[9.99E-01| -0.05
0.45 |1.00E+00]/9.99E-01 | -0.15 [9.98E-01| -0.15 |9.98E-01| -0.22 |1.00E+00| -0.05
0.5 |1.00E+00|9.99E-01 | -0.15 [9.99E-01| -0.14 |9.98E-01| -0.19 |1.00E+00| -0.05
0.01 |1.22E-01|3.40E-01|179.36 |1.65E-01| 35.31 |1.27E-01| 4.52 |1.06E-01| -12.57
0.02 |3.15E-01]|6.82E-01|116.81 |4.05E-01| 28.62 |[3.30E-01| 494 |293E-01| -6.78
0.05 |6.24E-01|8.70E-01| 39.44 |6.75E-01| 8.22 |6.02E-01| -3.47 |6.03E-01| -3.24
0.1 |791E-01|9.09E-01| 1491 |7.96E-01| 0.66 |7.48E-01| -537 |793E-01| 0.20
0.15 |8.62E-01|9.19E-01| 6.62 |8.42E-01| -2.32 |8.09E-01| -6.21 |8.63E-01| 0.11
0.2 |898E-01|9.24E-01| 295 |8.67E-01| -3.45 |8.42E-01| -6.26 |897E-01| -0.06
2 0.25 |9.26E-01|9.27E-01| 0.16 |8.82E-01| -4.70 |[8.62E-01| -6.86 |[9.16E-01| -1.05
0.3 |9.22E-01|9.29E-01| 0.71 |8.92E-01| -3.25 |8.76E-01| -5.02 |9.26E-01| 047
0.35 |9.37E-01]|9.30E-01| -0.81 |8.99E-01| -4.05 |8.85E-01| -5.52 |9.32E-01| -0.51
04 |9.12E-01|9.30E-01| 1.97 |9.04E-01| -0.85 |8.93E-01| -2.14 |9.36E-01| 2.58
0.45 |9.31E-01|9.30E-01| -0.03 |9.08E-01| -2.40 |898E-01| -3.52 |9.37E-01| 0.72
0.5 |9.28E-01|9.30E-01| 0.20 |9.11E-01| -1.86 |9.02E-01| -2.85 |9.38E-01| 1.08
0.01 |2.45E-02]|6.45E-02|163.20 |3.13E-02| 27.63 |[2.39E-02| -2.44 |2.04E-02| -16.66
0.02 |9.72E-02|2.45E-01 | 152.43 |1.28E-01| 31.40 |[1.01E-01| 3.80 |[9.00E-02| -7.43
0.05 |2.58E-01|4.58E-01| 77.19 |2.98E-01| 15.54 |[2.55E-01| -1.39 |2.58E-01| -0.22
0.1 |3.98E-01|5.27E-01| 32.34 |4.02E-01| 0.84 |3.64E-01| -8.77 |4.01E-01| 0.57
0.15 |4.64E-01|5.49E-01| 18.24 |4.49E-01| -3.30 [4.17E-01| -10.05 |4.73E-01 | 1.88
)5 0.2 |5.09E-01|5.59E-01| 9.83 |4.76E-01| -6.41 |4.50E-01| -11.51 |5.14E-01| 1.06
’ 0.25 |5.36E-01|5.64E-01| 5.21 |4.94E-01| -7.88 |4.72E-01| -11.96 |5.39E-01| 0.51
0.3 |5.54E-01|5.68E-01| 2.52 |5.07E-01| -8.49 |4.88E-01| -11.89 |5.54E-01| 0.07
0.35 |5.68E-01|5.69E-01| 0.28 |5.16E-01| -9.20 [4.99E-01| -12.09 |5.63E-01 | -0.94
0.4 |5.72E-01|5.70E-01 | -0.33 |5.22E-01| -8.74 |5.08E-01| -11.28 |5.67E-01 | -0.92
0.45 |5.64E-01|5.70E-01| 1.21 |5.27E-01| -6.52 |5.14E-01| -8.82 |5.69E-01| 0091
0.5 |5.73E-01|5.70E-01| -0.55 |5.30E-01| -7.49 |[5.19E-01| -9.53 |[5.69E-01| -0.65
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |3.45E-03]7.69E-03 | 122.87 |4.04E-03] 17.15 |3.10E-03| 9.96 |2.81E-03| -18.46
0.02 [2.27E-02]5.18E-02 | 128.11 [2.78E-02] 22.29 |2.19E-02] -3.72 [2.05E-02] 9.85
0.05 |7.91E-02|1.34E-01| 69.19 |8.58E-02] 8.50 |7.25E-02| -8.31 |7.61E-02| -3.72
0.1 |1.29E-01|1.67E-01| 29.51 |1.25E-01| -3.31 |1.12E-01| -13.29 |1.28E-01| -1.25
0.15 |1.51E-01|1.78E-01| 18.04 [1.43E-01| -5.18 |1.32E-01] -12.40 |1.54E-01| 2.13
; |02 [167E-01[1.83E-01] 9.39 [1.53E-01] -823 [1.44E-01] -13.70 [1.69E-01] 096
025 |1.76E-01|1.86E-01| 5.43 |1.60E-01| -8.97 |1.52E-01| -13.38 | 1.77E-01| 0.75
0.3 |1.83E-01| 1.87E-01| 2.24 |1.65E-01| -9.89 |1.58E-01| -13.53 | 1.82E-01| -0.46
0.35 |1.84E-01| 1.88E-01| 1.89 |1.68E-01| -8.82 |1.62E-01| -11.96 | 1.85E-01| 0.14
0.4 |1.86E-01|1.88E-01| 1.06 |1.70E-01| -8.48 |1.65E-01| -11.21 |1.86E-01| -0.24
045 |1.89E-01| 1.88E-01| -0.63 |1.72E-01| -9.16 |1.67E-01| -11.54 | 1.86E-01| -1.74
0.5 |1.84E-01|1.87E-01| 2.00 [1.73E-01| -6.05 |1.69E-01| -8.24 |1.85E-01| 0.93
0.01 |3.35E-04]6.42E-04| 91.53 [3.66E-04] 9.31 [2.84E-04] -15.22 [2.75E-04] -18.06
0.02 |3.91E-03|7.71E-03| 97.18 |4.44E-03| 13.50 |3.52E-03 | -10.04 |3.50E-03| -10.44
0.05 |1.71E-02|2.60E-02| 52.24 [1.76E-02| 2.85 |1.49E-02| -12.58 | 1.64E-02| -3.87
0.1 |2.79E-02|3.43E-02| 23.01 [2.67E-02| -4.34 |2.41E-02| -13.70 |2.81E-02| 0.64
0.15 |3.32E-02]3.69E-02| 11.07 [3.07E-02] -7.64 |2.85E-02| -14.18 |3.35E-02] 0.75
3 0.2 |3.58E-02|3.81E-02| 6.44 [3.29E-02| -7.97 |3.11E-02] -12.97 |3.62E-02| 1.5
17025 |3.756-02|3.87E-02| 3.28 |343E-02| 839 |3.28E-02| -12.37 |3.76E-02| 051
0.3 |3.77E-02|3.90E-02| 3.43 [3.52E-02] -6.60 |3.39E-02| -9.94 |3.83E-02| 1.76
0.35 |3.89E-02]3.91E-02| 0.54 [3.58E-02] -8.00 |3.47E-02] -10.76 |3.87E-02| -0.60
04 |3.81E-02|3.91E-02| 2.71 |3.61E-02] -5.06 |3.52E-02| -7.50 |3.87E-02| 1.73
045 |3.83E-02]3.90E-02| 1.76 |3.63E-02] -5.19 [3.55E-02| -7.31 |3.86E-02| 0.82
0.5 |3.85E-02|3.88E-02| 0.81 [3.64E-02| -547 |3.57E-02| -7.33 |[3.856-02| -0.14
0.01 |2.25E-05|3.84E-05| 70.21 |2.35E-05] 4.29 |1.84E-05| -18.29 | 1.88E-05| -16.49
0.02 |5.02E-04|8.65E-04 | 72.39 [5.34E-04] 6.38 |4.27E-04| -14.91 |4.50E-04| -10.43
0.05 |2.74E-03|3.77E-03 | 37.59 |2.70E-03| -1.27 [2.32E-03]| -15.23 |2.66E-03| -2.99
0.1 |4.48E-03|5.18E-03| 15.61 |422E-03| -5.67 |3.85E-03| -14.06 |4.54E-03| 1.42
0.15 |5.23E-03|5.61E-03| 7.31 |4.86E-03] -7.12 |4.55E-03| -12.92 |5.31E-03| 1.51
02 |5.51E-03|5.80E-03| 5.16 |5.19E-03| -5.89 |4.94E-03| -10.30 |5.65E-03| 2.49
4 7025 [5.66E-03|5.88E-03 | 3.88 |5.38E-03| -5.03 |5.18E-03| -8.52 |5.80E-03| 2.52
0.3 |5.82E-03|5.92E-03| 1.59 |5.49E-03| -5.74 |5.33E-03| -8.54 |5.87E-03| 0.79
0.35 |5.89E-03]5.92E-03| 0.60 |5.56E-03| -5.66 |5.42E-03| -7.98 |5.89E-03| 0.01
04 |5.81E-03/5.91E-03| 1.68 |5.59E-03| -3.87 |5.47E-03| -5.86 |5.88E-03| 1.14
045 |5.81E-03]5.89E-03| 1.31 |5.60E-03] -3.62 |5.50E-03| -5.33 |5.85E-03| 0.73
0.5 |5.81E-03|5.85E-03| 0.66 |5.59E-03| -3.76 |5.50E-03| -5.24 |[5.81E-03| 0.04
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #5 £ [%]
0.01 |1.06E-06] 1.64E-06| 54.96 [1.07E-06] 0.87 [8.45E-07| -20.14 [9.01E-07] -14.85
0.02 |4.67E-05|7.44E-05| 59.24 [4.87E-05| 437 |3.94E-05| -15.69 |4.33E-05| -7.34
0.05 |3.31E-04|4.22E-04| 27.76 |3.19E-04]| -3.37 |2.77E-04| -16.15 |3.26E-04| -1.43

0.1 |5.49E-04|6.01E-04| 9.43 [5.11E-04] -7.00 |4.70E-04| -14.44 |5.54E-04| 0.89
0.15 |6.44E-04]6.55E-04| 1.78 [5.86E-04| -8.95 [5.54E-04| -13.91 |6.36E-04| -1.22
45|02 [6.69E-04]6.77E-04] 122 |6.23E-04] -6.87 [5.98E-04] -10.57 |6.69E-04] -0.05
1025 [6.856-04]6.86E-04| 0.10 |6.42E-04| -6.27 |6.23E-04| -9.13 |6.82E-04| -0.53
0.3 |6.92E-04|6.89E-04| -0.50 |6.52E-04| -5.72 |6.37E-04]| -8.00 |6.86E-04| -0.89
0.35 |6.82E-04]6.88E-04| 0.76 |6.57E-04] -3.71 |6.44E-04| -5.60 |6.85E-04| 0.44

0.4 |6.82E-04]6.84E-04| 041 |6.58E-04] -3.44 |6.47E-04| -5.02 |6.82E-04| 0.09

0.45 [6.83E-04|6.80E-04| -0.43 [6.57E-04] -3.79 |6.48E-04| -5.12 |6.77E-04]| -0.80

0.5 |6.76E-04|6.73E-04 | -0.45 [6.53E-04| -3.44 |6.45E-04| -4.59 |6.70E-04| -0.89
0.01 |3.53E-08]5.02E-08 | 42.00 |3.44E-08] 2.66 |2.75E-08| -22.13 |3.03E-08 | -14.22
0.02 [3.43E-06|4.90E-06 | 42.96 [3.38E-06] -1.34 |2.76E-06| -19.53 |3.13E-06]| -8.70
0.05 |3.04E-05|3.69E-05| 21.41 [2.91E-05| -4.07 |2.55E-05| -15.89 |3.04E-05| 0.09

0.1 |5.16E-05543E-05| 522 |4.77E-05] -7.64 |4.43E-05| -14.24 |5.16E-05| -0.07
0.15 |5.77B-05]5.95E-05| 3.10 [5.46E-05| -5.40 |5.20E-05| -9.85 |5.84E-05| 1.34

s |02 [6.09E-05|6.14E-05| 0.82 [5.77E-05[ -5.28 |5.58E-05| -8.46 [6.10E-05] 0.10
025 |6.21E-056.21E-05| -0.01 |5.92E-05] -4.71 |5.77E-05| -7.10 |6.19E-05| -0.38

0.3 |6.04E-05|6.21E-05| 2.83 |5.98E-05| -1.07 |5.86E-05| -3.00 |6.20E-05| 2.56

0.35 |6.23E-05]6.19E-05| -0.73 [5.99E-05| -3.86 |5.90E-05| -5.36 |6.17E-05| -0.97

0.4 |6.14E-05|6.14E-05| 0.03 |5.97E-05| -2.65 |5.90E-05| -3.90 |6.12E-05| -0.25

0.45 [6.01E-05]6.08E-05| 1.08 [5.93E-05| -1.27 |5.87E-05| -2.32 |6.05E-05| 0.72

0.5 |6.07E-05|6.00E-05| -1.19 |5.88E-05| -3.21 |5.83E-05| -4.08 |5.98E-05| -1.62
% | 2246 w% | 0652 | w% | 795 | w% | -1.78

6oy | 40.08 | o, | 9.67 Geve 5.92 Gy 4.80

e % | 17936 | emx% | 3531 | emm% | 8.67 | enx% | 2.58

enn% | -1.19 | enn% | 9.89 | emn®% | 22.13 | ean% | -18.46

we% | 2260 | wy% | 671 | py% | 848 | pu% | 2.63
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D.1.5 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.1s

Table D.5 - Proposed #5: Time-variant FPFP computed at ¢ = 20s for linear elastic SDOF system
with 7'=0.1s subjected to KT base excitation time modulated by a Shinozuka-Sato function.

¢ & ISEE P e[%] | cVM € [%] mVM € [%] #5 € [%]
0.01 |9.88E-01|1.00E+00| 1.22 |1.00E+00] 1.22 |1.00E+00| 1.22 |1.00E+00| 1.19
0.02 |9.97E-01|1.00E+00| 0.31 |1.00E+00] 0.31 |1.00E+00| 0.31 |1.00E+00| 0.31
0.05 |9.98E-01|1.00E+00| 0.24 |1.00E+00] 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.1 |1.00E+00]1.00E+00| 0.00 |1.00E+00] 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.15 |1.00E+00/1.00E+00| 0.00 |1.00E+00] 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.2 |1.00E+00]1.00E+00| 0.00 [1.00E+00] 0.00 |1.00E+00{ 0.00 |1.00E+00| 0.00
= 0.25 |1.00E+00/1.00E+00| 0.00 |1.00E+00] 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.3 [9.98E-01|1.00E+00| 0.24 |1.00E+00] 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.35 |9.96E-01|1.00E+00| 0.39 |1.00E+00] 0.39 |1.00E+00| 0.39 |1.00E+00| 0.39
04 |1.00E+00]1.00E+00| 0.00 [1.00E+00] 0.00 |1.00E+00{ 0.00 |1.00E+00| 0.00
0.45 |1.00E+00/1.00E+00| 0.00 |1.00E+00] 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.5 |9.98E-01|1.00E+00| 0.24 |[1.00E+00| 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.01 |8.74E-01|1.00E+00| 14.45 |9.93E-01| 13.67 |9.73E-01| 11.35 |937E-01| 7.22
0.02 |9.75E-01|1.00E+00| 2.55 |9.98E-01| 231 |991E-01| 1.65 [9.85E-01| 1.00
0.05 ]9.92E-01|1.00E+00| 0.80 |9.99E-01| 0.75 [9.98E-01| 0.62 [9.99E-01| 0.66
0.1 [9.90E-01|1.00E+00| 1.05 |1.00E+00] 1.02 [9.99E-01| 0.97 |1.00E+00| 1.02
0.15 ]9.92E-01|1.00E+00| 0.82 |1.00E+00] 0.79 [9.99E-01| 0.75 [1.00E+00| 0.80
0.2 [1.00E+00]1.00E+00| -0.01 |1.00E+00] -0.05 |9.99E-01| -0.08 |1.00E+00| -0.02
2 0.25 ]9.79E-01|1.00E+00| 2.18 |9.99E-01| 2.13 [9.99E-01| 2.09 |1.00E+00| 2.17
0.3 |9.88E-01|1.00E+00| 1.19 |9.99E-01| 1.13 |9.99E-01| 1.09 |1.00E+00| 1.18
0.35 |9.95E-01|1.00E+00| 0.43 |9.99E-01| 037 |9.99E-01| 0.32 |1.00E+00| 0.43
04 [9.96E-01|1.00E+00| 0.41 |9.99E-01| 0.33 |9.99E-01| 0.28 |1.00E+00| 0.41
0.45 |9.91E-01|1.00E+00| 0.87 |9.99E-01| 0.79 |9.98E-01| 0.73 |1.00E+00| 0.88
0.5 [9.93E-01|1.00E+00| 0.64 |[9.99E-01| 0.55 |9.98E-01| 0.49 |1.00E+00| 0.65
0.01 |4.87E-01]9.74E-01 | 99.93 |7.68E-01| 57.55 |6.57E-01| 34.82 |5.78E-01| 18.61
0.02  ]6.84E-01|9.69E-01 | 41.62 |8.28E-01| 20.94 |7.50E-01| 9.65 |7.19E-01| 5.08
0.05 |8.58E-01|9.61E-01| 12.12 |8.78E-01| 2.40 |8.36E-01| -2.52 |8.50E-01| -0.85
0.1 [9.17E-01|9.50E-01| 3.53 |8.89E-01| -3.03 |8.62E-01| -598 |8.93E-01| -2.67
0.15 |9.28E-01|9.38E-01| 1.11 |8.86E-01| -4.53 |8.64E-01| -6.89 |9.02E-01| -2.83
)5 0.2 |9.23E-01|9.28E-01| 0.52 |8.79E-01| -4.77 |8.60E-01| -6.86 |9.04E-01| -2.12
’ 0.25 |9.22E-01|9.18E-01 | -0.48 |8.71E-01| -5.54 |8.53E-01| -7.47 |9.03E-01| -2.15
0.3 [9.04E-01|9.09E-01| 0.53 |8.63E-01| -4.49 |8.47E-01| -6.35 |8.99E-01| -0.51
0.35 |9.10E-01|9.00E-01 | -1.07 |8.55E-01| -5.96 |8.39E-01| -7.72 |8.94E-01| -1.68
04 |8.89E-01|8.92E-01| 0.32 |8.48E-01| -4.60 |8.32E-01| -6.34 |8.88E-01| -0.06
0.45 |8.70E-01|8.84E-01 | 1.55 |8.41E-01| -3.41 |8.26E-01| -5.14 |8.82E-01| 1.29
0.5 |8.83E-01|8.76E-01| -0.70 [8.34E-01| -5.53 |8.19E-01| -7.19 |8.75E-01| -0.86
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |1.67E-01|5.46E-01 | 226.13 |2.94E-01] 75.81 |2.28E-01| 36.07 |2.02E-01| 20.57
0.02 |2.60E-01|5.28E-01 | 102.78 [3.39E-01| 30.27 |2.82E-01| 8.32 |2.74E-01| 5.34
0.05 |3.86E-01]5.04E-01| 30.35 [3.85E-01] -0.50 |3.45E-01]| -10.85 |3.66E-01| -5.36
0.1 |4.45E-01|4.74E-01| 6.51 |3.94E-01| -11.59 |3.66E-01| -17.74 |4.03E-01| -9.44
0.15 |4.26E-01]4.51E-01| 5.96 |3.87E-01| -9.06 |3.66E-01| -14.11 |4.09E-01| -3.93
0.2 |4.24E-01|4.32E-01| 1.94 |3.78E-01| -10.93 |3.60E-01| -15.18 |4.07E-01| -4.07
3 7025 |4.18E-01|4.16E-01| -0.43 |3.68E-01| -12.01 |3.52E-01| -15.78 | 4.01E-01| -4.03
0.3 |3.93E-01|4.03E-01| 2.50 |3.59E-01| -8.70 |3.45E-01| -12.30 |3.94E-01| 0.20
0.35 |3.90E-01|3.91E-01| 0.23 |3.50E-01| -10.20 |3.37E-01| -13.51 |3.85E-01| -1.25
0.4 |3.86E-01|3.80E-01| -1.58 |3.42E-01| -11.41 |3.30E-01| -14.50 |3.76E-01| -2.66
045 |3.68E-01|3.71E-01| 0.84 |3.35E-01| -8.89 |3.24E-01| -11.92 |3.67E-01| -0.12
0.5 |3.59E-01|3.63E-01| 1.01 |3.29E-01| -8.45 [3.18E-01| -11.37 [3.59E-01| 0.12
0.01 [3.97E-02] 1.26E-01|217.81 [6.36E-02] 60.10 [4.81E-02] 21.11 [4.55E-02] 14.53
0.02 |6.12E-02| 1.20E-01 | 96.96 |7.42E-02] 21.35 |6.05E-02| -0.99 |6.20E-02] 1.45
0.05 |9.00E-02| 1.13E-01| 25.56 |8.49E-02| -5.66 |7.52E-02| -16.44 |8.31E-02| -7.70
0.1 |9.83E-02|1.04E-01| 6.03 |8.63E-02| -12.20 |7.99E-02| -18.79 |9.05E-02| -7.93
0.15 |9.67E-02/9.76E-02| 0.95 [8.40E-02] -13.13 [7.91E-02| -18.21 |9.03E-02| -6.58
; 0.2 |9.18E-02|9.24E-02| 0.66 |8.11E-02| -11.56 |7.71E-02| -15.93 |8.84E-02| -3.69
17025 |8.636-02|8.80E-02| 2.02 |7.84E-02| 9.18 |7.50E-02| -13.14 |8.59E-02| -0.51
0.3 |8.20E-02|8.44E-02| 2.92 |7.58E-02] -7.55 |7.28E-02| -11.21 |8.32E-02| 1.36
0.35 |8.02E-02|8.13E-02| 1.47 |7.36E-02] -824 |7.09E-02| -11.60 |8.05E-02| 0.42
04 |7.89E-02|7.87E-02| -0.34 |7.15E-02] 9.40 |6.91E-02| -12.51 |7.80E-02| -1.19
045 |7.84E-02]7.63E-02| 2.72 [6.96E-02] -11.19 |6.74E-02]| -14.06 |7.57E-02| -3.51
0.5 |7.34E-02|7.42E-02| 1.05 [6.80E-02] -7.42 |6.59E-02| -10.27 |7.36E-02| 0.20
0.01 |6.87E-03| 1.81E-02 | 163.96 |9.66E-03] 40.61 |7.34E-03| 6.85 |7.41E-03| 7.90
0.02 [1.03E-02]1.72E-02| 67.23 [1.12E-02] 8.45 [9.18E-03]| -10.99 |9.88E-03| -4.20
0.05 |1.40E-02|1.61E-02| 15.02 [1.26E-02] 9.87 |1.13E-02] -19.60 | 1.28E-02| -8.88
0.1 |1.44E-02|1.48E-02| 3.12 |1.27E-02| -11.61 |1.18E-02| -17.67 | 1.35E-02| -6.02
0.15 |1.37E-02|1.386-02| 1.17 [1.23E-02] -10.22 |1.16E-02]| -14.91 |1.32E-02| -3.29
02 |1.29E-02|1.30E-02| 1.50 |1.18E-02] 827 |1.13E-02]| -12.25 |1.27E-02| -0.84
4 7025 |124E-02[124E-02] 0.19 |I.13E02| -8.76 |1.09E-02| -12.21 |123E-02| -1.42
0.3 |1.18E-02| 1.19E-02| 0.41 [1.09E-02| -7.49 |1.06E-02] -10.63 |1.18E-02| -0.33
0.35 |1.16E-02| 1.14E-02| -1.13 |1.06E-02| -8.38 |1.03E-02| -11.24 | 1.14E-02| -1.66
04 |1.11E-02|1.10E-02| -0.66 |1.03E-02| -7.53 |9.98E-03| -10.22 |1.10E-02| -1.14
045 |1.07E-02| 1.07E-02| -0.14 [9.99E-03| -6.72 |9.72E-03| -9.26 |1.06E-02| -0.66
0.5 |1.03E-02|1.04E-02| 0.52 |9.74E-03| -5.81 |9.48E-03| 824 |[1.03E-02| -0.06
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] #5 £ [%]
0.01 [8.78E-04] 1.95E-03] 122.49 [1.12E-03| 27.06 [8.57E-04| -2.47 [9.10E-04] 3.64
0.02 |1.24E-03|1.86E-03| 50.34 [1.28E-03| 3.41 |1.06E-03| -14.20 |1.18E-03| -4.31
0.05 |[1.57B-03|1.74E-03| 10.31 [1.42B-03| -9.72 |1.28E-03| -18.64 | 1.47E-03| -6.64

0.1 |1.56E-03|1.59E-03| 2.14 |1.41E-03| -9.51 |1.33E-03| -14.98 |1.51E-03| -3.48
0.15 |1.50E-03|1.49E-03| -0.78 [1.36E-03| -9.46 [1.30E-03| -13.54 |1.45E-03| -3.17
45|02 [1.36E-03[1.40E-03] 335 [130E-03| 423 |1.25B-03| -7.76 [1.39E-03| 2.16
| 025 [1.33B-03|1.33E-03| 0.44 [1.25B-03| -6.04 |1.21E-03| -9.02 |1.33E-03]| -0.16
0.3 |1.30E-03| 1.28E-03 | -1.62 |[1.20E-03| -7.38 |1.17E-03| -10.00 |1.27E-03| -1.99
0.35 |1.24E-03|1.23E-03| -0.75 |1.16E-03| -6.13 |1.13E-03| -8.54 |1.22E-03| -1.04

0.4 |1.18E-03|1.19E-03| 0.19 |1.13E-03] -4.89 |1.10E-03]| -7.15 |1.I8E-03| -0.10

045 |[1.14E-03|1.15E-03| 0.58 [1.09E-03| -4.25 |1.07E-03| -6.37 |1.14E-03]| 0.1

0.5 |1.11E-03|1.12B-03| 0.68 |1.07E-03| -3.92 [1.04E-03| -5.93 |1.11E-03| 0.22

0.01 |8.64E-05| 1.65E-04| 90.50 |1.00E-04| 15.83 |7.76E-05| -10.13 |8.58E-05] -0.66
0.02 |1.17E-04] 1.56E-04| 33.84 [1.13E-04] -3.08 |9.50E-05| -18.69 | 1.09E-04| -7.10
0.05 |1.37B-04|1.46E-04| 6.93 [1.24E-04] -926 [1.13E-04| -17.42 |1.30E-04| -5.09

0.1 |1.32E-04|1.34B-04| 1.68 |1.22E-04] -7.52 |1.16E-04| -12.41 |1.30B-04| -1.83

0.15 |1.23B-04|1.25E-04| 1.70 [1.17E-04| -5.16 |1.12E-04| -8.80 |1.23E-04| 0.29

s |02 [1ISE-04|1.I8E-04] 0.4 [1.12E-04] -5.13 |1.08E-04| -8.07 [I.17E-04] -0.21
025 |1.13E-04|1.12E-04| -0.29 |[1.07E-04] -5.09 |1.04E-04| -7.59 |1.12E-04| -0.65

0.3 |1.07E-04| 1.08E-04| 0.17 |1.03E-04| -4.16 |1.01E-04| -6.38 |1.07E-04| -0.08

0.35 |1.03E-04]1.03E-04| 0.78 [9.93E-05] -3.22 |9.73E-05| -5.24 |1.03E-04| 0.54

0.4 |9.94E-05/9.99E-05| 0.52 [9.62E-05| -3.19 [9.43E-05| -5.05 |9.96E-05| 0.24

0.45 [9.74B-05]9.67E-05| -0.69 [9.34E-05| -4.14 [9.17E-05| -5.85 |9.64E-05| -1.08

0.5 |9.48E-05|9.40E-05| -0.92 [9.09E-05| -4.17 |8.94E-05| -5.78 |9.35E-05| -1.44
% | 1550 | w% | 0450 | w% | 594 | w% | -0.42

Gove | 4205 | o0 | 1487 | o.u 9.66 Gy 4.46

e % 22613 | emx% | 7581 | em% | 36.07 | enn% | 20.57

emn% | 272 | emn% | -13.13 | enin% | -19.60 | €mn% | -9.44

we% | 1581 | wy% | 858 | pg% | 885 | py% | 2.57
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D.1.6 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.5s

Table D.6 - Proposed #5: Time-variant FPFP computed at ¢ = 20s for linear elastic SDOF system
with 7" =0.5s subjected to KT base excitation time modulated by a Shinozuka-Sato function.

¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |8.23E-01|1.00E+00| 21.55 |9.38E-01| 14.02 |8.36E-01| 1.68 |7.02E-01 | -14.69
0.02 |8.78E-01|1.00E+00| 13.83 |9.58E-01| 9.04 |8.92E-01| 1.52 |8.28E-01| -5.71
0.05 |9.62E-01|1.00E+00| 3.96 |9.83E-01| 2.19 |9.57E-01| -0.49 |9.61E-01| -0.06
0.1 |9.77E-01|1.00E+00| 2.32 |9.94E-01| 1.70 [9.85E-01| 0.82 |9.94E-01| 1.75
0.15 |1.00E+00|1.00E+00| -0.03 |9.97E-01| -0.33 [9.93E-01| -0.72 |9.98E-01| -0.16
L5 0.2 |1.00E+00|1.00E+00| -0.03 |9.98E-01| -0.20 |9.96E-01| -0.42 |9.99E-01| -0.06
’ 0.25 |1.00E+00|1.00E+00| -0.02 |9.99E-01| -0.14 [9.97E-01| -0.28 |[1.00E+00| -0.03
0.3 |9.80E-01|1.00E+00| 2.02 |9.99E-01| 193 |9.98E-01| 1.84 |1.00E+00| 2.02
0.35 |1.00E+00|1.00E+00| -0.03 |9.99E-01| -0.09 [9.98E-01| -0.16 [1.00E+00| -0.02
0.4 |1.00E+00|1.00E+00| -0.03 |9.99E-01| -0.07 |9.99E-01| -0.13 |1.00E+00| -0.01
0.45 |9.90E-01|1.00E+00| 1.03 |9.99E-01| 0.99 |9.99E-01| 0.95 |1.00E+00| 1.04
0.5 |1.00E+00|1.00E+00| -0.03 |9.99E-01| -0.06 |9.99E-01| -0.09 |1.00E+00| -0.01
0.01 |4.56E-01]|9.80E-01|114.93 |6.23E-01| 36.55 |4.73E-01| 3.74 |3.41E-01| -25.19
0.02 |5.23E-01]|9.60E-01| 83.38 |6.64E-01| 26.86 |5.39E-01| 3.04 |4.49E-01| -14.29
0.05 |6.80E-01]|9.40E-01| 38.16 |7.44E-01| 9.35 |6.57E-01| -3.37 |6.53E-01| -4.05
0.1 |8.12E-01|9.36E-01| 15.23 |8.11E-01| -0.14 |7.55E-01| -7.08 |8.06E-01| -0.82
0.15 |8.65E-01|9.36E-01| 8.12 |8.44E-01| -2.42 |8.03E-01| -7.15 |8.69E-01| 0.41
) 0.2 |8.86E-01|9.36E-01| 5.61 |8.64E-01| -2.48 |8.32E-01| -6.06 |9.01E-01| 1.66
0.25 |9.15E-01|9.35E-01| 2.20 |8.77E-01| -4.23 |8.51E-01| -7.03 |9.18E-01| 0.30
0.3 |9.11E-01|9.35E-01| 2.69 |8.85E-01| -2.78 |8.64E-01| -5.14 |9.28E-01| 1.88
0.35 |9.39E-01|9.35E-01| -0.43 |8.92E-01| -5.02 |8.73E-01| -6.98 |9.33E-01| -0.60
0.4 |9.24E-01|9.34E-01| 1.08 |8.96E-01| -3.03 |8.80E-01| -4.77 |9.36E-01| 1.24
0.45 |9.35E-01|9.33E-01| -0.15 |9.00E-01| -3.76 |8.85E-01| -5.29 |9.37E-01| 0.20
0.5 |9.45E-01|9.33E-01| -1.36 |9.02E-01| -4.58 |8.89E-01| -5.94 |937E-01| -0.88
0.01 |1.74E-01|6.51E-01|274.06 |2.53E-01| 45.35 |1.76E-01| 1.12 |1.25E-01| -28.02
0.02 |2.05E-01|5.79E-01 | 182.36 |2.75E-01| 34.17 |[2.06E-01| 0.72 |1.70E-01| -17.30
0.05 |2.95E-01|5.30E-01| 79.98 |3.25E-01| 10.24 [2.69E-01| -8.77 |[2.70E-01| -8.43
0.1 |3.85E-01|5.22E-01| 35.79 |3.76E-01| -2.18 |3.32E-01| -13.64 |3.74E-01 | -2.71
0.15 |4.33E-01|5.22E-01 | 20.33 |4.06E-01| -6.36 |3.70E-01| -14.70 |4.34E-01| 0.04
)5 0.2 |4.71E-01|5.21E-01| 10.60 |4.25E-01| -9.85 |3.95E-01| -16.31 |4.70E-01 | -0.36
’ 0.25 |4.85E-01|5.21E-01| 7.43 |4.38E-01| -9.66 |4.12E-01| -15.06 |4.92E-01| 1.36
0.3 |497E-01|5.21E-01| 4.72 |4.48E-01| -9.94 |4.25E-01| -14.54 |5.04E-01 | 1.45
0.35 |5.05E-01|5.20E-01| 2.86 |4.55E-01| -10.02 |4.34E-01| -14.03 |5.11E-01| 1.11
0.4 |5.19E-01|5.19E-01 | -0.10 |4.60E-01| -11.42 |4.42E-01| -14.91 |5.14E-01| -1.06
0.45 |5.13E-01|5.17E-01| 0.79 |4.64E-01| -9.66 |4.47E-01| -12.85 |5.14E-01 | 0.18
0.5 |5.13E-01|5.16E-01| 0.54 |4.66E-01| -9.08 |4.51E-01| -11.98 |5.14E-01 | 0.17
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |4.83E-02]2.03E-01 | 319.65 |6.84E-02] 41.54 |4.64E-02| -4.05 |3.56E-02| -26.27
0.02 |5.97E-02]1.70E-01 | 184.66 |7.42E-02| 24.31 |5.45E-02| 8.63 |4.77E-02| -20.12
0.05 |8.21E-02|1.50E-01| 82.93 |8.82E-02] 7.39 |7.18E-02]| -12.50 |7.56E-02| -7.88
0.1 |1.09E-01|1.47E-01| 3521 |1.03E-01| -5.02 |9.01E-02| -17.09 |1.06E-01| -2.65
0.15 |1.24E-01|1.47E-01| 18.05 |[1.12E-01] -9.78 |1.01E-01]| -18.51 |1.23E-01| -0.83
0.2 |1.34E-01|1.47E-01| 9.33 |1.18E-01| -12.13 | 1.09E-01| -18.96 |1.33E-01| -0.53
3 17025 |1.34E-01| 147E-01| 9.23 |1.22E01| 9.19 |1.14E-01| -15.06 | 1.39E-01| 3.72
0.3 |1.40E-01|1.46E-01| 4.72 |1.25E-01| -10.81 | 1.18E-01| -15.71 | .42E-01| 1.69
035 |1.44E-01|1.46E-01| 1.61 |1.27E-01| -11.85 | 1.21E-01| -16.05 | 1.43E-01| -0.22
04 |1.43E-01|1.46E-01| 1.68 |1.28E-01| -10.51 | 1.23E-01 | -14.26 | 1.44E-01| 0.35
045 |1.43E-01| 1.45E01| 1.67 |1.29E-01| -9.48 |1.24E-01| -12.86 | .43E-01| 0.53
0.5 |1.45E-01|1.45E-01| -0.47 [1.30E-01| -10.54 | 1.26E-01]| -13.55 |1.43E-01| -1.50
0.01 |1.03E-02]3.81E-02]268.59 [1.35E-02] 30.76 [9.16E-03] -11.34 |[7.79E-03 | -24.56
0.02 |1.22E-02]3.14E-02 | 158.35 [1.456-02] 19.40 |1.07E-02| -11.99 | 1.02E-02| -16.14
0.05 |1.71E-02]2.75E-02| 60.33 [1.70E-02] -0.67 |1.39E-02| -18.61 | 1.56E-02| -9.07
0.1 |2.15E-02|2.68E-02| 25.09 [1.97E-02| -7.98 |1.73E-02| -19.15 |2.10E-02| -1.99
0.15 |2.36E-022.68E-02] 13.33 [2.13E-02] -9.81 |1.94E-02| -18.00 |2.39E-02| 0.87
0.2 |2.50E-02|2.68E-02| 7.12 |2.23E-02| -10.73 |2.07E-02| -17.13 |2.53E-02| 1.15
357025 |2.61E-02| 2.68E-02| 2.70 |2.30E-02| -11.78 |2.16E-02| -16.96 |2.60E-02| -0.28
03 |2.62E-02|2.67E-02| 2.10 |2.35E-02| -10.37 |2.23E-02| -14.80 |2.63E-02| 0.43
0.35 |2.62E-02|2.67E-02| 1.68 |2.38E-02] -9.30 |2.28E-02| -13.13 |2.64E-02| 0.58
04 |2.63E-02|2.66E-02| 1.18 [2.40E-02] -8.61 |2.31E-02| -11.97 |2.63E-02| 0.29
045 |2.63E-02]2.65E-02| 0.69 [2.42E-02] -8.15 [2.34E-02] -11.13 |2.63E-02| -0.16
0.5 |2.59E-02|2.64E-02| 1.65 |2.42E-02] -6.52 [2.35E-02] 921 [2.61E-02] 0.77
0.01 |1.68E-03|5.25E-03 | 212.60 |2.04E-03] 21.30 |1.39E-03| -17.13 | 1.30E-03 | -22.57
0.02 |1.95E-03]4.32E-03 | 121.48 [2.16E-03] 11.05 |1.61E-03]| -17.36 | 1.66E-03 | -14.72
0.05 |2.58E-03|3.77E-03 | 46.12 |2.50E-03] -3.21 [2.07E-03| -19.82 |2.43E-03| -5.62
0.1 |3.17E-03|3.68E-03| 16.13 |2.86E-03| 9.89 |2.54E-03| -19.97 |3.13E-03| -1.17
0.15 |3.38E-03|3.67E-03| 8.72 [3.06E-03] 949 [2.81E-03| -16.88 |3.44E-03| 1.71
02 |3.56E-03|3.67E-03| 3.29 |3.18E-03| -10.48 |2.98E-03 | -16.15 |3.57E-03| 0.32
4 7025 [3.57E-03|3.67E03| 2.95 |3.27E-03| -841 |3.10E-03| -13.08 |3.62E-03| 1.53
0.3 |3.54E-03|3.66E-03| 3.45 |3.32E-03| -6.28 |3.18E-03| -10.23 |3.64E-03| 2.65
0.35 |3.61E-03|3.66E-03| 1.26 |3.36E-03| -7.02 |3.24E-03 | -10.34 |3.64E-03| 0.72
04 |3.66E-03|3.64E-03| -0.33 |3.38E-03| -7.54 |3.28E-03| -10.38 |3.63E-03| -0.81
0.45 |3.64E-03|3.63E-03| -0.15 |3.39E-03] -6.63 |3.30E-03| -9.12 |3.61E-03| -0.67
0.5 |3.60E-03|3.61E-03| 044 |3.40B-03| -546 |3.32E-03| -7.69 [3.59E-03| -0.15
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¢ S ISEE P e[%] | cVM £ [%] mVM € [%] #5 € [%]
0.01 |2.10E-04|5.62E-04 | 167.43 |2.38E-04| 13.08 |1.64E-04 | -22.03 |1.65E-04| -21.48
0.02 |2.36E-04|4.62E-04 | 96.15 |2.50E-04| 6.08 |1.88E-04| -20.22 |2.07E-04 | -12.29
0.05 |3.06E-04|4.03E-04 | 31.78 |2.84E-04| -7.37 |2.38E-04| -22.38 |2.90E-04| -5.23
0.1 |3.58E-04|3.94E-04| 9.98 |3.20E-04| -10.68 |2.87E-04 | -19.82 |3.56E-04| -0.68
0.15 |3.79E-04|3.93E-04 | 3.78 [3.40E-04| -10.30 |3.15E-04 | -16.83 |3.79E-04| 0.10
45 0.2 |3.90E-04|3.93E-04| 0.78 |3.52E-04| -9.81 |3.33E-04 | -14.80 |3.88E-04| -0.64
i 0.25 |3.89E-04|3.93E-04| 1.03 |3.60E-04| -7.57 |3.44E-04| -11.61 |3.91E-04| 0.37
0.3 |3.87E-04|3.92E-04 | 1.40 |3.64E-04| -5.82 |3.52E-04| -9.17 |3.91E-04| 1.02
0.35 |3.92E-04|3.91E-04 | -0.20 [3.68E-04| -6.28 |3.57E-04| -9.06 |3.90E-04| -0.49
04 |3.87E-04|3.90E-04| 0.74 |3.69E-04| -4.61 |3.60E-04| -7.01 |3.89E-04| 0.44
0.45 |3.84E-04|3.89E-04 | 1.19 |3.70E-04| -3.57 |3.62E-04| -5.66 |3.87E-04| 0.82
0.5 |3.83E-04|3.87E-04| 1.03 |3.71E-04| -3.22 |3.64E-04| -5.05 |3.85E-04| 0.58
0.01 |1.96E-05|4.73E-05|141.54 |2.16E-05| 10.20 |1.50E-05| -23.32 |1.61E-05| -17.87
0.02 |2.22E-05|3.89E-05| 75.17 |2.25E-05| 1.17 |1.71E-05| -23.10 |1.97E-05]| -11.27
0.05 |2.75E-05|3.40E-05| 23.50 |2.51E-05| -8.72 |2.13E-05| -22.66 |2.65E-05| -3.77
0.1 |3.10E-05|3.32E-05| 6.92 |2.80E-05| -9.88 |2.53E-05| -18.29 |3.10E-05| 0.09
0.15 |3.26E-05|3.31E-05| 1.58 |2.95E-05| -9.55 |2.76E-05| -15.40 |3.24E-05| -0.55
5 0.2 [3.24E-05|3.31E-05] 2.19 |3.04E-05| -6.25 |2.89E-05| -10.75 |3.28E-05| 1.36
0.25 |3.32E-05|3.31E-05| -0.46 [3.09E-05| -6.97 |2.98E-05| -10.43 |3.30E-05| -0.86
0.3 |3.25E-05|3.30E-05| 1.54 |3.13E-05| -391 |3.03E-05| -6.77 |3.29E-05| 1.27
0.35 |3.27E-05|3.29E-05| 0.65 |3.15E-05| -3.90 |3.07E-05| -6.25 |3.29E-05| 0.41
0.4 |3.29E-05|3.28E-05| -0.10 |3.16E-05| -3.98 |3.09E-05| -594 |3.28E-05| -0.39
0.45 |3.17E-05|3.27E-05| 3.11 |3.16E-05| -0.38 |3.11E-05| -2.12 |3.26E-05| 2.71
0.5 |3.21E-05|3.26E-05| 1.59 |3.16E-05| -1.46 |3.11E-05| -2.93 |3.24E-05| 1.08
%% | 3263 | m% | -1.049 | w% | -1045 | m% | 3.29
Gg 65.77 G 12.29 G 7.09 Gg 7.46
Emax 70 | 319.65 [ €max% | 45.35 Emax Y0 3.74 Bivore 0 3.72
Emin %0 | -136 | €min% | -12.13 | €mn% | -23.32 | &min% | -28.02
Mgl % 32.71 Ljel % 8.94 Ljel % 10.77 Lgl % 4.17
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D.1.7 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 1.0s

Table D.7 - Proposed #5: Time-variant FPFP computed at ¢ = 20s for linear elastic SDOF system
with 7'=1.0s subjected to KT base excitation time modulated by a Shinozuka-Sato function.

¢ & ISEE P € [%] cVM € [%] mVM € [%] #5 € [%]
0.01 |7.62E-01]|9.99E-01 | 31.20 |8.54E-01| 12.07 |7.27E-01| -4.51 |[6.11E-01| -19.73
0.02 |7.81E-01|9.97E-01| 27.65 |8.80E-01| 12.60 |7.84E-01| 0.38 |7.22E-01| -7.60
0.05 |8.81E-01|9.90E-01| 12.41 |9.13E-01| 3.69 |[8.58E-01| -2.59 |8.69E-01| -1.32
0.1 |9.40E-01|9.86E-01| 4.88 |9.43E-01| 0.29 |9.13E-01| -2.87 |9.46E-01| 0.59
0.15 |9.60E-01]|9.85E-01| 2.57 |9.58E-01| -0.25 [9.39E-01| -2.19 |9.70E-01 | 0.97
0.2 |9.81E-01|9.85E-01| 0.43 |9.67E-01| -1.42 |9.54E-01| -2.74 |9.80E-01| -0.08
1.5 0.25 |9.62E-01|9.85E-01| 2.35 |9.72E-01| 1.03 [9.63E-01| 0.04 |9.85E-01| 2.37
0.3 |9.87E-01|9.85E-01| -0.24 |9.76E-01| -1.16 [9.69E-01| -1.91 |9.88E-01| 0.05
0.35 |1.00E+00|9.85E-01 | -1.48 |9.79E-01| -2.13 [9.73E-01| -2.73 [9.90E-01| -1.05
0.4 |9.98E-01|9.85E-01| -1.26 |9.81E-01| -1.72 |9.76E-01| -2.22 |9.90E-01| -0.76
0.45 |9.95E-01]|9.85E-01| -0.95 |9.82E-01| -1.27 |9.78E-01| -1.69 |9.91E-01| -0.40
0.5 |1.00E+00|9.85E-01| -1.46 |9.83E-01| -1.66 |9.80E-01| -2.02 |9.91E-01| -0.88
0.01 |3.94E-01]|9.21E-01|133.80 |4.96E-01| 25.79 |3.72E-01| -5.54 |2.79E-01| -29.14
0.02 |4.14E-01|8.59E-01|107.56 |5.18E-01| 25.16 |4.15E-01| 0.12 |3.51E-01]| -15.12
0.05 |4.94E-01|7.85E-01| 58.96 |5.59E-01| 13.11 |4.85E-01| -1.92 |4.85E-01| -1.90
0.1 |6.03E-01|7.57E-01| 25.52 |6.07E-01| 0.59 |5.55E-01| -8.05 |6.03E-01| -0.10
0.15 |6.53E-01|7.52E-01| 15.08 |6.39E-01| -2.17 |5.99E-01| -8.30 |6.66E-01| 1.92
0.2 |7.00E-01|7.51E-01| 7.25 |6.62E-01| -5.54 |6.29E-01| -10.16 |7.04E-01| 0.51
2 0.25 |7.22E-01|7.52E-01| 4.12 |6.78E-01| -6.09 |6.51E-01| -9.82 |7.28E-01| 0.87
0.3 |7.32E-01|7.52E-01| 2.76 |6.90E-01| -5.73 |6.67E-01| -8.87 |7.43E-01| 1.56
0.35 |7.56E-01|7.53E-01| -0.39 |7.00E-01| -7.46 |6.80E-01| -10.10 |7.53E-01| -0.40
0.4 |7.59E-01|7.54E-01| -0.71 |7.07E-01| -6.84 |6.89E-01| -9.16 |7.58E-01| -0.08
0.45 |7.55E-01|7.54E-01| -0.17 |7.13E-01| -5.58 |6.97E-01| -7.66 |7.62E-01| 0.82
0.5 |7.64E-01|7.54E-01| -1.25 |7.18E-01| -6.00 |7.04E-01| -7.86 |7.64E-01| -0.01
0.01 |1.45E-01]|4.96E-01|242.66 |1.86E-01| 28.71 |1.32E-01| -8.89 |9.89E-02| -31.64
0.02 |1.53E-01|4.10E-01|167.17 |1.94E-01| 26.21 |1.48E-01| -3.77 |1.25E-01| -18.28
0.05 |1.87E-01|3.39E-01| 81.08 |2.09E-01| 11.80 |1.75E-01| -6.28 |1.77E-01| -5.21
0.1 |2.31E-01|3.17E-01| 36.82 |2.31E-01| -0.32 |[2.06E-01| -11.06 |2.30E-01 | -0.62
0.15 |2.58E-01|3.13E-01| 21.21 |2.46E-01| -4.49 |2.26E-01| -12.17 |2.62E-01| 1.49
) 0.2 |2.81E-01|3.12E-01 | 11.22 |2.58E-01| -8.18 |2.41E-01| -14.00 |2.82E-01| 0.51
> 0.25 |2.89E-01|3.12E-01| 8.07 |2.66E-01| -7.95 |2.52E-01| -12.74 |2.95E-01| 2.06
0.3 |2.92E-01|3.13E-01| 6.94 |2.72E-01| -6.85 |2.60E-01| -10.94 |3.03E-01| 3.60
0.35 |3.04E-01|3.13E-01| 2.95 |2.78E-01| -8.81 |[2.67E-01| -12.25 [3.08E-01| 1.15
0.4 |3.15E-01|3.14E-01| -0.48 |2.82E-01| -10.68 |2.72E-01| -13.64 |3.11E-01 | -1.50
0.45 |3.12E-01|3.14E-01| 0.64 |2.85E-01| -8.72 |[2.77E-01| -11.40 [3.12E-01| -0.03
0.5 |3.15E-01|3.14E-01| -0.16 |2.88E-01| -8.67 |2.80E-01| -11.07 |3.13E-01 | -0.59
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¢ 3 ISEE P e[%] | cVM | £[%] | mVM | &[%] 45 £ [%]
0.01 |4.00E-02] 1.37E-01 | 242.28 [4.89E-02] 22.37 |3.41E-02] -14.59 |2.75E-02| -31.23
0.02 |4.15E-02] 1.07E-01 | 158.73 [5.02E-02] 20.98 |3.79E-02| 8.53 |3.42E-02] -17.61
0.05 |4.89E-02|8.53E-02| 74.40 [5.34E-02] 9.16 |4.47E-02| 8.70 |4.70E-02| -3.90
0.1 |6.02E-02|7.86E-02| 30.57 |5.83E-02] -3.21 |5.21E-02]| -13.57 |5.96E-02| -1.06
0.15 |6.71E-02]7.756-02 | 15.43 [6.20E-02] -7.59 |5.72E-02]| -14.84 |6.69E-02| -0.27
; |02 [7.00E-02[7.73E-02] 1053 [6.47E-02] -7.45 [6.08E-02| -13.11 |7.14E-02| 2.00
025 |7.33E-02|7.74E-02| 5.57 |6.68E-02] -8.97 |6.35E-02| -13.48 |7.40E-02| 0.89
0.3 |7.50E-02|7.76E-02| 3.48 |6.83E-02] -8.89 |6.55E-02| -12.66 |7.55E-02| 0.73
0.35 |7.57E-027.77E-02| 2.69 [6.95E-02| -8.18 |6.71E-02| -11.41 |7.64E-02] 0.90
0.4 |7.58E-02|7.79E-02] 2.67 |7.05E-02] -7.09 |6.83E-02| 9.92 [7.68E-02] 1.32
045 |7.60E-02|7.80E-02| 2.60 |7.12E-02] -6.27 |6.93E-02| -8.78 |7.71E-02| 1.41
0.5 |7.82E-02|7.80E-02| -0.14 |7.18E-02| -8.07 [7.01E-02| -10.26 |7.72E-02| -1.22
0.01 |8.32E-03]2.48E-02] 198.02 [9.57E-03] 14.96 |6.70E-03] -19.46 |5.91E-03] -29.03
0.02 |8.63E-03| 1.92E-02| 123.13 [9.68E-03| 12.27 |7.37E-03 | -14.54 |7.16E-03| -17.02
0.05 |1.00E-02| 1.52E-02| 51.65 [1.01E-02| 1.08 |8.53E-03| -14.69 |9.42E-03| -5.81
0.1 |1.18E-02|1.39E-02| 17.90 |1.09E-02| -8.08 |9.78E-03 | -17.15 |1.14E-02| -3.25
0.15 |1.24E-02|1.37E-02] 10.34 [1.156-02] -7.83 |1.06E-02| -14.33 | 1.25E-02] 0.45
02 |1.29E-02|1.37E-02] 632 [1.19E-02] -7.64 |1.12E-02| -12.61 | 1.30E-02| 1.39
357025 [1.34E-02| 1.37B-02| 2.06 |1.22E-02] 9.08 | 1.17E-02| -12.97 |1.34E-02| -0.51
03 |1.35E-02|1.37E-02| 1.75 |1.24E-02| -7.76 |1.20E-02| -11.00 |1.35E-02| 0.21
0.35 |1.37E-02| 1.38E-02| 0.43 [1.26E-02] -7.78 |1.23E-02| -10.50 | 1.36E-02| -0.64
04 |1.40E-02|1.38E-02| -1.83 |1.28E-02| -8.97 |1.25E-02| -11.26 | 1.37E-02| -2.70
045 |1.36E-02]1.38E-02| 1.79 [1.29E-02] 4.89 |1.26E-02| -6.97 |1.37E-02] 091
0.5 |1.36E-02|1.38E-02| 1.93 [1.30E-02] 4.18 |1.27E-02| -6.02 |1.37E-02| 1.03
0.01 |1.34E-03]3.39E-03 | 153.24 |1.44E-03] 7.35 |1.02E-03| -24.13 |9.72E-04 | -27.43
0.02 |1.33E-03|2.63E-03 | 97.46 |1.44E-03] 7.83 |1.10E-03| -17.05 | 1.15E-03 | -13.75
0.05 |1.51E-03]2.07E-03 | 37.03 [1.47E-03] 2.66 |1.25E-03| -16.89 | 1.44E-03| -4.39
0.1 |1.69E-03| 1.90E-03| 12.40 |1.55E-03] 8.00 |1.41E-03| -16.20 | 1.67E-03| -1.09
0.15 |1.77E-03| 1.87E-03 | 532 |1.62E-03] -8.46 |1.52E-03]| -14.13 |1.77E-03| -0.12
02 |1.83E-03|1.86E-03| 2.10 |1.68E-03| -8.25 |1.60E-03| -12.48 |1.82E-03| -0.33
4 7025 [1.86E-03| 1.87E03| 031 |1.71E-03| -7.95 | 1.65E-03 | -11.26 | 1.84E-03| -0.91
0.3 |1.84E-03|1.87E-03| 1.84 |1.74E-03| -521 |1.69E-03| -7.95 |1.86E-03| 1.09
0.35 |1.86E-03|1.88E-03| 0.62 |1.76E-03| -5.38 |1.72E-03| -7.64 |1.86E-03| 0.07
0.4 |1.84E-03|1.88E-03| 2.06 |1.78E-03| -3.28 |1.74E-03| -5.23 |1.87E-03| 1.56
045 |1.86E-03|1.88E-03| 1.24 |1.79E-03| -3.48 |1.76E-03| -5.15 |1.87E-03| 0.71
0.5 |1.84E-03|1.88E-03| 2.34 [1.80E-03| -1.97 [1.78E-03| -3.44 |1.87E-03| 1.74
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¢ ¢ ISEE P e[%] | VM | £[%] | mVM | &[%] #5 £ [%]
0.01 |1.62B-04]3.62E-04]123.41 [1.67E-04] 3.19 [1.19E-04| -26.35 |1.22E-04] -24.78
0.02 |1.64E-04|2.82E-04| 71.83 [1.65E-04] 091 |1.29E-04| -21.49 | 1.41E-04| -13.89
0.05 |1.74E-04|2.21E-04 | 27.54 |1.66E-04| -4.35 |1.43E-04| -17.39 |1.70E-04| -2.32

0.1 |1.87E-04|2.03E-04| 8.36 [1.73E-04] -7.71 |1.59E-04| -15.10 | 1.88E-04| 0.09
0.15 |1.93E-04|2.00E-04| 3.79 [1.79E-04| -6.88 |1.70E-04| -11.90 |1.94E-04| 0.87
45|02 [195E-04]2.00E-04] 2.1 [1.84E-04] -5.79 |1.77E-04] -948 [1.97E-04] 091
1025 [2.00B-04]|2.00E-04] -0.19 |1.88E-04] -631 |1.82E-04| -9.11 |1.99E-04| -0.78
0.3 |1.99E-04|2.00E-04| 0.63 |1.90E-04| -4.45 [1.86E-04| -6.70 [2.00E-04| 027

0.35 |1.96E-04|2.01E-04| 223 [1.92E-04] -2.14 |1.88E-04| -4.02 |2.00E-04]| 1.93

0.4 |1.99E-04[2.01E-04| 0.99 [1.94E-04] -2.74 |1.90E-04| -430 [2.00E-04| 0.68

045 [1.97E-04|2.01E-04| 1.98 [1.956-04] -134 |1.92E-04| -2.67 |2.01E-04| 1.62

0.5 |2.05E-04|2.02E-04| -1.91 [1.96E-04| -4.75 |1.93E-04| -5.86 |2.01E-04| -2.32
0.01 |1.53E-05|3.05E-05| 99.24 |1.52E-05| -0.82 | 1.09E-05| -28.52 | 1.I8E-05| -23.00
0.02 |1.50E-05|2.37E-05| 57.59 [1.48E-05| -1.49 |1.17E-05| -22.52 | 1.33E-05| -11.54
0.05 |1.55E-05| 1.86E-05| 20.01 |1.46E-05| -5.85 |1.28E-05| -17.79 | 1.53E-05| -1.59

0.1 |1.63E-05|1.71E-05| 5.12 |1.50E-05] -7.59 |1.40E-05| -14.20 | 1.63E-05| -0.05
0.15 |1.64E-05| 1.68E-05| 2.84 |1.55E-05| -545 |1.47E-05| -9.87 |1.65E-05| 1.16

s |02 [164E-05|1.68E-05] 2.15 [1.58E-05] -3.87 |1.53E-05| -7.04 [L.67E-05] 1.46
025 |1.66E-05|1.68E-05| 1.25 |1.61E-05| -336 |1.57E-05| -5.75 |1.68E-05| 0.89

0.3 |1.70E-05| 1.69E-05| -1.04 |1.62E-05] -4.68 |1.59E-05| -6.50 |1.68E-05| -1.29
0.35 |1.69E-05|1.69E-05| -0.17 |1.64E-05] -3.22 |1.61E-05| -4.70 |1.68E-05]| -0.40

04 |1.66E-05|1.69E-05| 1.81 |1.65E-05| -0.83 |1.63E-05| -2.07 |1.69E-05| 1.55

0.45 |1.68E-05| 1.69E-05| 0.91 |1.66E-05| -1.36 |1.64E-05| -239 |1.69E-05| 0.57

0.5 |1.66E-05|1.70E-05| 1.92 |1.66E-05| -0.10 |1.65E-05| -0.99 |1.69E-05| 1.50

% | 2831 w% | -1356 | w% | 9.69 | w% | -3.46

6o | 5352 | ou | 8.85 Geve 5.94 Gy 8.43

e % | 242.66 | emx% | 2871 | emu% | 038 | eam% | 3.60

emin% | -1.91 | enn% | -10.68 | emin% | -28.52 | ean% | -31.64

we% | 2859 | wy% | 680 | pg% | 970 | py% | 4.47
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D.2 PROPOSED #6- WITHOUT THE PROPOSED MODIFICATIONS
The results in this section are obtained using the newly proposed hazard function without the
modifications for non-white spectrum and time-modulating functions (see Section 2.3), referred

to as #6 NM.

D.2.1 White Noise and Shinozuka-Sato Time-modulating Function, 7= 1.0s

Table D.8 - Proposed #6 NM: Time-variant FPFP computed at # = 20s for linear elastic SDOF
systems with 7" =1.0s subjected to WN base excitation time modulated by a Shinozuka-Sato
function.

¢ ¢ ISEE p e[%] | VM | £[%] | mVM | e[%] | #6NM | £[%]

0.01 |7.45E-01{9.99E-01 | 34.15 |8.57E-01| 15.04 |7.33E-01| -1.62 |6.11E-01| -17.95

0.02 |7.89E-01|9.97E-01 | 26.34 |8.83E-01| 11.81 |7.89E-01| -0.04 |7.22E-01| -8.56

0.05 |8.81E-01{9.90E-01 | 12.41 |9.15E-01| 3.89 |8.61E-01| -2.21 |8.70E-01| -1.17

0.1 |9.38E-01|9.85E-01| 5.08 |9.43E-01| 0.59 |9.14E-01| -2.47 [9.45E-01| 0.83

0.15 |9.71E-01{9.84E-01| 1.30 |9.58E-01| -1.40 |9.40E-01| -3.25 |9.68E-01| -0.28

0.2 |9.80E-01|9.83E-01| 0.34 |9.66E-01| -1.44 |9.53E-01| -2.71 |9.78E-01| -0.18

= 0.25 |9.80E-01{9.83E-01| 0.35 |9.71E-01| -0.87 |9.62E-01| -1.80 |9.83E-01| 0.36
0.3 |9.60E-01|9.83E-01| 240 |9.75E-01| 1.54 |[9.68E-01| 0.80 |9.86E-01| 2.71
0.35 |9.70E-01{9.83E-01| 1.30 |9.77E-01| 0.72 |9.72E-01| 0.13 |9.88E-01| 1.76
0.4 |9.90E-01|9.83E-01| -0.70 |9.79E-01| -1.07 |9.75E-01| -1.54 |9.88E-01| -0.16
0.45 |9.84E-01|9.83E-01| -0.12 |9.81E-01| -0.34 |9.77E-01| -0.74 |9.88E-01| 0.44
0.5 [9.92E-01]|9.83E-01 | -0.88 |9.82E-01| -0.98 [9.79E-01| -1.32 |9.88E-01| -0.32
0.01 |3.90E-01{9.21E-01|136.15|5.00E-01| 28.16 |3.77E-01| -3.38 |2.90E-01| -25.72
0.02 |4.13E-01|8.59E-01 | 108.08 |5.22E-01| 26.48 |4.19E-01| 1.55 |3.59E-01]| -12.94
0.05 |4.99E-01|7.83E-01 | 56.83 |5.61E-01| 12.37 |4.88E-01| -2.24 |4.87E-01| -2.42
0.1 |[5.95E-01]|7.53E-01| 26.53 |6.07E-01| 2.02 |5.56E-01| -6.47 [5.99E-01| 0.73
0.15 |6.46E-01|7.45E-01| 15.38 |6.37E-01| -1.35 |5.99E-01| -7.29 |6.58E-01| 1.89
) 0.2 |6.92E-01|743E-01| 7.36 |6.58E-01| -491 |6.28E-01| -934 |6.93E-01| 0.16

0.25 |7.26E-01|7.42E-01| 2.16 |6.73E-01| -7.35 |6.48E-01| -10.83 |7.15E-01| -1.58

0.3 [7.29E-01|7.42E-01| 1.75 |6.84E-01| -6.14 |6.63E-01| -9.06 |7.28E-01| -0.10

0.35 |7.39E-01|7.41E-01| 0.29 |6.93E-01| -6.30 |6.74E-01| -8.78 |7.36E-01| -0.47

04 |7.48E-01|741E-01| -0.88 |6.99E-01| -6.47 |6.83E-01| -8.61 |7.39E-01| -1.12

045 |7.49E-01|7.41E-01| -1.09 |7.05E-01| -5.91 |6.91E-01| -7.80 |7.41E-01| -1.15

0.5 |[7.50E-01|7.41E-01| -1.23 |7.09E-01| -5.43 |6.97E-01| -7.11 |7.41E-01| -1.24
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¢ ¢ ISEE P e[%] | cVM | €[%] | mVM | £[%] | #6NM | &[%]
0.01 |1.46E-01|4.95E-01] 238.92 [1.88E-01] 28.78 |1.34E-01] -8.49 |1.02E-01| -30.08
0.02 |1.55E-01]4.09E-01] 163.23 [1.95E-01| 25.72 [1.49E-01| -3.78 | 1.28E-01] -17.76
0.05 |1.85E-01|3.37E-01| 81.89 |2.10E-01| 13.45 |1.77E-01| -4.53 | 1.78E-01| -3.93
0.1 |2.30E-01|3.13E-01| 36.33 |2.30E-01| 030 |2.06E-01| -10.17 | 2.28E-01 | -0.59
0.15 |2.56E-01|3.08E-01| 20.24 |2.45E-01| -4.35 |2.26E-01| -11.70 | 2.58E-01 | 0.80
55|02 |2.72E-01[3.06E-01] 12.49 [2.55E-01] -6.25 [2.40E-01] -11.88 [2.76E-0L[ 148
21025 [2.86E-01]3.05E01] 6.73 |2.62E-01| -8.24 [2.50E-01| -12.70 | 2.87E-01| 0.31
0.3 |2.96E-01|3.05E-01| 3.16 |2.68E-01| -9.32 |2.57E-01| -12.99 | 2.93E-01 | -0.85
0.35 |2.93E-01|3.05E-01| 4.17 [2.72E-01| -6.88 |2.63E-01| -10.09 | 2.96E-01 | 127
04 |2.98E-01|3.05E-01] 2.17 |2.76E-01| -7.48 |[2.68E-01] -10.23 | 2.97E-01| -0.24
0.45 |2.99E-01|3.05E-01| 1.89 [2.79E-01| -6.76 |2.71E-01| 9.19 |2.97E-01| -0.48
0.5 |3.02E-01|3.05E-01] 0.98 [2.81E-01| -6.80 |2.75SE-01| -8.95 |2.97E-01| -1.45
0.01 |4.01E-02|1.37E-01| 240.73 |4.94E-02] 23.33 |3.46E-02| -13.59 | 2.80E-02 | -30.25
0.02 |4.17E-02|1.07E-01] 156.43 [5.06E-02| 21.32 |3.84E-02] -7.91 |3.456-02| -17.35
0.05 |4.95E-02|8.47E-02| 71.03 |5.36E-02] 821 |4.50E-02] 9.12 |4.70E-02| -5.05
0.1 |5.87E-02|7.76E-02] 32.32 |5.81E-02] -0.91 |[5.21E-02] -11.15 |5.93E-02| 1.00
0.15 |6.50E-02|7.61E-02] 17.13 [6.15E-02] 531 |5.69E-02] -12.39 | 6.61E-02| 1.72
;|02 [694E-02[7.56E-02| 8.98 |6.39E-02| -7.88 |6.02E-02| -13.17 |6.98E-02| 0.69
025 |7.16E-02|7.54E-02| 526 |6.56E-02] -8.40 |6.26E-02| -12.60 | 7.18E-02| 0.29
03 |7.19E-02|7.53E-02] 4.68 |6.69E-02] -7.00 [6.44E-02] -10.50 | 7.28E-02| 1.24
035 |7.25B-02]7.53E-02| 3.77 [6.79B-02] -6.39 [6.57E-02] -9.35 |7.32E-02] 0.96
0.4 |7.44E-02|7.52E-02] 1.18 |6.87E-02| -7.65 |6.68E-02] -10.15 | 7.32E-02 | -1.49
045 |7.32E-02]7.52E-02| 2.78 [6.93E-02] -5.31 |6.77E-02| -7.53 |7.30E-02| -0.18
0.5 |7.43E-02|7.52E-02] 127 |6.98E-02] -6.00 [6.84E-02] -7.93 |7.28E-02]| -1.95
0.01 |8.28E-03[2.48E-02] 199.02 [9.67E-03] 16.77 |6.80E-03| -17.86 | 6.00E-03 | -27.53
0.02 |8.63E-03|1.92E-02| 122.33 [9.77E-03| 13.16 |7.46E-03| -13.52 | 7.22E-03 | -16.31
0.05 |1.00E-02|1.51E-02] 50.24 [1.01E-02] 1.17 [8.59E-03| -14.26 | 9.43E-03 | -5.89
0.1 |1.14E-02|1.37E-02] 20.81 |1.08E-02| -4.93 [9.78E-03| -13.96 | 1.14E-02| -0.09
0.15 |1.23E-02|1.35E-02| 8.97 [1.13E-02| -8.18 |1.06E-02| -14.32 | 1.23E-02| -0.37
35| 02 [127E-02]134E-02 556 [1.17B-02] -7.54 [1.11E-02] -12.19 [1.27B-02[ 0.68
217025 [1.29E-02]1.336:02] 3.01 [1.20E-02] -7.51 [1.15B-02] -11.15 | 1.30E-02| 0.06
0.3 |1.31E-02|1.33E-02] 1.87 |1.22E-02] -6.95 [1.I8E-02] 9.90 | 1.30E-02| -0.31
035 |1.32E-02[1.33E-02] 1.03 [1.23E-02] -6.55 |[1.20E-02] -9.00 |1.30E-02| -0.98
04 |1.30E-02[1.33E-02] 224 [124E-02] 452 [1.21E-02] -6.63 |1.30E-02| 0.00
045 |1.31E-02|1.33E-02] 1.53 |1.256-02] 4.48 |1.23E-02] -6.29 |1.29E-02| -1.16
0.5 |1.29E-02[1.33E-02] 2.75 [1.26E-02] -2.76 |1.24E-02] -435 |129E-02| -0.45
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¢ ¢ ISEE P e[%] | cVM | e[%] | mVM | e[%] | #6NM | £[%]
0.01 |1.33E-03|3.38E-03| 154.94 |[1.45E-03| 9.36 |1.03E-03| -22.39 | 1.00E-03 | -24.53

0.02  |1.32E-03|2.62E-03| 98.75 |1.45E-03| 9.73 |1.12E-03| -15.24 | 1.17E-03 | -11.29

0.05 |[1.51E-03|2.05E-03| 36.22 |147E-03| -2.32 |1.26E-03| -16.25 | 1.45E-03 | -3.95

0.1 1.65E-03|1.87E-03| 13.42 |1.55E-03| -6.40 |1.41E-03| -14.41 | 1.66E-03 | 0.36

0.15 |1.74E-03|1.83E-03| 5.25 |1.61E-03| -7.83 |1.51E-03| -13.21 | 1.74E-03 | -0.03

4 0.2 1.79E-03|1.82E-03| 1.72 |1.65E-03| -7.96 |1.58E-03| -11.90 | 1.78E-03 | -0.87
0.25 |1.82E-03|1.82E-03| -0.21 |1.68E-03| -7.84 |1.62E-03| -10.86 | 1.79E-03 | -1.81

0.3 1.78E-03|1.81E-03| 2.12 |1.70E-03| -4.37 |1.66E-03| -6.85 | 1.79E-03 | 0.77

0.35 |1.80E-03|1.81E-03| 0.95 |1.72E-03| -4.52 |1.68E-03| -6.53 |1.79E-03 | -0.49

0.4 1.80E-03|1.81E-03| 0.54 |1.73E-03| -4.19 |1.70E-03| -5.87 |1.78E-03 | -1.28

0.45 |1.82E-03|1.81E-03| -0.41 |1.74E-03| -4.55 |1.71E-03| -5.96 | 1.77E-03 | -2.82

0.5 1.80E-03|1.81E-03| 0.62 |1.74E-03| -3.12 |1.72E-03| -4.35 | 1.76E-03 | -2.40

0.01 |1.61E-04|3.62E-04| 124.53 |1.69E-04| 4.92 |1.21E-04| -24.81 | 1.28E-04 | -20.83

0.02  |1.60E-04|2.81E-04| 75.51 |1.67E-04| 4.15 |1.30E-04| -18.64 | 1.45E-04 | -9.45

0.05 |1.72E-04|2.20E-04| 27.58 |1.66E-04| -3.49 |1.44E-04| -16.31 | 1.70E-04 | -1.26

0.1 1.85E-04|2.00E-04| 8.53 |1.72E-04| -6.90 |1.59E-04| -14.02 | 1.86E-04 | 0.56

0.15 |1.93E-04|1.96E-04| 1.41 |1.77E-04| -8.43 |1.68E-04| -13.07 | 1.91E-04 | -1.46

45 0.2 1.94E-04|1.95E-04| 0.22 |1.81E-04| -7.00 |1.74E-04| -10.35 | 1.92E-04 | -1.15
i 0.25 |1.93E-04|1.94E-04| 0.89 |1.83E-04| -4.80 |1.78E-04| -7.37 |1.93E-04| -0.02
0.3 1.91E-04|1.94E-04| 1.57 |1.85E-04| -3.09 |1.81E-04| -5.12 |1.93E-04| 0.71

0.35 |1.91E-04|1.94E-04| 1.74 |1.87E-04| -2.17 |1.83E-04| -3.80 |1.92E-04| 0.65

0.4 1.95E-04|1.94E-04| -0.55 |1.88E-04| -3.81 |1.85E-04| -5.13 | 1.91E-04| -2.10

0.45 |1.92E-04|1.94E-04| 1.24 |1.88E-04| -1.66 |1.86E-04| -2.78 | 1.90E-04 | -1.05

0.5 1.93E-04|1.94E-04| 0.65 |1.89E-04| -1.89 |1.87E-04| -2.84 |1.88E-04| -2.20

0.01 |1.53E-05|3.04E-05] 99.11 |1.53E-05| 0.22 |1.11E-05| -27.46 | 1.21E-05| -20.84

0.02  |1.50E-05|2.36E-05| 57.34 |1.49E-05| -0.67 |1.18E-05| -21.54 | 1.35E-05| -10.28

0.05 |1.57E-05|1.85E-05| 17.71 |1.46E-05| -6.93 |1.28E-05| -18.40 | 1.52E-05 | -3.00

0.1 1.63E-05|1.69E-05| 3.22 |1.49E-05| -8.69 |1.39E-05| -14.91 | .61E-05| -1.66

0.15 |1.62E-05|1.65E-05| 2.12 |1.53E-05]| -5.61 |1.46E-05| -9.73 |1.62E-05| 0.47

5 0.2 1.64E-05|1.64E-05| 0.29 |1.55E-05| -5.17 |1.50E-05| -8.03 |1.63E-05| -0.46
0.25 |1.61E-05|1.64E-05| 1.31 |1.57E-05| -2.89 |1.53E-05| -5.04 |1.63E-05| 0.79

0.3 1.63E-05|1.63E-05| 0.25 |1.58E-05| -3.06 |1.55E-05| -4.69 | 1.63E-05| -0.30

0.35 |1.63E-05|1.63E-05| 0.11 |1.59E-05| -2.60 |1.57E-05| -3.89 |1.62E-05| -0.69

0.4 1.60E-05|1.63E-05| 1.89 |1.60E-05| -0.43 |1.58E-05| -1.49 |1.61E-05| 0.60

0.45 |1.60E-05|1.63E-05| 2.21 |1.60E-05| 0.21 |1.59E-05| -0.66 | 1.60E-05| 0.30

0.5 1.63E-05/1.63E-05| 0.38 |1.60E-05| -1.33 |1.59E-05| -2.05 | 1.60E-05 | -1.86

W% | 2827 | w% | 0673 | w% | -8.81 % | -3.58

O¢ o, 53.27 O¢ o, 8.93 O¢ o, 5.74 O¢ o, 7.57

Emax 70 | 240.73 | €max% | 28.78 | €max %0 1.55 Emax 70 2.71

Emin 0 | 123 | €min% | -932 | €min% | 2746 | £mn% | -30.25

gl % 28.39 gl % 6.58 gl % 8.86 gl % 4.09
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D.2.2 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.1 s

Table D.9 - Proposed #6 NM: Time-variant FPFP computed at # = 1.0s for linear elastic SDOF
system with 7'=0.1s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P € [%] cVM € [%] mVM e[%] | #6 NM | & [%]

0.01 |5.15E-01 | 8.88E-01| 72.41 | 6.71E-01 | 30.18 |5.88E-01| 14.16 |6.17E-01| 19.68

0.02 |8.17E-01 | 9.84E-01 | 20.54 | 9.01E-01 | 10.36 |847E-01| 3.72 |8.69E-01| 6.47

0.05 |9.76E-01 |9.98E-01 | 2.25 |9.86E-01| 1.04 |9.73E-01| -0.31 |9.84E-01| 0.80

0.1 |[1.00E+00|9.99E-01| -0.08 | 9.97E-01 | -0.26 |9.94E-01| -0.56 |9.98E-01| -0.18

0.15 |9.97E-01 |9.99E-01| 0.24 |9.99E-01| 0.21 |9.98E-01| 0.09 |1.00E+00| 0.26

0.2 |1.00E+00|9.99E-01 | -0.05 |1.00E+00| -0.05 [9.99E-01| -0.10 |1.00E+00| -0.01

= 0.25 |9.79E-01 |1.00E+00| 2.13 |1.00E+00| 2.15 |9.99E-01| 2.12 |1.00E+00| 2.18

0.3 [9.94E-01 |9.99E-01| 0.60 |1.00E+00| 0.64 |1.00E+00| 0.61 |1.00E+00| 0.65

0.35 |1.00E+00|9.99E-01| -0.05 |1.00E+00| -0.01 |1.00E+00| -0.03 |1.00E+00| 0.00

0.4 |[1.00E+00|9.99E-01| -0.06 |1.00E+00| -0.01 [1.00E+00| -0.03 |1.00E+00| 0.00

0.45 |1.00E+00|9.99E-01| -0.06 |1.00E+00| -0.01 |1.00E+00| -0.02 |1.00E+00| 0.00

0.5 |1.00E+00]|9.99E-01| -0.06 |1.00E+00| 0.00 |[1.00E+00| -0.01 |1.00E+00| 0.00

0.01 |1.82E-01|4.17E-01|129.44 | 2.45E-01 | 34.90 |2.02E-01 | 11.34 |2.33E-01| 28.54

0.02 |4.40E-01|7.73E-01 | 7549 |5.52E-01 | 2538 |4.81E-01| 9.27 |5.28E-01| 20.00

0.05 |8.22E-01|9.43E-01| 14.75 | 8.39E-01 | 2.03 |7.89E-01| -4.05 |8.34E-01| 1.39

0.1 [9.54E-01|9.78E-01| 2.48 |9.39E-01 | -1.56 |9.15E-01| -4.06 |9.45E-01| -0.90

0.15 |9.93E-01 |9.86E-01 | -0.63 |9.68E-01 | -2.46 |9.54E-01| -3.84 |9.76E-01| -1.64

0.2 [9.99E-01 |9.90E-01| -0.87 | 9.80E-01 | -1.84 |9.71E-01| -2.73 |9.88E-01| -1.03

2 0.25 |9.92E-01 |9.92E-01| -0.03 | 9.86E-01 | -0.57 |9.80E-01| -1.22 |9.94E-01| 0.19
0.3 ]9.99E-01 |9.93E-01| -0.66 | 9.90E-01 | -0.95 |9.85E-01| -1.44 |9.96E-01| -0.29
0.35 |1.00E+00|9.93E-01| -0.68 |9.92E-01 | -0.82 |9.88E-01| -1.22 |9.98E-01| -0.24
0.4 |1.00E+00|9.93E-01| -0.65 |9.93E-01 | -0.69 |9.90E-01| -1.02 |9.98E-01| -0.19
0.45 |1.00E+00|9.94E-01| -0.64 |9.94E-01| -0.60 |9.91E-01| -0.89 |9.98E-01| -0.16
0.5 |1.00E+00|{9.94E-01| -0.64 | 9.95E-01 | -0.53 |9.92E-01| -0.79 |9.98E-01| -0.15
0.01 |4.14E-02 |9.31E-02 | 124.83 | 5.36E-02 | 29.44 |4.37E-02| 5.44 |5.40E-02| 30.41
0.02 | 1.71E-01 | 3.40E-01 | 98.60 |2.10E-01 | 22.79 |1.76E-01| 3.18 |2.06E-01| 20.33
0.05 |4.85E-01|6.59E-01 | 35.96 |4.99E-01 | 2.93 |449E-01| -7.44 |5.02E-01| 3.54
0.1 |7.33E-01|8.16E-01| 11.35 | 7.03E-01 | -4.04 |6.62E-01| -9.74 |7.20E-01 | -1.71
0.15 |8.45E-01 |8.79E-01| 3.99 |8.00E-01| -5.32 |7.68E-01| -9.19 |827E-01| -2.11
)5 0.2 |9.17E-01 |9.11E-01 | -0.63 | 8.54E-01 | -6.79 |8.28E-01| -9.66 |8.88E-01| -3.14

0.25 |9.38E-01 |9.29E-01 | -0.89 |8.87E-01 | -5.36 |8.66E-01| -7.68 |9.24E-01| -1.40

0.3 [9.53E-01 |9.40E-01| -1.26 | 9.08E-01 | -4.63 |8.90E-01| -6.56 |9.45E-01| -0.74

0.35 |9.45E-01|9.48E-01| 0.30 |9.23E-01| -2.34 |9.07E-01| -4.04 |9.58E-01| 1.34

0.4 |9.67E-01 |9.53E-01| -1.49 | 9.33E-01 | -3.54 |9.18E-01| -5.02 |9.64E-01| -0.27

0.45 |9.75E-01 |9.56E-01 | -1.99 |9.40E-01 | -3.62 |9.27E-01| -4.95 |9.68E-01| -0.75

0.5 |9.76E-01 |9.58E-01| -1.81 | 9.45E-01 | -3.13 [9.33E-01| -4.35 |9.70E-01| -0.59
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |6.54E-03|1.30E-02 | 98.28 | 7.96E-03 | 21.77 |6.52E-03| -0.33 |8.47E-03| 29.45
0.02 |4.62E-02 | 8.76E-02 | 89.81 |5.44E-02 | 17.76 |4.54E-02| -1.69 |5.54E-02| 19.91
0.05 |1.97E-01|2.81E-01| 43.03 |2.00E-01 | 1.56 |1.76E-01| -10.33 |2.07E-01| 5.27
0.1 |3.96E-01|4.70E-01| 18.67 | 3.72E-01 | -5.89 |3.43E-01| -13.35 |3.93E-01| -0.71
0.15 |5.44E-01|5.90E-01| 8.34 |4.95E-01| -9.12 |4.64E-01| -14.67 |5.30E-01| -2.59
3 0.2 |6.32E-01|6.70E-01| 6.02 |5.82E-01 | -7.83 |5.53E-01| -12.45 |6.32E-01| 0.00
0.25 |7.06E-01|7.24E-01| 2.51 |6.46E-01| -8.62 |6.18E-01| -12.53 |7.06E-01| -0.10
0.3 |7.60E-01|7.62E-01| 0.33 | 6.92E-01 | -8.91 |6.66E-01| -12.33 |7.57E-01| -0.41
0.35 |7.91E-01|7.89E-01| -0.20 | 7.27E-01 | -8.12 |7.02E-01| -11.22 |7.91E-01| -0.05
0.4 |8.25E-01|8.09E-01| -1.91 |7.53E-01 | -8.72 |7.30E-01| -11.52 |8.12E-01 | -1.53
0.45 |8.18E-01|8.24E-01| 0.72 |7.73E-01 | -5.47 |7.51E-01| -8.15 |8.25E-01| 0.90
0.5 |8.50E-01|8.35E-01| -1.76 | 7.89E-01 | -7.16 |7.68E-01| -9.61 |8.33E-01| -1.91
0.01 |7.25E-04|1.28E-03 | 76.95 | 8.45E-04 | 16.64 |6.98E-04 | -3.64 |9.43E-04| 30.13
0.02 |9.32E-03 | 1.59E-02 | 70.19 | 1.04E-02 | 11.60 |8.73E-03| -6.33 |1.10E-02| 18.44
0.05 |5.72E-02 |7.94E-02 | 38.72 | 5.75E-02 | 0.46 |5.08E-02| -11.30 |6.17E-02| 7.75
0.1 1.54E-01 | 1.81E-01 | 17.53 | 1.42E-01 | -7.75 |1.30E-01| -15.45 |1.54E-01| 0.13
0.15 |2.47E-01|2.75E-01| 11.45 |2.25E-01 | -9.09 |2.09E-01| -15.26 |2.48E-01| 0.27
35 0.2 |3.41E-01|3.57E-01| 4.75 |2.98E-01 | -12.34 |2.81E-01 | -17.46 |3.34E-01| -2.02
’ 0.25 |4.13E-01 |4.23E-01| 2.61 |3.61E-01 |-12.44 |3.42E-01| -17.00 |4.07E-01| -1.33
0.3 |4.65E-01|4.77E-01 | 2.62 |4.13E-01 | -11.07 |3.94E-01 | -15.27 |4.65E-01 | 0.13
0.35 |5.07E-01 |5.20E-01| 2.40 |4.56E-01 | -10.14 |4.36E-01| -14.06 |5.09E-01| 0.36
0.4 |5.42E-01|5.54E-01| 2.05 |4.91E-01| -9.50 |4.71E-01| -13.18 |5.40E-01| -0.40
0.45 |5.72E-01 |5.81E-01| 1.47 |S5.19E-01 | -9.21 |5.00E-01| -12.69 |5.61E-01| -2.05
0.5 |6.16E-01|6.02E-01 | -2.22 | 5.43E-01 | -11.85 | 5.23E-01 | -15.05 |5.74E-01| -6.79
0.01 |5.59E-05|9.26E-05| 65.64 | 6.49E-05 | 16.05 |5.42E-05| -3.14 |7.53E-05| 34.72
0.02 |1.45E-03|2.19E-03 | 51.44 | 1.53E-03 | 5.35 |1.29E-03| -10.80 |1.68E-03| 16.01
0.05 |1.34E-02|1.68E-02 | 25.32 | 1.27E-02 | -5.00 |1.13E-02| -15.52 |1.40E-02| 4.70
0.1 |4.58E-02|5.13E-02| 11.88 | 4.14E-02 | -9.64 |3.81E-02| -16.82 |4.57E-02| -0.29
0.15 |8.79E-02 |9.49E-02 | 7.92 |7.86E-02 | -10.64 |7.34E-02| -16.54 |8.77E-02| -0.29
4 0.2 |1.32E-01|1.42E-01| 6.90 |1.19E-01 | -10.16 |1.12E-01| -15.39 |1.34E-01| 1.18
0.25 |1.76E-01|1.87E-01| 5.97 | 1.59E-01| -9.95 |1.50E-01| -14.72 |1.80E-01| 1.91
0.3 |2.18E-01|2.28E-01| 4.71 |1.96E-01 | -10.21 | 1.86E-01 | -14.62 |2.21E-01| 1.24
0.35 |2.51E-01|2.65E-01| 5.54 |2.29E-01| -8.80 |2.18E-01| -13.01 |2.55E-01| 1.58
04 |2.86E-01|2.97E-01| 3.66 |2.58E-01| -9.82 |2.47E-01| -13.77 |2.81E-01| -1.73
0.45 |3.15E-01|3.24E-01| 2.84 |2.84E-01| -9.99 |2.72E-01| -13.75 |3.00E-01| -4.88
0.5 |3.38E-01|3.47E-01| 2.86 |3.06E-01| -9.48 |2.93E-01| -13.11 |3.13E-01| -7.29
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¢ ¢ ISEE p e[%] | cVM | £[%] | mVM | £[%] | #6NM | &[%]
0.01 [3.19E-06]4.91E-06 | 53.90 [3.62E-06] 13.48 [3.05E-06] -4.31 [4.32E-06] 35.39
0.02 |1.68E-04|2.37E-04| 41.20 [1.74E-04| 3.44 |1.49E-04| -11.59 |1.97E-04| 16.95
0.05 |2.44E-03]2.83E-03| 16.26 [2.25E-03| -7.78 |2.02E-03| -17.25 |2.52E-03| 3.26

0.1 |1.07E-02| 1.16E-02| 8.88 [9.72E-03] -8.79 [9.02E-03| -15.41 |1.08E-02| 1.06
0.15 [2.44E-02]2.61E-02| 6.73 [2.23E-02| -8.97 |2.09E-02| -14.48 [2.48E-02] 1.30
45|02 |4.17E-02[4.48E-02] 7.53 [3.86E-02] -7.46 |3.65E-02] -12.45 [431E-02[ 3.40
1 025 [6.276-02]6.59E-02] 4.98 [5.70E-02] -9.14 [5.42E-02| -13.65 |6.38E-02] 1.65
0.3 |8.37E-02|8.75E-02| 4.53 [7.61E-02] -9.14 |7.25E-02] -13.37 |8.46E-02| 0.99
0.35 |1.01E-01|1.09E-01| 7.39 [9.48E-02| -631 |9.06E-02| -10.45 |1.04E-01| 2.48

0.4 |1.23E-01|1.29E-01| 4.85 |[1.13E-01| -8.24 [1.08E-01| -12.12 |1.20E-01| -2.42
045 |1.39E-01|1.47E-01| 5.67 |1.29E-01| -7.24 |1.24E-01| -11.02 | 1.32E-01| -5.19

0.5 |1.58E-01|1.63E-01| 3.32 |1.44E-01| -9.04 |1.38E-01] -12.62 | 1.42E-01] -10.49
0.01 |1.27E-07| 1.90E-07| 49.83 |1.46E-07| 1532 |1.25E-07| -1.77 |1.77E-07| 39.37
0.02 |1.50E-05|2.02E-05| 34.95 [1.55E-05] 3.29 |1.33E-05| -10.90 |1.77E-05| 18.23
0.05 |3.44E-04|3.88E-04| 12.86 |3.20E-04| -6.95 |2.90E-04| -15.76 |3.61E-04| 4.76

0.1 |2.01E-03|2.17E-03| 7.81 |1.88E-03| -6.67 |1.76E-03| -12.78 |2.07E-03| 2.95
0.15 |5.59E-03]5.99E-03| 7.09 [5.26E-03] -5.92 [4.97E-03| -11.03 [5.79E-03| 3.62

s |02 [LI2E-02[1.19E-02| 590 |1.0SE-02| -6.39 |1.00E-02| -10.92 [1.16E-02] 3.14
025 |1.85B-02|1.95E-02] 5.86 |[1.73E-02] -6.12 |1.66E-02| -10.32 |1.91E-02| 3.32

0.3 |2.64E-02|2.836-02| 7.02 [2.51E-02] -4.90 [2.41E-02| -8.91 [2.75E-02] 3.86
0.35 |3.62E-023.76E-02| 3.84 [3.35E-02] -7.59 |3.21E-02| -11.31 |3.60E-02| -0.80

0.4 |446E-02|4.71E-02| 5.60 |420E-02] -5.91 |4.03E-02| 9.55 |4.37E-02] -1.99
045 |5.38E-02]5.64E-02] 4.71 [5.03E-02] -6.60 |4.84E-02| -10.10 |5.03E-02] -6.53

0.5 |6.26E-02]6.52E-02] 4.24 |5.82E-02] -6.92 |5.61E-02] -10.30 |5.64E-02] 9.78
% | 1650 w% | 1702 | w% | 781 | w% | 3.84

6.0, | 28.88 | o0 | 1009 | o, 6.86 6.0 | 10.09

Eomx % | 12944 | £20% | 3490 | £nu% | 14.16 | eam% | 39.37

ean% | 222 | enn% | -12.44 | £nin% | -17.46 | €mn% | -10.49

we % | 1690 | wy% | 7.72 | pg% | 885 | wy% | 5.65
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D.2.3 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.5s

Table D.10 - Proposed #6 NM: Time-variant FPFP computed at # = 5.0s for linear elastic SDOF

system with 7" = 0.5s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P € [%] cVM € [%] mVM e[%] | #6 NM | ¢ [%]
0.01 |3.86E-01|8.41E-01|117.86|4.93E-01 | 27.68 |3.91E-01| 1.27 |3.28E-01| -15.13
0.02 |6.72E-01|9.71E-01 | 44.52 | 7.61E-01 | 13.31 |6.56E-01| -2.30 |5.90E-01| -12.14
0.05 |9.15E-01|9.95E-01| 8.69 |9.30E-01| 1.68 |8.77E-01| -4.10 |8.83E-01| -3.47
0.1 |9.83E-01|9.97E-01| 1.45 |9.74E-01 | -0.85 |9.53E-01 | -3.04 |9.75E-01| -0.76
0.15 |9.95E-01|9.97E-01| 0.28 |9.85E-01 | -0.92 |9.74E-01| -2.09 |9.91E-01| -0.36
15 0.2 |1.00E+00|9.97E-01 | -0.26 |9.90E-01 | -1.02 |9.82E-01 | -1.76 |9.95E-01| -0.46
’ 0.25 |9.96E-01|9.97E-01| 0.11 |9.92E-01 | -0.43 |9.87E-01| -0.96 |9.97E-01| 0.08
0.3 |9.88E-01|9.97E-01 | 0.89 |9.93E-01 | 0.47 [9.89E-01| 0.07 |[9.98E-01| 0.95
0.35 |1.00E+00|9.97E-01| -0.29 | 9.94E-01 | -0.61 |9.91E-01| -0.94 |9.98E-01| -0.19
0.4 |9.93E-01|9.97E-01 | 0.37 |9.94E-01 | 0.12 |9.92E-01| -0.16 |9.98E-01| 0.50
0.45 |9.88E-01|9.97E-01| 0.87 |9.95E-01| 0.66 |9.92E-01| 042 |9.98E-01| 1.01
0.5 |9.95E-01|9.96E-01 | 0.15 |9.95E-01 | -0.02 [9.93E-01 | -0.24 |9.98E-01| 0.30
0.01 |1.16E-01|3.34E-01|187.19 | 1.47E-01 | 26.45 |1.10E-01| -5.37 |9.03E-02| -22.43
0.02 |3.07E-01|6.75E-01|119.68 | 3.68E-01 | 19.86 |2.91E-01| -5.21 |2.45E-01| -20.22
0.05 |5.96E-01|8.61E-01| 44.57 | 6.29E-01 | 5.52 |5.46E-01| -8.39 |5.37E-01| -9.89
0.1 |7.51E-01|8.97E-01 | 19.41 | 7.49E-01 | -0.19 |6.90E-01 | -8.16 |7.37E-01| -1.86
0.15 |8.15E-01{9.03E-01| 10.82 | 7.94E-01 | -2.48 |7.49E-01| -8.03 |8.16E-01| 0.18
) 0.2 |8.73E-01 |9.03E-01 | 3.43 |8.17E-01 | -6.46 |7.80E-01| -10.59 |8.54E-01| -2.15
0.25 |8.71E-01|9.01E-01| 3.43 |8.28E-01| -4.86 |7.99E-01| -8.29 |8.74E-01| 0.33
0.3 |8.83E-01 |8.97E-01| 1.61 |8.35E-01| -5.44 |8.09E-01| -8.35 |8.83E-01| -0.02
0.35 |8.88E-01|8.93E-01| 0.55 |8.38E-01| -5.65 |8.16E-01| -8.17 |8.86E-01| -0.30
0.4 |9.04E-01 |8.89E-01| -1.75 | 8.39E-01 | -7.21 |8.19E-01| -9.42 |8.84E-01| -2.23
0.45 |9.01E-01|8.84E-01| -1.90 |8.39E-01 | -6.89 |8.21E-01| -8.90 |8.80E-01| -2.30
0.5 |8.87E-01 |8.78E-01| -1.01 |8.37E-01| -5.66 |8.21E-01| -7.52 |8.75E-01| -1.44
0.01 |2.36E-02|6.29E-02 | 166.63 | 2.77E-02 | 17.53 |2.05E-02 | -13.00 |1.72E-02 | -26.94
0.02 |9.62E-02 | 2.40E-01 | 149.22 | 1.14E-01 | 18.32 |8.71E-02 | -9.42 |7.28E-02 | -24.38
0.05 |2.49E-01 |4.43E-01| 78.01 |2.67E-01 | 7.36 |2.22E-01| -11.00 |2.18E-01| -12.38
0.1 |3.62E-01 |5.00E-01 | 38.16 |3.57E-01 | -1.34 |3.15E-01 | -12.95 |3.50E-01 | -3.14
0.15 |4.21E-01|5.08E-01| 20.64 |3.92E-01 | -6.82 |3.57E-01| -15.22 |4.15E-01| -1.30
)5 0.2 |4.39E-01 | 5.05E-01 | 15.07 | 4.09E-01 | -6.88 |3.79E-01 | -13.68 |4.49E-01 | 2.28
’ 0.25 |4.66E-01 |4.98E-01| 7.04 |4.16E-01 | -10.63 |3.91E-01 | -16.11 |4.64E-01| -0.31
0.3 |4.69E-01 |4.90E-01 | 4.55 |4.18E-01 | -10.72 |3.96E-01 | -15.42 |4.68E-01 | -0.10
0.35 |4.69E-01 |4.81E-01| 2.37 |4.17E-01 | -11.07 |3.98E-01 | -15.18 |4.65E-01| -0.93
0.4 |4.60E-01 |4.71E-01 | 2.32 |4.14E-01 | -991 |3.97E-01 | -13.61 |4.58E-01| -0.54
0.45 |4.58E-01|4.61E-01| 0.50 |4.10E-01 | -10.55 |3.95E-01 | -13.85 |4.48E-01| -2.36
0.5 |4.53E-01 |4.51E-01| -0.55 | 4.05E-01 | -10.69 |3.91E-01 | -13.68 |4.37E-01 | -3.57
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |3.30E-03|7.43E-03 | 125.12 | 3.56E-03 | 8.00 |2.65E-03| -19.67 |2.36E-03| -28.50
0.02 |2.18E-02|5.01E-02 | 129.96 | 2.45E-02 | 12.65 |1.87E-02| -14.09 |1.63E-02| -25.02
0.05 |7.21E-02|1.26E-01| 75.42 | 7.50E-02 | 4.08 |6.16E-02| -14.60 |6.32E-02| -12.36
0.1 1.13E-01 | 1.51E-01| 34.30 | 1.06E-01 | -5.81 |9.27E-02| -17.65 |1.08E-01| -4.36
0.15 |1.28E-01|1.54E-01| 19.74 | 1.17E-01 | -8.73 |1.06E-01| -17.53 |1.28E-01| -0.13
3 0.2 |1.36E-01|1.51E-01| 10.75 | 1.21E-01 | -11.20 | 1.12E-01 | -18.10 | 1.36E-01| 0.07
0.25 |1.38E-01|1.46E-01| 6.06 |1.22E-01|-11.98 |1.14E-01| -17.67 |1.38E-01| -0.17
0.3 |1.37E-01|1.41E-01| 3.57 |1.20E-01 | -11.86 | 1.14E-01| -16.70 | 1.36E-01 | -0.58
0.35 |1.32E-01|1.36E-01| 3.54 |1.18E-01 | -10.19 |1.13E-01| -14.45 |1.32E-01| 0.17
0.4 |1.29E-01|1.31E-01| 1.50 |1.15E-01]-10.62 |1.11E-01| -14.35 |1.27E-01| -1.74
0.45 |1.23E-01|1.26E-01| 2.65 |1.12E-01 | -8.51 |1.08E-01| -11.89 |1.21E-01| -1.01
0.5 |1.21E-01|1.21E-01| 0.01 |1.09E-01| -9.97 |1.05E-01| -12.94 |1.16E-01| -4.01
0.01 |3.11E-04|6.14E-04 | 97.41 |3.21E-04 | 3.31 |2.41E-04| -22.50 |2.32E-04| -25.48
0.02 |3.68E-03|7.37E-03 | 100.01 | 3.89E-03 | 5.65 |2.99E-03| -18.93 |2.81E-03| -23.80
0.05 |1.50E-02|2.40E-02 | 60.31 | 1.51E-02 | 0.71 |1.25E-02| -16.90 |1.36E-02| -9.35
0.1 |2.35E-02|2.97E-02| 26.19 | 2.18E-02 | -7.20 | 1.92E-02| -18.34 |2.31E-02| -1.72
0.15 |2.62E-02 |2.99E-02 | 13.84 |2.37E-02 | -9.49 |2.16E-02| -17.66 |2.65E-02| 1.00
35 0.2 |2.71E-02 |2.89E-02| 6.44 |2.40E-02 | -11.32 |2.23E-02| -17.65 |2.71E-02| 0.03
’ 0.25 |2.65E-02|2.75E-02| 3.88 |2.37E-02 | -10.69 |2.23E-02| -15.90 |2.65E-02| 0.14
0.3 |2.51E-02|2.61E-02| 3.85 |2.29E-02 | -8.67 |2.18E-02| -13.12 |2.54E-02| 1.14
0.35 |2.46E-02 |247E-02| 0.43 |2.21E-02|-10.16 |2.11E-02| -13.89 |2.41E-02| -1.99
0.4 |2.29E-02|2.33E-02| 1.72 |2.11E-02| -7.79 |2.04E-02| -11.10 |2.27E-02| -1.04
0.45 |2.16E-02 |2.20E-02 | 2.24 |2.02E-02 | -6.33 |1.96E-02| -9.27 |2.13E-02| -1.24
0.5 |2.07E-02|2.08E-02| 0.54 |1.93E-02 | -7.10 |1.87E-02| -9.68 |2.00E-02| -3.62
0.01 |2.04E-05|3.63E-05| 77.85 | 2.05E-05| 0.38 |1.55E-05| -23.96 |1.61E-05| -20.84
0.02 |4.55E-04|8.17E-04 | 79.78 | 4.65E-04 | 2.27 |3.60E-04| -20.83 |3.66E-04| -19.39
0.05 |2.43E-03 |3.40E-03 | 39.86 | 2.28E-03 | -6.15 |1.90E-03 | -21.77 |2.20E-03| -9.58
0.1 |3.72E-03 |4.28E-03 | 14.98 | 3.32E-03 | -10.71 | 2.96E-03 | -20.60 |3.63E-03| -2.53
0.15 |3.93E-03 |4.25E-03 | 8.14 |3.54E-03 | -9.92 |3.25E-03| -17.23 |3.96E-03| 0.85
4 0.2 |3.89E-03|4.03E-03| 3.67 |3.50E-03 | -10.02 |3.28E-03 | -15.67 |3.90E-03| 0.21
0.25 |3.71E-03 |3.77E-03 | 1.56 |3.36E-03 | -9.45 |3.19E-03| -14.01 |3.69E-03| -0.51
0.3 |3.44E-03|3.50E-03| 1.78 |3.18E-03 | -7.51 |3.05E-03| -11.33 |3.44E-03| 0.10
0.35 |3.27E-03|3.25E-03 | -0.83 |2.99E-03 | -8.60 |2.89E-03| -11.76 |3.19E-03| -2.60
04 |2.99E-03|3.01E-03| 0.61 |2.81E-03| -6.26 |2.72E-03| -9.02 |2.94E-03| -1.78
0.45 |2.80E-03|2.80E-03| -0.05 |2.63E-03 | -6.08 |2.56E-03| -8.47 |2.70E-03| -3.42
0.5 |2.54E-03|2.60E-03| 2.22 |246E-03 | -3.29 |2.41E-03| -543 |2.49E-03| -2.23
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |9.72E-07 | 1.53E-06 | 57.66 | 9.23E-07 | -5.05 |7.06E-07 | -27.35 |7.83E-07 | -19.48

0.02 |4.25E-05|6.93E-05| 62.99 |4.21E-05| -1.08 |3.29E-05| -22.70 |3.57E-05| -16.05

0.05 |2.83E-04|3.72E-04 | 31.27 | 2.65E-04 | -6.66 |2.23E-04| -21.34 |2.68E-04| -5.38

0.1 |4.36E-04|4.74E-04| 8.72 |3.85E-04 | -11.56 | 3.46E-04 | -20.51 |4.26E-04| -2.14

0.15 |4.41E-04 |4.62E-04| 4.78 |4.00E-04 | -9.29 |3.71E-04| -15.83 |4.44E-04| 0.74

45 0.2 |4.21E-04|4.29E-04| 1.80 |3.85E-04 | -8.70 |3.64E-04| -13.67 |4.21E-04| -0.06
’ 0.25 |3.87E-04 |3.92E-04| 1.17 |3.59E-04 | -7.18 |3.44E-04| -11.15 |3.87E-04| -0.03
0.3 |3.53E-04|3.56E-04| 0.93 |3.32E-04 | -5.94 |3.20E-04| -9.19 |3.52E-04| -0.20

0.35 |3.16E-04 |3.23E-04| 2.24 |3.04E-04 | -3.62 |2.96E-04| -6.36 |3.18E-04| 0.76

0.4 |2.86E-04|2.93E-04| 2.49 |2.79E-04 | -2.54 |2.72E-04| -4.87 |2.87E-04| 0.20

0.45 |2.61E-04|2.67E-04| 2.31 |2.56E-04 | -2.06 |2.50E-04| -4.05 |2.58E-04| -1.21

0.5 |2.42E-04|2.44E-04| 0.67 |2.35E-04 | -3.12 |2.30E-04| -4.81 |2.33E-04| -3.88
0.01 |3.12E-08 |4.62E-08 | 47.95 | 2.94E-08 | -5.76 |2.28E-08| -27.17 |2.59E-08 | -17.07

0.02 |3.04E-06 |4.50E-06 | 48.23 | 2.89E-06 | -4.87 |2.28E-06| -24.94 |2.55E-06| -16.01

0.05 |2.61E-05|3.16E-05| 20.93 | 2.36E-05 | -9.71 |2.01E-05| -23.10 |2.45E-05| -6.12

0.1 |3.83E-05|4.06E-05| 5.80 |3.43E-05]-10.65 |3.11E-05| -18.88 |3.79E-05| -1.20

0.15 |3.76E-05|3.87E-05| 2.90 |3.46E-05| -8.19 |3.24E-05| -14.05 |3.79E-05| 0.61

5 0.2 |3.52E-05|3.51E-05| -0.34 | 3.23E-05| -8.34 |3.07E-05| -12.65 |3.47E-05| -1.35
0.25 |3.10E-05|3.12E-05| 0.73 |2.93E-05| -5.58 |2.82E-05| -8.99 |3.10E-05| 0.02

0.3 |2.72E-05|2.77E-05| 1.78 |2.63E-05| -3.37 |2.55E-05| -6.13 |2.74E-05| 1.00

0.35 |2.41E-05|2.45E-05| 1.61 |2.35E-05| -2.64 |2.29E-05| -4.90 |2.42E-05| 0.44

04 |2.17E-05|2.17E-05| 0.12 |2.10E-05| -3.41 |2.06E-05| -5.26 |2.13E-05| -1.83

0.45 |191E-05|1.93E-05| 1.05 |1.88E-05| -2.00 |1.85E-05| -3.57 |1.87E-05| -2.05

0.5 |1.69E-05|1.73E-05| 2.32 | 1.68E-05| -0.36 |1.66E-05| -1.71 |1.66E-05| -1.57

Ue %o 24.10 U % -3.423 U % -11.89 Ue %o -4.82

(% 41.33 (7 8.08 (o7 6.81 (% 7.87

€max 70 | 187.19| €nx% | 27.68 | €max %0 1.27 €max Y0 2.28
€nin% | <190 | €min% | -11.98 | €mn% | 2735 | &€mn% | -28.50

We Y% | 24.25 W %o 7.09 W Yo 11.92 Mgl 70 5.09
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D.2.4 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 1.0s

Table D.11 - Proposed #6 NM: Time-variant FPFP computed at # = 10s for linear elastic SDOF
system with 7'=1.0s subjected to KT base excitation from at-rest initial conditions.

¢ & ISEE P € [%] cVM € [%] mVM e[%] | #6 NM | ¢ [%]

0.01 |4.03E-01 | 8.45E-01 | 109.56 | 5.35E-01 | 32.74 |4.38E-01| 8.67 |3.99E-01| -1.00

0.02 |6.91E-01 |9.72E-01 | 40.68 | 8.02E-01 | 15.99 |7.11E-01| 2.92 |6.77E-01| -2.03

0.05 |9.18E-01 |9.95E-01| 8.37 |9.51E-01| 3.58 [9.13E-01| -0.52 |9.22E-01| 0.42

0.1 [9.89E-01|9.97E-01| 0.81 |9.85E-01 | -0.48 |9.72E-01| -1.76 |9.86E-01| -0.39

0.15 |1.00E+00|9.98E-01| -0.20 |9.92E-01 | -0.77 |9.86E-01| -1.36 |9.95E-01| -0.48

0.2 [9.93E-01 |9.98E-01| 0.49 |9.95E-01 | 0.19 [9.92E-01| -0.15 |9.98E-01| 0.45

= 0.25 |1.00E+00|9.98E-01| -0.16 |9.97E-01| -0.34 |9.95E-01| -0.55 |9.99E-01| -0.13
0.3 |1.00E+00|9.98E-01| -0.16 | 9.97E-01 | -0.26 |9.96E-01| -0.40 |9.99E-01 | -0.09
0.35 |9.94E-01 |9.98E-01| 0.50 |9.98E-01| 0.44 |997E-01| 0.34 |9.99E-01| 0.58
04 |[1.00E+00|9.99E-01| -0.15 | 9.98E-01 | -0.17 |9.97E-01| -0.26 |9.99E-01 | -0.06
0.45 |1.00E+00|9.99E-01| -0.15 |9.98E-01 | -0.15 |9.98E-01| -0.22 |9.99E-01| -0.06
0.5 |1.00E+00|9.99E-01| -0.15 | 9.99E-01 | -0.14 |9.98E-01| -0.19 |9.99E-01| -0.06
0.01 |1.22E-01|3.40E-01|179.36 | 1.65E-01 | 35.31 |1.27E-01| 4.52 |1.17E-01| -3.97
0.02 |3.15E-01 | 6.82E-01 | 116.81 | 4.05E-01 | 28.62 |3.30E-01 | 4.94 |3.05E-01| -3.06
0.05 |6.24E-01 |8.70E-01 | 39.44 | 6.75E-01 | 8.22 |6.02E-01| -3.47 |6.03E-01| -3.25
0.1 |7.91E-01]9.09E-01| 14.91 |7.96E-01 | 0.66 |7.48E-01| -5.37 |7.89E-01| -0.29
0.15 |8.62E-01 |9.19E-01| 6.62 |8.42E-01| -2.32 |8.09E-01| -6.21 |8.59E-01| -0.37
) 0.2 |8.98E-01|9.24E-01| 2.95 |8.67E-01 | -3.45 |8.42E-01| -6.26 |8.93E-01| -0.49

0.25 |9.26E-01 |9.27E-01| 0.16 |8.82E-01| -4.70 |8.62E-01| -6.86 |9.12E-01| -1.45

0.3 [9.22E-019.29E-01| 0.71 |8.92E-01 | -3.25 |8.76E-01| -5.02 |9.23E-01| 0.07

0.35 |9.37E-01 |9.30E-01| -0.81 |8.99E-01 | -4.05 |8.85E-01| -5.52 |9.29E-01| -0.92

0.4 |9.12E-01 |9.30E-01| 1.97 [9.04E-01 | -0.85 |8.93E-01| -2.14 |9.31E-01| 2.11

0.45 |9.31E-01|9.30E-01| -0.03 |9.08E-01 | -2.40 |8.98E-01| -3.52 |9.32E-01| 0.19

0.5 [9.28E-01]9.30E-01| 0.20 |9.11E-01 | -1.86 |9.02E-01| -2.85 |9.32E-01| 0.44

0.01 |2.45E-02|6.45E-02 | 163.20 | 3.13E-02 | 27.63 |2.39E-02| -2.44 |2.27E-02| -7.25

0.02 |9.72E-02 | 2.45E-01 | 152.43 | 1.28E-01 | 31.40 |1.01E-01| 3.80 |9.37E-02| -3.66

0.05 |2.58E-01 |4.58E-01| 77.19 | 2.98E-01 | 15.54 |2.55E-01| -1.39 |2.56E-01| -0.74

0.1 |[3.98E-01|5.27E-01| 32.34 | 4.02E-01 | 0.84 |3.64E-01| -8.77 |3.98E-01 | -0.21

0.15 |4.64E-01 | 5.49E-01 | 18.24 |4.49E-01 | -3.30 |4.17E-01| -10.05 |4.70E-01 | 1.23

)5 0.2 |5.09E-01 |5.59E-01| 9.83 |4.76E-01 | -6.41 |4.50E-01| -11.51 |5.11E-01| 0.44

0.25 |5.36E-01 |5.64E-01 | 5.21 |4.94E-01 | -7.88 |4.72E-01 | -11.96 |5.35E-01 | -0.20

0.3 |5.54E-01 |5.68E-01| 2.52 |5.07E-01 | -8.49 |4.88E-01| -11.89 |5.49E-01 | -0.77

0.35 |5.68E-01|5.69E-01| 0.28 |S5.16E-01 | -9.20 |4.99E-01| -12.09 |5.57E-01| -1.94

0.4 |5.72E-01 |5.70E-01| -0.33 | 5.22E-01 | -8.74 |5.08E-01| -11.28 |5.60E-01| -2.13

045 |5.64E-01 |5.70E-01| 1.21 |S5.27E-01 | -6.52 |5.14E-01| -8.82 |5.60E-01 | -0.59

0.5 |5.73E-01 |5.70E-01| -0.55 | 5.30E-01 | -7.49 |5.19E-01| -9.53 |5.59E-01| -2.43
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |3.45E-03|7.69E-03 | 122.87 | 4.04E-03 | 17.15 |3.10E-03| -9.96 |3.12E-03| -9.66
0.02 |2.27E-02|5.18E-02 | 128.11 | 2.78E-02 | 22.29 |2.19E-02| -3.72 |2.11E-02| -7.07
0.05 |7.91E-02|1.34E-01| 69.19 | 8.58E-02 | 8.50 |7.25E-02| -8.31 |7.54E-02| -4.62
0.1 1.29E-01|1.67E-01| 29.51 | 1.25E-01 | -3.31 |1.12E-01| -13.29 |1.27E-01| -1.76
0.15 |1.51E-01|1.78E-01| 18.04 | 1.43E-01 | -5.18 |1.32E-01| -12.40 |1.54E-01| 1.88
3 0.2 |1.67E-01|1.83E-01| 9.39 | 1.53E-01 | -8.23 |1.44E-01| -13.70 | 1.68E-01| 0.62
0.25 |1.76E-01|1.86E-01| 5.43 |1.60E-01 | -8.97 |1.52E-01| -13.38 |1.76E-01| 0.18
0.3 |1.83E-01|1.87E-01| 2.24 | 1.65E-01 | -9.89 |1.58E-01| -13.53 | 1.81E-01| -1.28
0.35 |1.84E-01|1.88E-01| 1.89 |1.68E-01 | -8.82 |1.62E-01| -11.96 |1.83E-01| -0.96
0.4 |1.86E-01|1.88E-01| 1.06 |1.70E-01 | -8.48 |1.65E-01| -11.21 |1.83E-01| -1.67
0.45 |1.89E-01|1.88E-01| -0.63 | 1.72E-01 | -9.16 |1.67E-01| -11.54 |1.82E-01| -3.57
0.5 |1.84E-01|1.87E-01| 2.00 |1.73E-01| -6.05 |1.69E-01| -8.24 |1.81E-01| -1.37
0.01 |3.35E-04 |6.42E-04 | 91.53 | 3.66E-04 | 9.31 |2.84E-04| -15.22 |3.04E-04| -9.22
0.02 |3.91E-03|7.71E-03 | 97.18 | 4.44E-03 | 13.50 |3.52E-03| -10.04 |3.60E-03 | -7.88
0.05 |1.71E-02|2.60E-02 | 52.24 | 1.76E-02 | 2.85 |1.49E-02| -12.58 |1.63E-02| -4.66
0.1 |2.79E-02|3.43E-02| 23.01 | 2.67E-02 | -4.34 |2.41E-02| -13.70 |2.80E-02| 0.39
0.15 |3.32E-02 |3.69E-02 | 11.07 | 3.07E-02 | -7.64 |2.85E-02 | -14.18 |3.35E-02| 0.65
35 0.2 |3.58E-02|3.81E-02| 6.44 |3.29E-02 | -7.97 |3.11E-02| -12.97 |3.61E-02| 0.95
’ 0.25 |3.75E-02 |3.87E-02 | 3.28 |3.43E-02 | -8.39 |3.28E-02| -12.37 |3.74E-02| -0.05
0.3 |3.77E-02 |3.90E-02 | 3.43 |3.52E-02 | -6.60 |3.39E-02| -9.94 |3.80E-02| 0.94
0.35 |3.89E-02 |3.91E-02 | 0.54 |3.58E-02 | -8.00 |3.47E-02| -10.76 |3.82E-02| -1.68
0.4 |3.81E-02|3.91E-02| 2.71 |3.61E-02 | -5.06 |3.52E-02| -7.50 |3.81E-02| 0.21
0.45 |3.83E-02|3.90E-02| 1.76 |3.63E-02 | -5.19 |3.55E-02| -7.31 |3.79E-02| -1.24
0.5 |3.85E-02|3.88E-02| 0.81 |3.64E-02 | -5.47 |3.57E-02| -7.33 |3.75E-02| -2.71
0.01 |2.25E-05|3.84E-05| 70.21 | 2.35E-05| 4.29 |1.84E-05| -18.29 |2.10E-05| -6.78
0.02 |5.02E-04 | 8.65E-04 | 72.39 | 5.34E-04 | 6.38 |4.27E-04| -14.91 |4.65E-04| -7.32
0.05 |2.74E-03 |3.77E-03 | 37.59 |2.70E-03 | -1.27 |2.32E-03| -15.23 |2.65E-03| -3.41
0.1 |4.48E-03|5.18E-03 | 15.61 |4.22E-03 | -5.67 |3.85E-03 | -14.06 |4.53E-03| 1.23
0.15 |5.23E-03 |5.61E-03| 7.31 |4.86E-03 | -7.12 |4.55E-03| -12.92 |5.30E-03| 1.31
4 0.2 |5.51E-03|5.80E-03| 5.16 |5.19E-03 | -5.89 |4.94E-03| -10.30 |5.63E-03| 2.10
0.25 |5.66E-03 |5.88E-03 | 3.88 |5.38E-03 | -5.03 |5.18E-03| -8.52 |5.77E-03| 1.94
0.3 |5.82E-03|5.92E-03| 1.59 |5.49E-03 | -5.74 |5.33E-03| -8.54 |5.83E-03| 0.03
0.35 |5.89E-03 |5.92E-03| 0.60 |5.56E-03 | -5.66 |5.42E-03| -7.98 |5.83E-03| -1.04
04 |5.81E-03|5.91E-03| 1.68 |5.59E-03 | -3.87 |5.47E-03| -5.86 |5.79E-03| -0.41
0.45 |5.81E-03|5.89E-03| 1.31 |5.60E-03 | -3.62 |5.50E-03| -5.33 |5.72E-03| -1.50
0.5 |5.81E-03|5.85E-03| 0.66 |5.59E-03 | -3.76 |5.50E-03| -5.24 |5.64E-03| -2.83
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |1.06E-06|1.64E-06| 54.96 | 1.07E-06 | 0.87 |8.45E-07| -20.14 |1.01E-06| -4.42
0.02 |4.67E-05|7.44E-05| 59.24 |4.87E-05| 4.37 |3.94E-05| -15.69 |4.50E-05| -3.68
0.05 |3.31E-04 |4.22E-04 | 27.76 |3.19E-04 | -3.37 |2.77E-04| -16.15 |3.25E-04| -1.66

0.1 |5.49E-04|6.01E-04| 9.43 |5.11E-04 | -7.00 |4.70E-04 | -14.44 |5.53E-04| 0.66

0.15 |6.44E-04 |6.55E-04| 1.78 |5.86E-04 | -8.95 |5.54E-04| -13.91 |6.34E-04| -1.46

45 0.2 |6.69E-04|6.77E-04| 1.22 | 6.23E-04 | -6.87 |5.98E-04| -10.57 |6.66E-04| -0.39
’ 0.25 |6.85E-04|6.86E-04| 0.10 |6.42E-04 | -6.27 |6.23E-04| -9.13 |6.79E-04| -1.00
0.3 |6.92E-04|6.89E-04 | -0.50 | 6.52E-04 | -5.72 |6.37E-04| -8.00 |6.82E-04| -1.52

0.35 |6.82E-04 |6.88E-04| 0.76 |6.57E-04 | -3.71 |6.44E-04| -5.60 |6.79E-04| -0.51

0.4 |6.82E-04|6.84E-04| 0.41 |6.58E-04 | -3.44 |6.47E-04| -5.02 |6.72E-04| -1.41

0.45 |6.83E-04 |6.80E-04 | -0.43 | 6.57E-04 | -3.79 |6.48E-04| -5.12 |6.62E-04| -3.06

0.5 |6.76E-04|6.73E-04| -0.45 | 6.53E-04 | -3.44 |6.45E-04| -4.59 |6.51E-04| -3.79

0.01 |3.53E-08|5.02E-08 | 42.00 | 3.44E-08 | -2.66 |2.75E-08| -22.13 |3.36E-08| -5.00
0.02 |3.43E-06 |4.90E-06 | 42.96 |3.38E-06 | -1.34 |2.76E-06| -19.53 |3.22E-06| -6.20
0.05 |3.04E-05|3.69E-05| 21.41 | 2.91E-05 | -4.07 |2.55E-05| -15.89 |3.02E-05| -0.53

0.1 |5.16E-05|5.43E-05| 5.22 |4.77E-05| -7.64 |4.43E-05| -14.24 |5.15E-05| -0.26

0.15 |5.77E-05|5.95E-05| 3.10 |5.46E-05| -5.40 |5.20E-05| -9.85 |5.84E-05| 1.21

5 0.2 |6.09E-05|6.14E-05| 0.82 |5.77E-05| -5.28 |5.58E-05| -8.46 |6.09E-05| -0.08
0.25 |6.21E-05|6.21E-05| -0.01 |5.92E-05| -4.71 |5.77E-05| -7.10 |6.17E-05| -0.66

0.3 |6.04E-05|6.21E-05| 2.83 |598E-05| -1.07 |5.86E-05| -3.00 |6.17E-05| 2.11

0.35 |6.23E-05|6.19E-05| -0.73 | 5.99E-05| -3.86 |5.90E-05| -5.36 |6.13E-05| -1.69

0.4 |6.14E-05|6.14E-05| 0.03 |5.97E-05| -2.65 |5.90E-05| -3.90 |6.05E-05| -1.48

0.45 |6.01E-05|6.08E-05| 1.08 |5.93E-05| -1.27 |5.87E-05| -2.32 |5.94E-05| -1.18

0.5 |6.07E-05|6.00E-05| -1.19 | 5.88E-05| -3.21 |5.83E-05| -4.08 |5.84E-05| -3.83

Ue %o 22.46 U % -0.652 U % -7.95 Ue %o -1.48

(% 40.08 (7 9.67 (o7 5.92 (% 2.49

€max %0 | 17936 €nax% | 35.31 | &€nax % 8.67 €max Y0 2.11

€nin %0 | -1.19 | &un % 989 | eain% | 2213 | €uin % -9.66

e % | 22.60 W %o 6.71 Mg %0 8.48 Mgl 70 1.95
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D.2.5 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.1s

Table D.12 - Proposed #6 NM: FPFP computed at ¢ = 20s for linear elastic SDOF system with
T =0.1s subjected to KT base excitation time modulated by a Shinozuka-Sato function.

¢ & ISEE P € [%] cVM € [%] mVM e[%] | #6 NM | & [%]
0.01 |9.88E-01 |1.00E+00| 1.22 |1.00E+00| 1.22 |1.00E+00| 1.22 |1.00E+00| 1.18
0.02 |9.97E-01 |1.00E+00| 0.31 |1.00E+00| 0.31 |1.00E+00| 0.31 |1.00E+00| 0.31
0.05 |9.98E-01 |1.00E+00| 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.1 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |[1.00E+00| 0.00 |1.00E+00| 0.00
0.15 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
15 0.2 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |[1.00E+00| 0.00 |1.00E+00| 0.00
0.25 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.3 |9.98E-01 |1.00E+00| 0.24 |1.00E+00| 0.24 |[1.00E+00| 0.24 |1.00E+00| 0.24
0.35 |9.96E-01 |1.00E+00| 0.39 |1.00E+00| 0.39 |1.00E+00| 0.39 |1.00E+00| 0.39
0.4 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |[1.00E+00| 0.00 |[1.00E+00| 0.00
0.45 |1.00E+00|1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.5 |9.98E-01 |1.00E+00| 0.24 |1.00E+00| 0.24 |[1.00E+00| 0.24 |1.00E+00| 0.24
0.01 |8.74E-01 |1.00E+00| 14.45 | 9.93E-01 | 13.67 |9.73E-01| 11.35 |9.43E-01| 7.97
0.02 |9.75E-01 |1.00E+00| 2.55 |9.98E-01| 2.31 |991E-01| 1.65 |9.88E-01| 1.33
0.05 |9.92E-01 |1.00E+00| 0.80 |9.99E-01| 0.75 |9.98E-01| 0.62 |9.99E-01| 0.70
0.1 |9.90E-01|1.00E+00| 1.05 |1.00E+00| 1.02 |9.99E-01| 0.97 |[1.00E+00| 1.02
0.15 |9.92E-01 [1.00E+00| 0.82 |1.00E+00| 0.79 |9.99E-01| 0.75 |1.00E+00| 0.80
) 0.2 |1.00E+00|1.00E+00| -0.01 |1.00E+00| -0.05 [9.99E-01| -0.08 |1.00E+00| -0.02
0.25 |9.79E-01 |1.00E+00| 2.18 |9.99E-01| 2.13 |9.99E-01| 2.09 |1.00E+00| 2.17
0.3 |9.88E-01 |1.00E+00| 1.19 |9.99E-01| 1.13 [9.99E-01| 1.09 |1.00E+00| 1.18
0.35 |9.95E-01 |1.00E+00| 0.43 |9.99E-01| 0.37 |9.99E-01| 0.32 |1.00E+00| 0.43
0.4 |9.96E-01 |1.00E+00| 0.41 |9.99E-01| 0.33 [9.99E-01| 0.28 |[1.00E+00| 0.40
0.45 |9.91E-01 |1.00E+00| 0.87 |9.99E-01| 0.79 |9.98E-01| 0.73 |1.00E+00| 0.87
0.5 |9.93E-01 |1.00E+00| 0.64 |9.99E-01| 0.55 |[9.98E-01| 0.49 |1.00E+00| 0.64
0.01 |4.87E-01|9.74E-01| 99.93 | 7.68E-01 | 57.55 |6.57E-01 | 34.82 |5.97E-01| 22.54
0.02 |6.84E-01 |9.69E-01 | 41.62 | 8.28E-01 | 20.94 |7.50E-01 | 9.65 |7.45E-01| 8&.78
0.05 |8.58E-01|9.61E-01| 12.12 | 8.78E-01 | 2.40 |8.36E-01| -2.52 |8.66E-01| 1.00
0.1 |9.17E-01 |9.50E-01 | 3.53 |8.89E-01 | -3.03 [8.62E-01| -598 |8.97E-01| -2.21
0.15 |9.28E-01|9.38E-01| 1.11 |8.86E-01 | -4.53 |8.64E-01| -6.89 |9.02E-01| -2.85
)5 0.2 |9.23E-01 |9.28E-01| 0.52 |8.79E-01 | -4.77 |8.60E-01| -6.86 |9.01E-01| -2.36
’ 0.25 |9.22E-01 |9.18E-01| -0.48 |8.71E-01 | -5.54 |8.53E-01| -7.47 |9.00E-01| -2.44
0.3 |9.04E-01 |9.09E-01 | 0.53 |8.63E-01 | -4.49 |8.47E-01| -6.35 |8.96E-01| -0.89
0.35 |9.10E-01 |9.00E-01| -1.07 | 8.55E-01 | -5.96 |8.39E-01| -7.72 |8.90E-01| -2.18
0.4 |8.89E-01 |8.92E-01 | 0.32 |848E-01 | -4.60 |8.32E-01| -6.34 |8.82E-01| -0.74
0.45 |8.70E-01 |8.84E-01| 1.55 |8.41E-01| -3.41 |8.26E-01| -5.14 |8.74E-01| 0.37
0.5 |8.83E-01|8.76E-01| -0.70 | 8.34E-01 | -5.53 |8.19E-01| -7.19 |8.65E-01| -2.01
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |1.67E-01|5.46E-01|226.13 | 2.94E-01 | 75.81 |2.28E-01| 36.07 |2.12E-01| 26.68
0.02 |2.60E-01|5.28E-01|102.78 | 3.39E-01 | 30.27 |2.82E-01| 8.32 |2.93E-01| 12.49
0.05 |3.86E-01|5.04E-01| 30.35 | 3.85E-01 | -0.50 |3.45E-01| -10.85 |3.84E-01| -0.55
0.1 |4.45E-01|4.74E-01| 6.51 |3.94E-01 | -11.59 |3.66E-01| -17.74 |4.10E-01| -7.91
0.15 |4.26E-01|4.51E-01| 5.96 |3.87E-01| -9.06 |3.66E-01| -14.11 |4.10E-01| -3.61
3 0.2 |4.24E-01|4.32E-01| 1.94 |3.78E-01 | -10.93 |3.60E-01 | -15.18 |4.05E-01 | -4.37
0.25 |4.18E-01 |4.16E-01| -0.43 |3.68E-01 | -12.01 |3.52E-01| -15.78 |3.99E-01| -4.54
0.3 |3.93E-01|4.03E-01| 2.50 |3.59E-01| -8.70 |3.45E-01| -12.30 |3.90E-01| -0.62
0.35 |3.90E-01|3.91E-01| 0.23 |3.50E-01 | -10.20 |3.37E-01| -13.51 |3.81E-01| -2.40
0.4 |3.86E-01|3.80E-01| -1.58 |3.42E-01 | -11.41 |3.30E-01 | -14.50 |3.70E-01 | -4.24
0.45 |3.68E-01|3.71E-01| 0.84 |3.35E-01 | -8.89 |3.24E-01| -11.92 |3.59E-01| -2.34
0.5 |3.59E-01|3.63E-01| 1.01 |3.29E-01| -8.45 |3.18E-01| -11.37 |3.49E-01| -2.74
0.01 |3.97E-02 |1.26E-01 | 217.81 | 6.36E-02 | 60.10 |4.81E-02| 21.11 |4.85E-02| 22.09
0.02 |6.12E-02 | 1.20E-01 | 96.96 | 7.42E-02 | 21.35 |6.05E-02| -0.99 |6.73E-02| 10.10
0.05 |9.00E-02 | 1.13E-01 | 25.56 | 8.49E-02 | -5.66 |7.52E-02| -16.44 |8.84E-02| -1.78
0.1 |9.83E-02|1.04E-01| 6.03 |8.63E-02 | -12.20 | 7.99E-02 | -18.79 |9.24E-02| -5.98
0.15 |9.67E-02 |9.76E-02 | 0.95 |8.40E-02 | -13.13 |7.91E-02 | -18.21 |9.08E-02 | -6.14
35 0.2 |9.18E-02|9.24E-02| 0.66 |8.11E-02 | -11.56 |7.71E-02| -15.93 |8.81E-02| -3.98
’ 0.25 |8.63E-02 |8.80E-02 | 2.02 |7.84E-02 | -9.18 |7.50E-02| -13.14 |8.54E-02| -1.09
0.3 |8.20E-02|8.44E-02| 2.92 |7.58E-02 | -7.55 |7.28E-02| -11.21 |8.24E-02| 0.45
0.35 |8.02E-02 |8.13E-02 | 1.47 |7.36E-02 | -8.24 |7.09E-02 | -11.60 |7.94E-02| -0.90
0.4 |7.89E-02|7.87E-02| -0.34 | 7.15E-02 | -9.40 |6.91E-02| -12.51 |7.65E-02| -3.10
0.45 |7.84E-02|7.63E-02 | -2.72 | 6.96E-02 | -11.19 | 6.74E-02 | -14.06 |7.35E-02| -6.24
0.5 |7.34E-02|7.42E-02| 1.05 |6.80E-02 | -7.42 |6.59E-02| -10.27 |7.08E-02| -3.60
0.01 |6.87E-03|1.81E-02|163.96 | 9.66E-03 | 40.61 |7.34E-03| 6.85 |8.05E-03| 17.14
0.02 |1.03E-02|1.72E-02 | 67.23 | 1.12E-02 | 8.45 |9.18E-03| -10.99 |1.08E-02| 5.09
0.05 |1.40E-02|1.61E-02| 15.02 | 1.26E-02 | -9.87 |1.13E-02| -19.60 |1.36E-02| -2.89
0.1 1.44E-02 | 1.48E-02| 3.12 |1.27E-02 | -11.61 |1.18E-02| -17.67 |1.38E-02| -4.24
0.15 |1.37E-02|1.38E-02| 1.17 |1.23E-02 | -10.22 |1.16E-02 | -14.91 |1.33E-02| -2.97
4 0.2 |1.29E-02|1.30E-02| 1.50 |1.18E-02 | -8.27 |1.13E-02| -12.25 |1.27E-02| -1.20
0.25 |1.24E-02 |1.24E-02| -0.19 | 1.13E-02 | -8.76 |1.09E-02| -12.21 |1.22E-02| -2.00
0.3 |1.18E-02|1.19E-02| 0.41 |1.09E-02 | -7.49 |1.06E-02| -10.63 |1.17E-02| -1.19
0.35 |1.16E-02 |1.14E-02 | -1.13 | 1.06E-02 | -8.38 |1.03E-02| -11.24 |1.12E-02| -2.94
04 |1.11E-02|1.10E-02| -0.66 |1.03E-02 | -7.53 |9.98E-03| -10.22 |1.08E-02| -3.19
0.45 |1.07E-02 |1.07E-02 | -0.14 | 9.99E-03 | -6.72 |9.72E-03| -9.26 |1.03E-02| -3.92
0.5 |1.03E-02|1.04E-02| 0.52 |9.74E-03 | -5.81 |9.48E-03| -8.24 |9.85E-03| -4.67
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |8.78E-04|1.95E-03 | 122.49 | 1.12E-03 | 27.06 |8.57E-04| -2.47 |1.00E-03| 13.99
0.02 |1.24E-03 | 1.86E-03 | 50.34 | 1.28E-03 | 3.41 |1.06E-03| -14.20 |1.30E-03| 5.47
0.05 |1.57E-03|1.74E-03 | 10.31 | 1.42E-03 | -9.72 |1.28E-03 | -18.64 |1.56E-03| -0.79

0.1 1.56E-03 | 1.59E-03 | 2.14 | 1.41E-03 | -9.51 |1.33E-03| -14.98 |1.53E-03| -1.96
0.15 |1.50E-03 |1.49E-03 | -0.78 | 1.36E-03 | -9.46 |1.30E-03| -13.54 |1.45E-03| -2.94

45 0.2 |1.36E-03|1.40E-03| 3.35 |1.30E-03 | -4.23 |1.25E-03| -7.76 |1.38E-03| 1.82
’ 0.25 |1.33E-03|1.33E-03| 0.44 |1.25E-03 | -6.04 |1.21E-03| -9.02 |1.32E-03| -0.64
0.3 |1.30E-03 | 1.28E-03 | -1.62 | 1.20E-03 | -7.38 |1.17E-03 | -10.00 |1.26E-03 | -2.70
0.35 |1.24E-03 |1.23E-03| -0.75 | 1.16E-03 | -6.13 |1.13E-03| -8.54 |1.21E-03| -2.24

04 |1.18E-03|1.19E-03| 0.19 |1.13E-03 | -4.89 |1.10E-03| -7.15 |1.16E-03| -2.23
0.45 |1.14E-03 |1.15E-03 | 0.58 | 1.09E-03 | -4.25 |1.07E-03| -6.37 |1.10E-03| -3.39

0.5 |1.11E-03|1.12E-03| 0.68 | 1.07E-03 | -3.92 |1.04E-03| -593 |1.05E-03| -4.88

0.01 |8.64E-05|1.65E-04| 90.50 | 1.00E-04 | 15.83 |7.76E-05| -10.13 |9.33E-05| 8.04
0.02 |1.17E-04 | 1.56E-04 | 33.84 | 1.13E-04 | -3.08 |9.50E-05| -18.69 |1.19E-04| 1.55
0.05 |1.37E-04|1.46E-04| 6.93 | 1.24E-04 | -9.26 |1.13E-04| -17.42 |1.37E-04| 0.45

0.1 1.32E-04 | 1.34E-04| 1.68 | 1.22E-04 | -7.52 |1.16E-04| -12.41 |1.31E-04| -0.40

0.15 |1.23E-04|1.25E-04| 1.70 |1.17E-04 | -5.16 |1.12E-04| -8.80 |1.24E-04| 0.58

5 0.2 |1.18E-04|1.18E-04| 0.44 |1.12E-04 | -5.13 |1.08E-04| -8.07 |1.17E-04| -0.39
0.25 |1.13E-04|1.12E-04 | -0.29 | 1.07E-04 | -5.09 |1.04E-04| -7.59 |1.12E-04| -0.94

0.3 |1.07E-04|1.08E-04| 0.17 |1.03E-04 | -4.16 |1.01E-04| -6.38 |1.07E-04| -0.58

0.35 |1.03E-04 | 1.03E-04| 0.78 |9.93E-05| -3.22 |9.73E-05| -5.24 |1.02E-04| -0.41

0.4 |9.94E-05|9.99E-05| 0.52 |9.62E-05| -3.19 |9.43E-05| -5.05 |9.78E-05| -1.60

0.45 |9.74E-05|9.67E-05| -0.69 | 9.34E-05| -4.14 |9.17E-05| -5.85 |9.33E-05| -4.23

0.5 |9.48E-05]|9.40E-05| -0.92 |9.09E-05| -4.17 |8.94E-05| -5.78 |8.95E-05| -5.65

Ue %o 15.50 U % -0.450 U % -5.94 Ue %o 0.33

(% 42.05 (7 14.87 (o7 9.66 (% 5.88

€max 70 | 226.13 | €nax% | 75.81 | €nax %0 36.07 €max Y0 26.68

€nin %0 | 272 | €mn% | -13.13 | €mn% | -19.60 | &nn % -7.91

e Yo 15.81 W %o 8.58 Mg %0 8.85 te %o 3.39
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D.2.6 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.5s

Table D.13 - Proposed #6 NM: Time-variant FPFP computed at ¢ = 20s for linear elastic SDOF
system with 7" = 0.5s subjected to KT base excitation time modulated by a Shinozuka-Sato

function.
¢ | ¢ ISEE P e[%] | cVM | e[%] | mVM | e[%] | #6NM | &[%]
0.01 | 8.23E-01 |1.00E+00| 21.55 | 9.38E-01 | 14.02 | 8.36E-01 1.68 | 6.76E-01 | -17.79
0.02 | 8.78E-01 |1.00E+00| 13.83 | 9.58E-01 | 9.04 | 8.92E-01 1.52 | 8.12E-01 | -7.56
0.05 | 9.62E-01 |1.00E+00| 396 |9.83E-01 | 2.19 | 9.57E-01 | -0.49 | 9.58E-01 | -0.38
0.1 9.77E-01 {1.00E+00| 2.32 |9.94E-01| 1.70 | 9.85E-01 | 0.82 | 9.94E-01 1.72
0.15 | 1.00E+00 |1.00E+00| -0.03 |9.97E-01 | -0.33 | 9.93E-01 | -0.72 | 9.98E-01 | -0.17
15 0.2 | 1.00E+00 [1.00E+00| -0.03 |9.98E-01 | -0.20 | 9.96E-01 | -0.42 | 9.99E-01 | -0.07
’ 0.25 | 1.00E+00 |1.00E+00| -0.02 |9.99E-01 | -0.14 | 9.97E-01 | -0.28 | 1.00E+00 | -0.03
0.3 | 9.80E-01 [1.00E+00| 2.02 |9.99E-01 | 1.93 9.98E-01 1.84 | 1.00E+00 | 2.02
0.35 | 1.00E+00 |1.00E+00| -0.03 |9.99E-01 | -0.09 | 9.98E-01 | -0.16 | 1.00E+00 | -0.02
0.4 | 1.00E+00 [1.00E+00| -0.03 |9.99E-01 | -0.07 | 9.99E-01 | -0.13 | 1.00E+00 | -0.02
0.45 | 9.90E-01 |1.00E+00| 1.03 |9.99E-01 | 0.99 | 9.99E-01 | 0.95 |1.00E+00 | 1.04
0.5 | 1.00E+00 [1.00E+00| -0.03 |9.99E-01 | -0.06 | 9.99E-01 | -0.09 | 1.00E+00 | -0.02
0.01 | 4.56E-01 |9.80E-01|114.93 | 6.23E-01 | 36.55 | 4.73E-01 3.74 | 3.31E-01 | -27.39
0.02 | 5.23E-01 |9.60E-01 | 83.38 | 6.64E-01 | 26.86 | 5.39E-01 3.04 | 4.37E-01 | -16.51
0.05 | 6.80E-01 |9.40E-01 | 38.16 | 7.44E-01 | 9.35 6.57E-01 | -3.37 | 6.43E-01 | -5.54
0.1 8.12E-01 |9.36E-01 | 15.23 | 8.11E-01 | -0.14 | 7.55E-01 | -7.08 | 7.98E-01 | -1.71
0.15 | 8.65E-01 |9.36E-01 | 8.12 |8.44E-01 | -2.42 | 8.03E-01 | -7.15 | 8.63E-01 | -0.27
) 0.2 | 8.86E-01 [9.36E-01| 5.61 |8.64E-01| -2.48 | 8.32E-01 | -6.06 | 8.95E-01 1.07
0.25 | 9.15E-01 |9.35E-01| 2.20 |8.77E-01 | -4.23 | 851E-01 | -7.03 | 9.13E-01 | -0.23
0.3 | 9.11E-01 |9.35E-01| 2.69 |8.85E-01| -2.78 | 8.64E-01 | -5.14 | 9.23E-01 1.36
0.35 | 9.39E-01 |9.35E-01 | -0.43 |8.92E-01 | -5.02 | 873E-01 | -6.98 | 9.28E-01 | -1.12
04 | 9.24E-01 |[9.34E-01| 1.08 |8.96E-01| -3.03 | 8.80E-01 | -4.77 | 9.30E-01 | 0.64
0.45 | 9.35E-01 |9.33E-01 | -0.15 | 9.00E-01 | -3.76 | 8.85E-01 | -5.29 | 9.30E-01 | -0.50
0.5 9.45E-01 [9.33E-01| -1.36 | 9.02E-01 | -4.58 | 8.89E-01 | -5.94 | 9.29E-01 | -1.69
0.01 | 1.74E-01 | 6.51E-01 | 274.06 | 2.53E-01 | 45.35 | 1.76E-01 1.12 | 1.20E-01 | -31.13
0.02 | 2.05E-01 |5.79E-01 | 182.36 | 2.75E-01 | 34.17 | 2.06E-01 | 0.72 | 1.63E-01 | -20.60
0.05 | 2.95E-01 |5.30E-01 | 79.98 | 3.25E-01 | 10.24 | 2.69E-01 | -8.77 | 2.63E-01 | -10.84
0.1 3.85E-01 [5.22E-01 | 35.79 | 3.76E-01 | -2.18 | 3.32E-01 |-13.64 | 3.69E-01 | -4.11
0.15 | 4.33E-01 |5.22E-01 | 20.33 | 4.06E-01 | -6.36 | 3.70E-01 |-14.70 | 4.29E-01 | -0.96
)5 0.2 | 4.71E-01 [5.21E-01| 10.60 | 4.25E-01 | -9.85 | 3.95E-01 |-16.31 | 4.65E-01 | -1.29
’ 0.25 | 4.85E-01 |5.21E-01| 7.43 |4.38E-01 | -9.66 | 4.12E-01 |-15.06 | 4.87E-01 | 0.33
0.3 | 497E-01 |[5.21E-01| 4.72 |4.48E-01 | -9.94 | 4.25E-01 |-14.54 | 498E-01 | 0.26
0.35 | 5.05E-01 |5.20E-01| 2.86 |4.55E-01 | -10.02 | 4.34E-01 |-14.03 | 5.04E-01 | -0.31
0.4 | 5.19E-01 [5.19E-01| -0.10 | 4.60E-01 | -11.42 | 4.42E-01 |-14.91 | 5.05E-01 | -2.75
0.45 | 5.13E-01 |5.17E-01 | 0.79 |4.64E-01 | -9.66 | 447E-01 |-12.85| 5.03E-01 | -1.91
0.5 5.13E-01 |5.16E-01 | 0.54 |4.66E-01 | -9.08 | 4.51E-01 |-11.98 | 5.01E-01 | -2.30
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¢ & ISEE P € [%] cVM € [%] mVM e[%] | #6 NM | € [%]
0.01 |4.83E-02|2.03E-01|319.65|6.84E-02 | 41.54 | 4.64E-02 | -4.05 | 3.37E-02 | -30.36
0.02 |5.97E-02|1.70E-01 | 184.66 | 7.42E-02 | 24.31 | 5.45E-02 | -8.63 | 4.54E-02 | -23.98
0.05 |8.21E-02|1.50E-01| 82.93 |8.82E-02 | 7.39 | 7.18E-02 |-12.50 | 7.35E-02 | -10.48
0.1 1.09E-01 | 1.47E-01| 35.21 | 1.03E-01 | -5.02 | 9.01E-02 | -17.09 | 1.05E-01 | -3.63
0.15 |1.24E-01|1.47E-01| 18.05 | 1.12E-01 | -9.78 | 1.01E-01 |-18.51 | 1.23E-01 | -1.29
3 0.2 |1.34E-01|1.47E-01| 9.33 | 1.18E-01 | -12.13 | 1.09E-01 |-18.96 | 1.33E-01 | -1.05
0.25 |1.34E-01|147E-01| 9.23 | 1.22E-01 | -9.19 | 1.14E-01 |-15.06 | 1.38E-01 | 2.88
0.3 |1.40E-01|1.46E-01| 4.72 |1.25E-01 | -10.81 | 1.18E-01 |-15.71| 1.41E-01 | 0.54
0.35 |1.44E-01|1.46E-01| 1.61 |1.27E-01|-11.85| 1.21E-01 |-16.05| 1.41E-01 | -1.72
0.4 |1.43E-01|146E-01| 1.68 |1.28E-01|-10.51 | 1.23E-01 |-14.26 | 1.41E-01 | -1.62
0.45 |1.43E-01|145E-01| 1.67 |1.29E-01 | -9.48 | 1.24E-01 |-12.86| 1.40E-01 | -2.05
0.5 |1.45E-01|1.45E-01| -0.47 | 1.30E-01 | -10.54 | 1.26E-01 | -13.55| 1.39E-01 | -4.57
0.01 |1.03E-02|3.81E-02 | 268.59 | 1.35E-02 | 30.76 | 9.16E-03 | -11.34 | 7.42E-03 | -28.18
0.02 |1.22E-02 |3.14E-02 | 158.35 | 1.45E-02 | 19.40 | 1.07E-02 | -11.99 | 9.77E-03 | -19.62
0.05 |1.71E-02|2.75E-02 | 60.33 | 1.70E-02 | -0.67 | 1.39E-02 |-18.61 | 1.52E-02 | -11.11
0.1 |2.15E-02|2.68E-02| 25.09 | 1.97E-02 | -7.98 | 1.73E-02 |-19.15 | 2.09E-02 | -2.54
0.15 |2.36E-02 |2.68E-02 | 13.33 | 2.13E-02 | -9.81 | 1.94E-02 | -18.00 | 2.38E-02 | 0.65
35 0.2 |2.50E-02|2.68E-02| 7.12 |2.23E-02 | -10.73 | 2.07E-02 | -17.13 | 2.52E-02 | 0.71
’ 0.25 |2.61E-02|2.68E-02| 2.70 |2.30E-02 | -11.78 | 2.16E-02 | -16.96 | 2.58E-02 | -1.03
0.3 |2.62E-02|2.67E-02| 2.10 |2.35E-02 | -10.37 | 2.23E-02 |-14.80 | 2.60E-02 | -0.64
0.35 |2.62E-02 |2.67E-02 | 1.68 |2.38E-02 | -9.30 | 2.28E-02 |-13.13 | 2.60E-02 | -0.90
0.4 |2.63E-02|2.66E-02| 1.18 |2.40E-02 | -8.61 | 2.31E-02 |-11.97 | 2.58E-02 | -1.76
0.45 |2.63E-02 |2.65E-02| 0.69 |2.42E-02 | -8.15 | 2.34E-02 |-11.13 | 2.55E-02 | -3.01
0.5 |2.59E-02|2.64E-02| 1.65 |242E-02 | -6.52 | 2.35E-02 | -9.21 | 2.52E-02 | -2.89
0.01 |1.68E-03|5.25E-03 | 212.60 | 2.04E-03 | 21.30 | 1.39E-03 |-17.13 | 1.27E-03 | -24.34
0.02 |1.95E-03 |4.32E-03 | 121.48 | 2.16E-03 | 11.05 | 1.61E-03 |-17.36 | 1.62E-03 | -16.69
0.05 |2.58E-03|3.77E-03 | 46.12 | 2.50E-03 | -3.21 | 2.07E-03 |-19.82 | 2.40E-03 | -6.94
0.1 |3.17E-03|3.68E-03| 16.13 | 2.86E-03 | -9.89 | 2.54E-03 |-19.97| 3.12E-03 | -1.57
0.15 |3.38E-03 |3.67E-03 | 8.72 |3.06E-03 | -9.49 | 2.81E-03 |-16.88 | 3.43E-03 | 1.40
4 0.2 |3.56E-03|3.67E-03| 3.29 |3.18E-03 | -10.48 | 2.98E-03 | -16.15| 3.55E-03 | -0.20
0.25 |3.57E-03 |3.67E-03| 2.95 |3.27E-03 | -8.41 | 3.10E-03 | -13.08 | 3.59E-03 | 0.78
0.3 |3.54E-03|3.66E-03| 3.45 |3.32E-03| -6.28 | 3.18E-03 |-10.23 | 3.60E-03 | 1.63
0.35 |3.61E-03|3.66E-03| 1.26 |3.36E-03 | -7.02 | 3.24E-03 | -10.34 | 3.58E-03 | -0.72
0.4 |3.66E-03|3.64E-03| -0.33 | 3.38E-03 | -7.54 | 3.28E-03 |-10.38 | 3.55E-03 | -2.96
0.45 |3.64E-03 |3.63E-03| -0.15 |3.39E-03 | -6.63 | 3.30E-03 | -9.12 | 3.49E-03 | -3.89
0.5 |3.60E-03|3.61E-03| 0.44 |3.40E-03 | -5.46 | 3.32E-03 | -7.69 | 3.44E-03 | -4.41
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |2.10E-04 |5.62E-04 | 167.43 | 2.38E-04 | 13.08 |1.64E-04 | -22.03 |1.65E-04 | -21.47

0.02 |2.36E-04 |4.62E-04 | 96.15 | 2.50E-04 | 6.08 |1.88E-04| -20.22 |2.05E-04| -12.99

0.05 |3.06E-04 |4.03E-04 | 31.78 | 2.84E-04 | -7.37 |2.38E-04 | -22.38 |2.87E-04| -6.09

0.1 |3.58E-04|3.94E-04| 9.98 |3.20E-04 | -10.68 | 2.87E-04 | -19.82 |3.54E-04| -1.07

0.15 |3.79E-04 |3.93E-04 | 3.78 |3.40E-04 | -10.30 |3.15E-04 | -16.83 |3.78E-04| -0.26

45 0.2 |3.90E-04|3.93E-04| 0.78 |3.52E-04 | -9.81 |3.33E-04| -14.80 |3.86E-04| -1.11
’ 0.25 |3.89E-04 |3.93E-04| 1.03 |3.60E-04 | -7.57 |3.44E-04| -11.61 |3.88E-04| -0.24
0.3 |3.87E-04|3.92E-04| 1.40 |3.64E-04 | -5.82 |3.52E-04| -9.17 |3.88E-04| 0.16

0.35 |3.92E-04 |3.91E-04 | -0.20 |3.68E-04 | -6.28 |3.57E-04| -9.06 |3.85E-04| -1.82

0.4 |3.87E-04|3.90E-04| 0.74 |3.69E-04 | -4.61 |3.60E-04| -7.01 |3.80E-04| -1.79

0.45 |3.84E-04 |3.89E-04 | 1.19 |3.70E-04 | -3.57 |3.62E-04| -5.66 |3.74E-04| -2.73

0.5 |3.83E-04|3.87E-04| 1.03 |3.71E-04 | -3.22 |3.64E-04| -5.05 |3.67E-04| -4.09

0.01 |1.96E-05|4.73E-05|141.54 | 2.16E-05 | 10.20 |1.50E-05| -23.32 |1.58E-05| -19.10

0.02 |2.22E-05|3.89E-05| 75.17 | 2.25E-05| 1.17 |1.71E-05| -23.10 |1.94E-05| -12.93

0.05 |2.75E-05|3.40E-05| 23.50 | 2.51E-05 | -8.72 |2.13E-05| -22.66 |2.61E-05| -4.99

0.1 |3.10E-05|3.32E-05| 6.92 |2.80E-05| -9.88 |2.53E-05| -18.29 |3.09E-05| -0.24

0.15 |3.26E-05|3.31E-05| 1.58 |2.95E-05| -9.55 |2.76E-05| -15.40 |3.24E-05| -0.73

5 0.2 |3.24E-05|3.31E-05| 2.19 |3.04E-05| -6.25 |2.89E-05| -10.75 |3.28E-05| 1.10
0.25 |3.32E-05|3.31E-05| -0.46 |3.09E-05| -6.97 |2.98E-05| -10.43 |3.28E-05| -1.23

0.3 |3.25E-05|3.30E-05| 1.54 |3.13E-05| -3.91 |3.03E-05| -6.77 |3.27E-05| 0.67

0.35 |3.27E-05|3.29E-05| 0.65 |3.15E-05| -3.90 |3.07E-05| -6.25 |3.25E-05| -0.66

0.4 |3.29E-05|3.28E-05| -0.10 | 3.16E-05| -3.98 |3.09E-05| -594 |3.21E-05| -2.31

0.45 |3.17E-05|3.27E-05| 3.11 |3.16E-05| -0.38 |3.11E-05| -2.12 |3.16E-05| -0.48

0.5 |3.21E-05|3.26E-05| 1.59 |3.16E-05| -1.46 |3.11E-05| -2.93 |3.12E-05| -2.81

Ue %o 32.63 U % -1.049 U % -10.45 Ue %o -4.70

(% 65.77 (7 12.29 (o7 7.09 (% 8.02

€max %0 [ 319.65| €nux% | 45.35 | &€nax %o 3.74 €max Y0 2.88

€nin%0 | -1.36 | €mn% | -12.13 | €mn% | 2332 | €% | -31.13

e Yo 32.71 W %o 8.94 W Yo 10.77 Mgl 70 5.10
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D.2.7 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 1.0s

Table D.14 - Proposed #6 NM: Time-variant FPFP computed at # = 20s for linear elastic SDOF

system with 7"=1.0s subjected to KT base excitation time modulated by a Shinozuka-Sato

function.
¢ g ISEE P e[%] | VM | €[%] | mVM | €[%] | #6NM | &[%]
0.01 |7.62E-01|9.99E-01| 31.20 | 8.54E-01 | 12.07 |7.27E-01| -4.51 |6.02E-01| -20.97
0.02 |7.81E-01|9.97E-01| 27.65 | 8.80E-01 | 12.60 |7.84E-01| 0.38 |7.14E-01| -8.65
0.05 |8.81E-01|9.90E-01| 12.41 {9.13E-01 | 3.69 |8.58E-01| -2.59 |8.66E-01| -1.66
0.1 9.40E-01 | 9.86E-01 | 4.88 |[943E-01| 0.29 |9.13E-01| -2.87 |9.45E-01| 0.48
0.15 [9.60E-01|9.85E-01| 2.57 |9.58E-01| -0.25 |9.39E-01| -2.19 |9.69E-01| 0.88
15 0.2 |9.81E-01|9.85E-01| 0.43 |9.67E-01 | -1.42 [9.54E-01| -2.74 |9.79E-01| -0.16
’ 0.25 [9.62E-01|9.85E-01| 2.35 [9.72E-01 | 1.03 |9.63E-01| 0.04 |9.84E-01| 2.29
0.3 9.87E-01|9.85E-01 | -0.24 |9.76E-01 | -1.16 |9.69E-01| -191 |9.87E-01| -0.02
0.35 |1.00E+00|9.85E-01| -1.48 |9.79E-01 | -2.13 |9.73E-01 | -2.73 |9.89E-01| -1.11
0.4 |998E-01|9.85E-01| -1.26 |9.81E-01 | -1.72 [9.76E-01 | -2.22 |9.90E-01 | -0.82
0.45 |9.95E-01|9.85E-01| -0.95 |9.82E-01| -1.27 |9.78E-01| -1.69 |9.90E-01| -0.49
0.5 |1.00E+00|9.85E-01| -1.46 |9.83E-01 | -1.66 [9.80E-01 | -2.02 |[9.90E-01| -1.00
0.01 |3.94E-01{9.21E-01| 133.80 | 4.96E-01 | 25.79 |3.72E-01 | -5.54 |2.83E-01| -28.11
0.02 |4.14E-01|8.59E-01| 107.56 | 5.18E-01 | 25.16 |4.15E-01 0.12 |[3.52E-01 | -14.89
0.05 [4.94E-01|7.85E-01| 58.96 |5.59E-01 | 13.11 |4.85E-01| -1.92 |4.82E-01| -2.53
0.1 6.03E-01|7.57E-01 | 25.52 | 6.07E-01 | 0.59 |5.55E-01| -8.05 |5.97E-01| -0.98
0.15 |6.53E-01|7.52E-01| 15.08 | 6.39E-01 | -2.17 |5.99E-01| -8.30 |6.60E-01 1.01
) 0.2 |7.00E-01|7.51E-01| 7.25 |6.62E-01 | -5.54 |6.29E-01| -10.16 |6.98E-01| -0.38
0.25 |7.22E-01|7.52E-01| 4.12 |6.78E-01| -6.09 |6.51E-01| -9.82 |7.22E-01| -0.01
0.3 7.32E-01|7.52E-01| 2.76 |6.90E-01| -5.73 |6.67E-01| -8.87 |7.37E-01| 0.65
0.35 |7.56E-01|7.53E-01| -0.39 |7.00E-01| -7.46 |6.80E-01| -10.10 |7.46E-01| -1.37
04 |7.59E-01|7.54E-01| -0.71 |7.07E-01 | -6.84 |6.89E-01 | -9.16 |7.50E-01| -1.17
0.45 |7.55E-01|7.54E-01| -0.17 |7.13E-01| -5.58 |6.97E-01| -7.66 |7.52E-01| -0.47
0.5 7.64E-01|7.54E-01| -1.25 |7.18E-01 | -6.00 |7.04E-01| -7.86 |7.53E-01| -1.51
0.01 |1.45E-01|4.96E-01|242.66 | 1.86E-01 | 28.71 |1.32E-01| -8.89 |9.97E-02| -31.12
0.02 |1.53E-01|4.10E-01| 167.17 | 1.94E-01 | 26.21 |148E-01| -3.77 |1.25E-01| -18.55
0.05 |1.87E-01|3.39E-01| 81.08 |2.09E-01 | 11.80 |1.75E-01| -6.28 |1.76E-01| -6.25
0.1 2.31E-01 | 3.17E-01 | 36.82 | 2.31E-01 | -0.32 [2.06E-01 | -11.06 |2.28E-01| -1.60
0.15 |2.58E-01|3.13E-01| 21.21 |2.46E-01 | -4.49 |2.26E-01| -12.17 |2.60E-01 | 0.66
)5 0.2 |2.81E-01|3.12E-01| 11.22 |2.58E-01 | -8.18 [2.41E-01 | -14.00 |2.80E-01 | -0.30
’ 0.25 |2.89E-01|3.12E-01| 8.07 |2.66E-01| -7.95 |2.52E-01| -12.74 |2.92E-01 1.12
0.3 |292E-01|3.13E-01| 6.94 |2.72E-01 | -6.85 |2.60E-01 | -10.94 |3.00E-01 | 2.46
0.35 |3.04E-01|3.13E-01| 2.95 |[2.78E-01| -8.81 |2.67E-01| -12.25 |3.04E-01| -0.19
04 |3.15E-01|3.14E-01 | -0.48 |2.82E-01 | -10.68 [2.72E-01 | -13.64 |3.06E-01 | -3.09
0.45 |3.12E-01|3.14E-01| 0.64 |2.85E-01| -8.72 |2.77E-01| -11.40 |3.06E-01| -1.99
0.5 |3.15E-01|3.14E-01| -0.16 |2.88E-01 | -8.67 |[2.80E-01 | -11.07 |3.06E-01 | -2.88
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¢ & ISEE P € [%] cVM € [%] mVM € [%] #6 NM | € [%]
0.01 |4.00E-02|1.37E-01 | 242.28 | 4.89E-02 | 22.37 |3.41E-02| -14.59 |2.73E-02| -31.74
0.02 |4.15E-02|1.07E-01 | 158.73 | 5.02E-02 | 20.98 |3.79E-02| -8.53 |3.37E-02| -18.65
0.05 |4.89E-02 |8.53E-02 | 74.40 | 5.34E-02 | 9.16 |4.47E-02| -8.70 |4.64E-02| -5.10
0.1 |6.02E-02|7.86E-02| 30.57 | 5.83E-02 | -3.21 |5.21E-02| -13.57 |5.93E-02| -1.63
0.15 |6.71E-02|7.75E-02 | 15.43 | 6.20E-02 | -7.59 |5.72E-02| -14.84 |6.67E-02| -0.56
3 0.2 |7.00E-02|7.73E-02| 10.53 | 6.47E-02 | -7.45 |6.08E-02| -13.11 |7.11E-02| 1.60
0.25 |7.33E-02|7.74E-02| 5.57 |6.68E-02| -8.97 |6.35E-02| -13.48 |7.35E-02| 0.25
0.3 |7.50E-02|7.76E-02| 3.48 |6.83E-02 | -8.89 |6.55E-02| -12.66 |7.48E-02| -0.19
0.35 |7.57E-02|7.77E-02 | 2.69 |6.95E-02| -8.18 |6.71E-02| -11.41 |7.54E-02| -0.33
0.4 |7.58E-02|7.79E-02| 2.67 |7.05E-02 | -7.09 |6.83E-02| -9.92 |7.56E-02| -0.31
0.45 |7.60E-02|7.80E-02| 2.60 |7.12E-02 | -6.27 |6.93E-02| -8.78 |7.55E-02| -0.68
0.5 |7.82E-02|7.80E-02| -0.14 | 7.18E-02 | -8.07 |7.01E-02| -10.26 |7.53E-02| -3.67
0.01 |8.32E-03 |2.48E-02 | 198.02 | 9.57E-03 | 14.96 |6.70E-03 | -19.46 |5.86E-03 | -29.52
0.02 |8.63E-03 | 1.92E-02 | 123.13 | 9.68E-03 | 12.27 |7.37E-03 | -14.54 |7.08E-03 | -17.92
0.05 |1.00E-02 |1.52E-02 | 51.65 | 1.01E-02 | 1.08 |8.53E-03| -14.69 |9.33E-03| -6.68
0.1 1.18E-02 | 1.39E-02 | 17.90 | 1.09E-02 | -8.08 |9.78E-03| -17.15 |1.14E-02| -3.50
0.15 |1.24E-02 |1.37E-02 | 10.34 | 1.15E-02 | -7.83 |1.06E-02 | -14.33 |1.25E-02| 0.33
35 0.2 |1.29E-02|1.37E-02| 6.32 |1.19E-02 | -7.64 |1.12E-02| -12.61 |1.30E-02| 1.07
’ 0.25 |1.34E-02|1.37E-02| 2.06 |1.22E-02 | -9.08 |1.17E-02| -12.97 |1.33E-02| -1.08
0.3 |1.35E-02|1.37E-02| 1.75 |1.24E-02 | -7.76 |1.20E-02| -11.00 |1.34E-02| -0.63
0.35 |1.37E-02 |1.38E-02 | 0.43 |1.26E-02 | -7.78 |1.23E-02| -10.50 |1.35E-02| -1.78
0.4 |1.40E-02|1.38E-02| -1.83 | 1.28E-02 | -8.97 |1.25E-02| -11.26 |1.34E-02| -4.25
0.45 |1.36E-02|1.38E-02| 1.79 |1.29E-02 | -4.89 |1.26E-02| -6.97 |1.34E-02| -1.26
0.5 |1.36E-02|1.38E-02| 1.93 |1.30E-02 | -4.18 |1.27E-02| -6.02 |1.33E-02| -1.68
0.01 |1.34E-03 |3.39E-03 | 153.24 | 1.44E-03 | 7.35 |1.02E-03| -24.13 |9.81E-04| -26.70
0.02 |1.33E-03|2.63E-03 | 97.46 | 1.44E-03 | 7.83 |1.10E-03| -17.05 |1.15E-03| -13.67
0.05 |1.51E-03|2.07E-03 | 37.03 | 1.47E-03 | -2.66 |1.25E-03| -16.89 |1.44E-03| -4.79
0.1 1.69E-03 | 1.90E-03 | 12.40 | 1.55E-03 | -8.00 |1.41E-03| -16.20 | 1.67E-03| -1.27
0.15 |1.77E-03 |1.87E-03 | 5.32 | 1.62E-03 | -8.46 |1.52E-03| -14.13 |1.77E-03 | -0.33
4 0.2 |1.83E-03|1.86E-03| 2.10 | 1.68E-03 | -8.25 |1.60E-03| -12.48 |1.81E-03| -0.71
0.25 |1.86E-03|1.87E-03| 0.31 |1.71E-03 | -7.95 |1.65E-03| -11.26 |1.83E-03| -1.47
0.3 |1.84E-03|1.87E-03| 1.84 |1.74E-03 | -5.21 |1.69E-03| -7.95 |1.84E-03| 0.31
0.35 |1.86E-03|1.88E-03| 0.62 |1.76E-03 | -5.38 |1.72E-03| -7.64 |1.84E-03| -1.03
04 |1.84E-03|1.88E-03| 2.06 |1.78E-03 | -3.28 |1.74E-03| -5.23 |1.84E-03| -0.08
0.45 |1.86E-03|1.88E-03| 1.24 | 1.79E-03 | -3.48 |1.76E-03| -5.15 |1.83E-03| -1.63
0.5 |1.84E-03|1.88E-03| 2.34 | 1.80E-03 | -1.97 |1.78E-03| -3.44 |1.82E-03| -1.27
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¢ ¢ ISEE p e[%] | VM | £[%] | mVM | e[%] | #6NM | £[%]
0.01 |1.62E-04]3.62E-04] 123.41 |1.67E-04] 3.19 |1.19E-04| -26.35 | 1.25E-04| 22.84
0.02 |1.64E-04|2.82E-04| 71.83 [1.65E-04] 091 [1.29E-04| -21.49 |1.43E-04| -12.98
0.05 |1.74E-04|2.21E-04| 27.54 [1.66E-04] -435 [1.43E-04| -17.39 |1.69E-04| -2.48

0.1 |1.87E-04|2.03E-04| 8.36 |1.73E-04] -7.71 |1.59E-04| -15.10 | 1.87E-04| -0.12
0.15 [1.93E-04|2.00E-04| 3.79 [1.79E-04| -6.88 |1.70E-04| -11.90 |1.94E-04| 0.62
45|02 |195E-04[2.00E-04] 2.11 [1.84E-04] -5.79 |1.77E-04| -9.48 [1.97E-04| 0.56
1 025 [2.00E-04]2.00E-04] -0.19 |1.88E-04| -631 |1.82E-04| -9.11 |1.98E-04| -1.24
0.3 |1.99E-04|2.00E-04| 0.63 [1.90E-04] -4.45 |1.86E-04| -6.70 |1.98E-04| -0.39

0.35 |1.96E-04|2.01E-04| 2.23 [1.92E-04| -2.14 |1.88E-04| -4.02 |1.98E-04| 0.92

0.4 |1.99E-04[2.01E-04| 0.99 [1.94E-04] 2.74 |[1.90E-04| -430 |1.97E-04| -0.90

0.45 |1.97E-04|2.01E-04| 1.98 |[1.95E-04] -1.34 |1.92E-04| -2.67 |1.96E-04| -0.80

0.5 |2.05E-04|2.02E-04| -1.91 |1.96E-04] -4.75 [1.93E-04| -5.86 |1.95E-04| -5.8
0.01 |1.53E-05]3.05E-05] 99.24 |1.52E-05| -0.82 |1.09E-05| -28.52 | [.19E-05| -22.32
0.02 |1.50E-05|2.37E-05| 57.59 |1.48E-05| -1.49 |1.17E-05| -22.52 | 1.33E-05| -11.65
0.05 |1.55E-05| 1.86E-05| 20.01 |1.46E-05| -5.85 |1.28E-05| -17.79 |1.52E-05| -2.12

0.1 |1.63E-05|1.71E-05| 5.12 |1.50E-05| -7.59 |1.40E-05| -14.20 |1.62E-05| -0.22
0.15 |1.64E-05| 1.68E-05| 2.84 |1.55E-05| -545 |1.47E-05| -9.87 |1.65E-05| 1.03

s |02 [1.64E-05[1.68E-05| 2.15 |1.58E-05| -3.87 |1.53E-05| -7.04 |1.66E-05| 127
025 |1.66E-05|1.68E-05| 125 [1.61E-05] -3.36 |1.57E-05| -5.75 |1.67E-05| 0.61

0.3 |1.70E-05| 1.69E-05| -1.04 |1.62E-05| -4.68 |1.59E-05| -6.50 |1.67E-05| -1.72
0.35 |1.69E-05| 1.69E-05| -0.17 |1.64E-05| -3.22 |1.61E-05| -4.70 |1.67E-05| -1.15

04 |1.66E-05|1.69E-05| 1.81 |1.65E-05| -0.83 |1.63E-05| -2.07 |1.67E-05| 0.3

045 |1.68E-05|1.69E-05| 0.91 |1.66E-05| -1.36 |1.64E-05| -2.39 |1.66E-05| -1.42

0.5 |1.66E-05|1.70E-05| 1.92 |1.66E-05] -0.10 |1.65E-05] -0.99 |1.65E-05| -0.92

% | 2831 w% | 1356 | w% | 9.69 | m% | -4.23

6o | 5352 | . | 8.85 Geve 5.94 Gy, 8.08

Eom % |242.66 | £mx% | 2871 | % | 038 | eom% | 2.46

Emin% | -1.91 | £mn% | -10.68 | €min% | -28.52 | €mn% | -31.74

we % | 2859 | wy% | 680 [ pg% | 970 | py% | 4.62

D.3 COMPARISON OF THE PROPOSED #5 AND #6 NM

It is found that the Proposed #5 (see Table C.4) for the case of white noise base excitation
from at-rest initial conditions also present significant improvements compared to other analytical
approximations. Therefore, in this section the summary of the time-variant FPFP obtained using
proposed #5 and proposed #6 NM (without proposed modifications see Section 2.3) are
compared to determine the better approximation. It is found that for the case of Shinozuka-Sato
time-modulating function, the proposed #5 and for the case of unit-step time-modulating

function proposed #6 present smaller error values compared to analytical approximations (see
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Section 2.3 for modification imposed when the modulating function present discontinuity at =0).

Table D.15 - Summary of time-variant FPFP obtained using the Proposed #5 and #6 NM.

Time
PSD |\ odulation| 1) | € [%] P cVM | mVM | #5 | #NM

emx% | 17624 | 3526 | 910 | 478 | 3.83
Step 1 | émn% | -0.75 | 923 | 2138 | -17.99 | -8.35
e % | 2248 | 632 770 | 246 | 4.09

WN
emn % | 24073 | 28.78 | 1.55 277 | 271
Shig‘;fgka' 1 | emin®% | -123 | 932 | 2746 | -30.93 | -30.25
py % | 2839 | 6.58 886 | 4.09 | 4.09
eman % | 12944 | 3490 | 14.16 | 1091 | 39.37
0.1 | &min% | 222 | -12.44 | -17.46 | -4.11 | -10.49
e % | 1690 | 7.72 8.85 210 | 5.65
emn% | 187.19 | 27.68 | 127 322 | 228
Step | 0.5 | &min% | -1.90 | -11.98 | -27.35 | -30.99 | -28.50
g% | 2425 | 7.09 | 1192 | 497 | 5.09
emn% | 17936 | 3531 | 8.67 258 | 2.11
1 | emin% | -1.19 | 9890 | -22.13 | -18.46 | -9.66
e % | 2260 | 6.71 8.48 2.63 1.95
KT

emnx% | 226.13 | 7581 | 36.07 | 20.57 | 26.68
0.1 | émn% | 272 | -13.13 | -19.60 | -9.44 | -7.91
py % | 1581 | 858 885 | 257 | 339
emnx % | 319.65 | 4535 | 374 | 372 | 2.88
05 | émm% | -136 | -12.13 | -2332 | -28.02 | -31.13
e % | 3271 | 894 | 1077 | 417 | 5.10
emn % | 24266 | 2871 | 038 | 3.60 | 246
1 | emn% | -1.91 | -1068 | 2852 | -31.64 | -31.74
py % | 2859 | 6.80 970 | 447 | 4.62

Shinozuka-
Sato
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D.4 NEWLY PROPOSED APPROXIMATION

The parametric study results for the FPFP obtained using the Newly proposed approximation
(see Section 2.2 and 2.3) and considering the corresponding modifications are presented in

Tables D.4.1 through D.4.7.

D.4.1 White noise and Shinozuka-Sato Time-modulating Function, 77=1.0s

Table D.16 - New: Time-variant FPFP computed at ¢ = 20s for SDOF systems with 7' =1.0s
subjected to WN base excitation time modulated by a Shinozuka-Sato function.

C & ISEE P € [%] cVM e [%] mVM € [%] New e [%]

0.01 |[7.45E-01]|9.99E-01 | 34.15 |8.57E-01| 15.04 |7.33E-01| -1.62 |6.37E-01| -14.44

0.02 |7.89E-01]|9.97E-01 | 26.34 |8.83E-01| 11.81 |7.89E-01| -0.04 |7.26E-01| -7.97

0.05 |8.81E-01/9.90E-01 | 12.41 |9.15E-01| 3.89 |8.61E-01| -2.21 |8.63E-01| -1.97

0.1 |9.38E-01|9.85E-01| 5.08 |9.43E-01| 0.59 |9.14E-01| -2.47 |9.42E-01| 0.49

0.15 [9.71E-01|9.84E-01 | 1.30 |9.58E-01| -1.40 |9.40E-01| -3.25 |9.67E-01 | -0.41

0.2 |9.80E-01|9.83E-01| 0.34 [9.66E-01| -1.44 |9.53E-01| -2.71 |9.78E-01| -0.23

15 0.25 |[9.80E-01|9.83E-01| 0.35 [9.71E-01| -0.87 |9.62E-01| -1.80 |9.83E-01| 0.35
0.3 [9.60E-01|9.83E-01| 2.40 |9.75E-01| 1.54 [9.68E-01| 0.80 |9.86E-01| 2.71
0.35 [9.70E-01]|9.83E-01 | 1.30 |9.77E-01| 0.72 |9.72E-01| 0.13 |9.88E-01| 1.77
0.4 [9.90E-01|9.83E-01| -0.70 |9.79E-01| -1.07 |9.75E-01| -1.54 |9.88E-01| -0.15
0.45 [9.84E-01|9.83E-01 | -0.12 |9.81E-01| -0.34 |9.77E-01| -0.74 |9.89E-01 | 0.45
0.5 [9.92E-01|9.83E-01| -0.88 |9.82E-01| -0.98 |9.79E-01| -1.32 |9.89E-01| -0.31
0.01 |3.90E-01]9.21E-01| 136.15|5.00E-01| 28.16 |3.77E-01| -3.38 |3.21E-01] -17.62
0.02 |4.13E-01|8.59E-01 | 108.08 |[5.22E-01| 26.48 |4.19E-01| 1.55 |3.73E-01| -9.53
0.05 [4.99E-01|7.83E-01 | 56.83 |5.61E-01| 12.37 |4.88E-01| -2.24 |4.87E-01| -2.48
0.1 |5.95E-01]|7.53E-01| 26.53 |6.07E-01| 2.02 |5.56E-01| -6.47 |5.99E-01| 0.69
0.15 |6.46E-01|7.45E-01| 15.38 |6.37E-01| -1.35 |5.99E-01| -7.29 |6.59E-01| 2.02
) 0.2 [6.92E-01|743E-01| 7.36 |6.58E-01| -491 |6.28E-01| -934 |6.95E-01| 0.34

0.25 |7.26E-01|7.42E-01| 2.16 |6.73E-01| -7.35 |6.48E-01| -10.83 |7.16E-01 | -1.42

0.3 |7.29E-01|742E-01| 1.75 |6.84E-01| -6.14 |6.63E-01| -9.06 |7.29E-01| 0.03

035 |7.39E-01|7.41E-01| 0.29 |6.93E-01| -6.30 |6.74E-01| -8.78 |7.36E-01| -0.39

0.4 |7.48E-01|741E-01| -0.88 |6.99E-01| -6.47 |6.83E-01| -8.61 |7.40E-01| -1.10

045 |7.49E-01|7.41E-01| -1.09 |7.05E-01| -5.91 |6.91E-01| -7.80 |7.40E-01| -1.18

0.5 |7.50E-01|741E-01| -1.23 |7.09E-01| -5.43 |6.97E-01| -7.11 |7.40E-01| -1.30
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£ & ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 1.46E-01|4.95E-01 | 238.92 | 1.88E-01 28.78 |1.34E-01| -8.49 |1.20E-01|-17.75
0.02 1.55E-01]4.09E-01 | 163.23 | 1.95E-01 25.72 |1.49E-01| -3.78 |1.38E-01]-11.03
0.05 1.85E-01|3.37E-01 | 81.89 | 2.10E-01 13.45 |1.77E-01| -4.53 |1.81E-01| -2.32
0.1 2.30E-01|3.13E-01 | 36.33 | 2.30E-01 0.30 |2.06E-01| -10.17 |2.30E-01| 0.17
0.15 2.56E-01|3.08E-01 | 20.24 | 2.45E-01 -4.35 |2.26E-01| -11.70 |2.59E-01 | 1.38
)5 0.2 2.72E-01|3.06E-01 | 12.49 | 2.55E-01 -6.25 |2.40E-01| -11.88 |2.77E-01| 1.89
’ 0.25 2.86E-01|3.05E-01 | 6.73 2.62E-01 -8.24 | 2.50E-01 | -12.70 |2.88E-01| 0.56
0.3 2.96E-01|3.05E-01 | 3.16 2.68E-01 -9.32 | 2.57E-01| -12.99 |2.93E-01 | -0.73
0.35 2.93E-01|3.05E-01 | 4.17 2.72E-01 -6.88 |2.63E-01| -10.09 |2.96E-01 | 1.27
0.4 2.98E-01|3.05E-01 | 2.17 2.76E-01 -7.48 |2.68E-01| -10.23 |2.97E-01 | -0.35
0.45 2.99E-01|3.05E-01 | 1.89 2.79E-01 -6.76 |2.71E-01| -9.19 |2.97E-01 | -0.69
0.5 3.02E-01|3.05E-01| 0.98 2.81E-01 -6.80 |2.75E-01| -8.95 |2.96E-01| -1.72
0.01 4.01E-02| 1.37E-01 | 240.73 | 4.94E-02 23.33 |3.46E-02| -13.59 |3.36E-02|-16.12
0.02 4.17E-02| 1.07E-01 | 156.43 | 5.06E-02 21.32 |3.84E-02| -7.91 |3.82E-02]| -8.47
0.05 4.95E-02| 8.47E-02 | 71.03 5.36E-02 8.21 |4.50E-02| -9.12 |4.84E-02| -2.38
0.1 5.87E-02]7.76E-02 | 32.32 | 5.81E-02 -0.91 |5.21E-02| -11.15 |5.99E-02| 2.07
0.15 6.50E-02|7.61E-02 | 17.13 | 6.15E-02 -5.31 |5.69E-02| -12.39 |6.65E-02 | 2.31
3 0.2 6.94E-02|7.56E-02 | 8.98 6.39E-02 -7.88 | 6.02E-02 | -13.17 |7.01E-02| 0.99
0.25 7.16E-02| 7.54E-02 | 5.26 6.56E-02 -8.40 | 6.26E-02| -12.60 |7.19E-02| 0.40
0.3 7.19E-02| 7.53E-02 | 4.68 6.69E-02 -7.00 | 6.44E-02 | -10.50 |7.28E-02| 1.22
0.35 7.25E-02|7.53E-02 | 3.77 6.79E-02 -6.39 | 6.57E-02| -9.35 |7.31E-02| 0.84
0.4 7.44E-02|7.52E-02| 1.18 6.87E-02 -7.65 |6.68E-02| -10.15 |7.31E-02| -1.72
0.45 7.32E-02|7.52E-02 | 2.78 6.93E-02 -5.31 |6.77E-02| -7.53 |7.28E-02| -0.51
0.5 7.43E-02|7.52E-02 | 1.27 6.98E-02 -6.00 |6.84E-02| -7.93 |7.25E-02| -2.33
0.01 8.28E-03|2.48E-02 | 199.02 | 9.67E-03 16.77 |6.80E-03 | -17.86 |7.01E-03 |-15.31
0.02 8.63E-03| 1.92E-02 | 122.33 | 9.77E-03 13.16 |7.46E-03 | -13.52 |7.95E-03| -7.89
0.05 1.00E-02| 1.51E-02 | 50.24 1.01E-02 1.17 |8.59E-03| -14.26 |9.70E-03 | -3.16
0.1 1.14E-02| 1.37E-02 | 20.81 1.08E-02 -4.93 |9.78E-03 | -13.96 |1.15E-02| 0.78
0.15 1.23E-02| 1.35E-02 | 8.97 1.13E-02 -8.18 | 1.06E-02 | -14.32 | 1.23E-02| 0.00
35 0.2 1.27E-02| 1.34E-02 | 5.56 1.17E-02 -7.54 |1.11E-02 | -12.19 |1.28E-02 | 0.81
i 0.25 1.29E-02|1.33E-02| 3.01 1.20E-02 -7.51 |1.15E-02| -11.15 |1.29E-02 | 0.05
0.3 1.31E-02| 1.33E-02 | 1.87 1.22E-02 -6.95 |1.18E-02| -9.90 |1.30E-02| -0.41
0.35 1.32E-02| 1.33E-02 | 1.03 1.23E-02 -6.55 |1.20E-02| -9.00 |1.30E-02| -1.16
0.4 1.30E-02| 1.33E-02 | 2.24 1.24E-02 -4.52 |1.21E-02| -6.63 |1.30E-02| -0.28
0.45 1.31E-02|1.33E-02 | 1.53 1.25E-02 -4.48 |1.23E-02| -6.29 |1.29E-02| -1.53
0.5 1.29E-02| 1.33E-02 | 2.75 1.26E-02 -2.76 | 1.24E-02 | -4.35 |1.28E-02| -0.87
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£ & ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 [1.33E-03| 3.38E-03 | 154.94 |[1.45E-03| 9.36 |1.03E-03 | -22.39 | 1.09E-03 |-17.68

0.02 |1.32E-03| 2.62E-03 98.75 |145E-03| 9.73 | 1.12E-03 | -15.24 | 1.24E-03 | -5.73

0.05 |I1.51E-03| 2.05E-03 36.22 |1.47E-03| -2.32 | 1.26E-03 | -16.25 | 1.48E-03 | -1.95

0.1 1.65E-03| 1.87E-03 13.42 |1.55E-03| -6.40 |1.41E-03 | -14.41 |1.67E-03 | 0.90

0.15 |1.74E-03| 1.83E-03 525 |1.61E-03| -7.83 | 1.51E-03 | -13.21 |1.74E-03| 0.14

4 0.2 1.79E-03| 1.82E-03 1.72 |1.65E-03| -7.96 |1.58E-03 | -11.90 | 1.78E-03 | -0.86
0.25 |1.82E-03| 1.82E-03 -0.21 |1.68E-03| -7.84 | 1.62E-03 | -10.86 | 1.79E-03 | -1.89

0.3 1.78E-03| 1.81E-03 2.12 |1.70E-03| -437 |1.66E-03| -6.85 |1.79E-03 | 0.63

0.35 |1.80E-03| 1.81E-03 095 |1.72E-03| -4.52 |1.68E-03| -6.53 |1.78E-03 | -0.68

0.4 1.80E-03| 1.81E-03 0.54 |1.73E-03| -4.19 |1.70E-03 | -5.87 |1.77E-03| -1.55

045 |1.82E-03| 1.81E-03 -0.41 |1.74E-03| -4.55 |1.71E-03| -596 |1.76E-03 | -3.17

0.5 1.80E-03| 1.81E-03 0.62 |1.74E-03| -3.12 |1.72E-03 | -4.35 |1.75E-03 | -2.78
0.01 |1.61E-04| 3.62E-04 | 124.53 |1.69E-04| 4.92 |1.21E-04| -24.81 | 1.29E-04 |-19.90

0.02 |1.60E-04| 2.81E-04 75.51 |1.67E-04| 4.15 | 1.30E-04 | -18.64 | 1.47E-04 | -8.33

0.05 |1.72E-04| 2.20E-04 27.58 |1.66E-04| -3.49 |1.44E-04 | -16.31 |1.71E-04 | -0.58

0.1 1.85E-04| 2.00E-04 8.53 |[1.72E-04| -6.90 | 1.59E-04 | -14.02 | 1.86E-04 | 0.76

0.15 |1.93E-04| 1.96E-04 141 |1.77BE-04| -8.43 |1.68E-04| -13.07 | 1.91E-04 | -1.42

45 0.2 1.94E-04| 1.95E-04 022 |1.81E-04| -7.00 |1.74E-04 | -10.35 | 1.92E-04 | -1.20
i 0.25 |1.93E-04| 1.94E-04 0.89 |1.83E-04| -4.80 |1.78E-04 | -7.37 |1.92E-04| -0.12

0.3 1.91E-04| 1.94E-04 1.57 |1.85E-04| -3.09 |1.81E-04| -5.12 |1.92E-04| 0.58

035 |1.91E-04| 1.94E-04 1.74 |1.87E-04| -2.17 |1.83E-04 | -3.80 | 1.92E-04 | 0.48

0.4 1.95E-04| 1.94E-04 -0.55 |1.88E-04| -3.81 | 1.85E-04 | -5.13 |1.90E-04 | -2.32

0.45 [1.92E-04| 1.94E-04 1.24 |1.88E-04| -1.66 | 1.86E-04 | -2.78 |1.89E-04| -1.32

0.5 1.93E-04| 1.94E-04 0.65 |1.89E-04| -1.89 |1.87E-04| -2.84 | 1.88E-04| -2.46
0.01 |1.53E-05| 3.04E-05 99.11 |1.53E-05| 0.22 | 1.11E-05| -27.46 | 1.18E-05|-22.94
0.02 |1.50E-05| 2.36E-05 57.34 |1.49E-05| -0.67 | 1.18E-05| -21.54 | 1.32E-05|-11.93

0.05 |1.57E-05| 1.85E-05 17.71 |1.46E-05| -6.93 | 1.28E-05| -18.40 | 1.51E-05]| -3.71

0.1 1.63E-05| 1.69E-05 322 |1.49E-05| -8.69 |139E-05| -14.91 | 1.60E-05 | -1.83

0.15 |1.62E-05| 1.65E-05 2.12 |1.53E-05| -5.61 |1.46E-05| -9.73 |1.62E-05| 0.40

5 0.2 1.64E-05| 1.64E-05 0.29 |1.55E-05| -5.17 | 1.50E-05| -8.03 | 1.63E-05| -0.53
0.25 |1.61E-05| 1.64E-05 1.31 |1.57E-05| -2.89 |1.53E-05| -5.04 |1.63E-05| 0.70

0.3 1.63E-05| 1.63E-05 0.25 |1.58E-05| -3.06 |1.55E-05| -4.69 |1.62E-05| -0.40

035 |1.63E-05| 1.63E-05 0.11 |1.59E-05| -2.60 |1.57E-05| -3.89 | 1.62E-05| -0.79

0.4 1.60E-05| 1.63E-05 1.89 |1.60E-05| -0.43 |1.58E-05| -149 |1.61E-05| 0.48

045 |1.60E-05| 1.63E-05 221 |1.60E-05| 0.21 1.59E-05| -0.66 | 1.60E-05| 0.17

0.5 1.63E-05| 1.63E-05 0.38 |1.60E-05| -1.33 | 1.59E-05| -2.05 |1.59E-05] -1.99

e % 2827 | w% | 0673 | w% | -8.81 W% | 2.57

O¢ o, 53.27 O¢ o, 8.93 O¢ o, 5.74 O¢ o, 5.38

Emax /0 240.73 | &max %0 28.78 Emax /0 1.55 Emax Y0 | 2.71
Emin 70 -1.23 | Emin % -9.32 Emin 70 -27.46 Emin Y0 |-22.94

Ll % 28.39 gl % 6.58 Ll % 8.86 gl % 3.17
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D.4.2 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.1s

Table D.17 - New: Time-variant FPFP computed at # = 1.0s for linear elastic SDOF system with
I'=0.1s subjected to KT base excitation from at-rest initial conditions.

C & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |4.87E-01|8.66E-01| 77.82 |6.39E-01| 31.17 |5.57E-01 | 14.32 |5.64E-01| 15.72
0.02 |7.77E-01|9.74E-01 | 25.42 |8.67E-01| 11.61 |8.06E-01 | 3.70 |8.17E-01| 5.21
0.05 |9.41E-01|9.93E-01| 5.50 |9.63E-01| 2.27 |9.38E-01| -0.35 |9.58E-01| 1.75
0.1 [9.95E-01|9.94E-01| -0.13 [9.79E-01| -1.61 [9.66E-01| -2.90 |9.84E-01| -1.11
0.15 |9.88E-01|9.92E-01| 0.41 |9.81E-01| -0.71 |9.71E-01| -1.71 |9.88E-01| 0.00

15 0.2 [9.90E-01|9.90E-01| 0.00 [9.81E-01| -0.95 |9.72E-01| -1.85 |9.89E-01| -0.13
0.25 |9.98E-01|9.88E-01| -1.02 |9.79E-01| -1.87 |9.71E-01| -2.71 |9.89E-01| -0.94
0.3 [9.95E-01|9.85E-01| -1.00 [9.78E-01| -1.78 |9.69E-01| -2.61 |9.88E-01| -0.75
0.35 |9.94E-01|9.83E-01 | -1.07 |9.76E-01| -1.80 |9.68E-01 | -2.62 |9.87E-01| -0.67
0.4 [9.86E-01|9.81E-01| -0.60 [9.74E-01| -1.28 [9.66E-01| -2.11 |9.86E-01| -0.05
0.45 |9.79E-01|9.78E-01 | -0.15 |9.72E-01| -0.78 |9.63E-01 | -1.63 |9.85E-01| 0.54
0.5 [9.95E-01|9.75E-01| -1.95 |9.70E-01| -2.53 |9.61E-01| -3.38 |9.83E-01| -1.15
0.01 |1.60E-01|3.74E-01|133.71 |2.18E-01| 36.11 |1.79E-01| 12.05 |1.78E-01| 11.16
0.02 |3.88E-01|6.97E-01 | 79.72 |4.79E-01| 23.34 |4.13E-01| 6.45 |4.18E-01| 7.77
0.05 |6.84E-01|8.55E-01| 25.04 |7.06E-01| 3.26 |6.50E-01| -5.01 |6.92E-01| 1.12
0.1 |8.05E-01|8.72E-01| 831 |7.71E-01| -422 |7.30E-01| -9.25 |7.90E-01| -1.86
0.15 |841E-01|8.63E-01| 2.68 |7.81E-01| -7.16 |7.47E-01| -11.13 |8.11E-01| -3.59

) 0.2 |8.31E-01|8.52E-01| 2.50 |7.78E-01| -6.30 |7.49E-01| -9.86 |8.14E-01| -2.06
0.25 |8.50E-01|8.39E-01| -1.29 |7.72E-01| -9.18 |7.45E-01| -12.37 |8.10E-01 | -4.67
0.3 |8.06E-01|8.27E-01| 2.57 |7.64E-01| -521 |7.39E-01| -8.37 |8.04E-01| -0.21
0.35 |8.21E-01|8.15E-01| -0.72 |7.56E-01| -7.96 |7.32E-01| -10.90 |7.97E-01| -2.89
0.4 |8.01E-01|8.04E-01| 047 |7.47E-01| -6.63 |7.24E-01| -9.52 |7.90E-01| -1.32
0.45 |8.02E-01|7.94E-01| -0.99 |7.39E-01| -7.80 |7.17E-01| -10.59 |7.82E-01| -2.42
0.5 |7.97E-01|7.84E-01| -1.56 |7.32E-01| -8.17 |7.10E-01| -10.88 |7.75E-01| -2.71
0.01 |3.30E-02|7.61E-02 | 130.61 |4.41E-02| 33.48 |3.59E-02| 8.74 |3.50E-02| 6.00
0.02 |1.31E-01|2.60E-01 | 98.44 |1.59E-01| 21.65 |1.33E-01| 1.88 |1.34E-01| 2.07
0.05 |3.15E-01|4.44E-01 | 40.87 |3.20E-01| 1.58 |2.84E-01| -9.82 |3.09E-01| -1.78
0.1 |4.16E-01|4.79E-01| 15.19 [3.80E-01| -8.54 |[3.50E-01| -15.77 |3.95E-01| -5.04
0.15 |4.26E-01|4.73E-01 | 10.93 |3.90E-01| -8.45 |3.65E-01| -14.38 |4.14E-01 | -2.85

)5 0.2 |4.34E-01|4.60E-01 | 596 |3.88E-01| -10.66 |3.66E-01| -15.73 |4.15E-01| -4.29

’ 0.25 |4.29E-01|4.46E-01 | 4.04 |3.81E-01| -11.06 |3.62E-01 | -15.65 |4.11E-01 | -4.26
0.3 |4.16E-01|4.33E-01| 4.19 |3.74E-01| -10.07 |3.56E-01 | -14.38 |4.03E-01| -2.94
0.35 |4.12E-01|4.21E-01 | 2.30 |3.66E-01| -11.05 |3.49E-01| -15.07 |3.96E-01| -3.88
0.4 |4.03E-01|4.10E-01| 1.72 |3.58E-01| -11.05 |3.43E-01| -14.88 |3.87E-01| -3.86
0.45 |3.81E-01|4.00E-01| 5.04 |3.51E-01| -7.72 |3.37E-01| -11.53 |3.80E-01| -0.13
0.5 |[3.78E-01|3.91E-01| 3.29 |[3.45E-01| -8.89 |[3.31E-01| -12.52 |3.74E-01| -1.22
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 [5.02E-03]9.68E-03 | 93.05 [6.00E-03| 19.73 |4.92E-03| -1.89 |4.75E-03| -5.33
0.02 |3.08E-02|5.66E-02 | 83.73 |3.56E-02| 15.49 |2.97E-02| -3.51 |2.95E-02| -4.23
0.05 [9.30E-02| 1.30E-01 | 39.45 |9.27E-02| -0.27 |8.18E-02| -12.05 |8.93E-02| -4.00
0.1 |1.29E-01|1.49E-01| 1532 |1.17E-01| -9.19 |1.07E-01] -16.74 |1.22E-01| -5.61
0.15 |1.36E-01|1.48E-01| 9.07 |1.21E-01| -10.49 |1.13E-01| -16.52 | 1.29E-01| -4.89
3 0.2 |1.34E-01|1.44E-01| 7.18 |[1.21E-01| -9.95 |1.14E-01| -15.19 |1.29E-01| -3.50
0.25 |1.31E-01|1.39E-01| 6.12 |1.18E-01| -9.45 |1.12E-01| -14.18 |1.27E-01| -2.63
0.3 |1.27E-01|1.34E-01| 4.86 |[1.15E-01| -9.53 |1.10E-01| -13.87 | 1.24E-01| -2.73
0.35 |1.22E-01]1.29E-01| 5.74 |1.12E-01| -8.01 |1.07E-01| -12.12 |1.21E-01| -1.00
04 |1.18E-01|1.25E-01| 5.61 |1.09E-01| -7.52 |1.05E-O1]| -11.42 |1.18E-01| -0.27
045 |1.18E-01|1.21E-01| 2.49 |1.06E-01| -9.78 |1.02E-01| -13.40 |1.15E-01| -2.48
0.5 |1.12E-01|1.17E-01| 4.40 |[1.04E-01| -7.68 |9.98E-02| -11.23 |1.12E-01| -0.04
0.01 [4.97E-04|8.67E-04 | 74.25 |5.77E-04| 16.05 |4.78E-04| -3.98 |4.58E-04| -7.83
0.02 [5.30E-03|8.67E-03 | 63.67 |5.80E-03| 9.43 |4.88E-03| -7.91 |4.81E-03| -9.16
0.05 |[1.99E-02|2.54E-02 | 27.67 |1.90E-02| -4.37 |1.69E-02| -15.13 | 1.83E-02| -7.92
0.1 ]2.76E-02]|3.05E-02| 10.79 |[2.50E-02] -9.32 |2.31E-02| -16.31 |2.59E-02| -6.13
0.15 |2.86E-02|3.08E-02| 7.62 |2.62E-02| -8.55 |2.46E-02| -14.16 |2.76E-02 | -3.55
35 0.2 |2.80E-02|3.00E-02| 7.05 |2.60E-02| -7.08 |2.47E-02| -11.93 |2.76E-02| -1.38
i 0.25 [2.71E-02|2.89E-02| 6.50 |2.54E-02| -6.26 |2.43E-02| -10.60 |2.70E-02| -0.50
0.3 |2.60E-02|2.78E-02| 6.97 |2.47E-02| -4.92 |2.37E-02| -8.92 |2.63E-02| 1.04
0.35 |2.53E-02|2.68E-02| 5.87 |2.40E-02| -5.19 |2.31E-02| -8.88 |2.56E-02| 1.00
0.4 |2.43E-02|2.58E-02| 6.21 |2.33E-02| -4.34 |2.24E-02| -7.83 |2.49E-02| 2.15
045 [2.39E-02|2.50E-02| 4.48 |2.26E-02| -546 |2.18E-02| -8.71 |2.42E-02| 1.11
0.5 |2.30E-02|2.42E-02| 5.44 |2.20E-02| -4.21 |2.13E-02| -7.35 |2.35E-02| 2.51
0.01 |3.44E-05|5.60E-05| 62.90 |3.96E-05| 15.26 |3.31E-05| -3.62 |3.17E-05| -7.69
0.02 |6.81E-04| 1.00E-03 | 47.20 |7.11E-04| 4.46 |6.04E-04| -11.26 |5.94E-04| -12.79
0.05 |[3.13E-03|3.71E-03 | 18.32 [2.92E-03] -6.72 |2.62E-03| -16.41 |2.82E-03| -10.00
0.1 |4.35E-03|4.65E-03| 6.90 |3.97E-03| -8.72 |3.69E-03| -14.98 |4.09E-03| -5.97
0.15 |4.49E-03|4.75E-03| 5.74 |4.19E-03| -6.73 |3.96E-03| -11.71 |4.38E-03 | -2.48
4 0.2 |4.32E-03|4.65E-03| 7.63 |4.18E-03| -3.35 |3.99E-03| -7.68 |4.38E-03| 1.31
0.25 |4.24E-03|4.49E-03| 6.03 |4.08E-03| -3.66 |3.92E-03| -7.44 |4.28E-03| 1.09
0.3 |4.10E-03|4.32E-03| 5.38 |3.96E-03| -3.45 |3.82E-03| -6.86 |4.17E-03| 1.58
0.35 |3.89E-03|4.16E-03| 6.82 |3.83E-03| -1.52 |3.71E-03| -4.72 |4.04E-03| 3.84
0.4 |3.79E-03|4.01E-03| 5.69 |3.71E-03| -2.10 |3.60E-03| -5.06 |3.92E-03| 3.36
0.45 |3.67E-03|3.87E-03| 5.55 |3.60E-03| -1.86 |3.50E-03| -4.64 |3.80E-03| 3.65
0.5 |3.56E-03|3.75E-03| 5.37 |3.49E-03| -1.72 |3.40E-03| -435 |3.69E-03| 3.74
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |1.68E-06|2.61E-06| 55.51 |1.94E-06| 15.73 |1.64E-06| -2.21 |1.57E-06| -6.36

0.02  |6.54E-05|8.90E-05| 36.01 [6.64E-05| 1.54 |5.70E-05| -12.89 |5.59E-05| -14.58

0.05 |3.67E-04|4.19E-04 | 14.10 |3.45E-04| -6.05 |3.12E-04| -14.97 |3.34E-04| -9.10

0.1 |5.09E-04|5.45E-04 | 7.18 |4.82E-04| -5.25 |4.53E-04| -10.96 |4.94E-04 | -2.83

0.15 |5.21E-04|5.64E-04| 8.26 |5.13E-04| -1.60 |[4.89E-04| -6.12 |5.32E-04| 2.09

45 0.2 |5.19E-04|5.56E-04 | 7.09 |5.13E-04| -1.19 |4.94E-04| -495 |5.32E-04| 2.53
i 0.25 |5.08E-04|5.39E-04| 6.02 |5.02E-04| -1.22 |4.85E-04| -4.46 |5.22E-04| 2.79
0.3 |4.80E-04|5.18E-04| 7.98 |4.86E-04| 129 |4.72E-04| -1.67 |5.07E-04| 5.67

0.35 |4.53E-04|4.99E-04| 9.98 [4.70E-04| 3.68 |4.57E-04| 092 |491E-04| 8.30

0.4 |4.46E-04|4.80E-04 | 7.70 |4.54E-04| 1.92 |4.43E-04| -0.59 |4.74E-04| 6.46

0.45 |4.37E-04|4.63E-04 | 5.84 [4.39E-04| 047 [4.29E-04| -1.84 |4.59E-04| 4.86

0.5 |4.13E-04|/4.48E-04 | 836 |4.26E-04| 3.12 |4.17E-04| 0.89 |4.44E-04| 7.48

0.01 |5.81E-08|8.81E-08 | 51.50 [6.84E-08| 17.62 |5.84E-08| 0.41 |5.59E-08| -3.75

0.02  |4.58E-06|6.07E-06 | 32.60 |4.73E-06| 3.28 |4.10E-06| -10.54 |4.01E-06| -12.36

0.05 |3.36E-05|3.69E-05| 9.83 [3.15E-05| -6.32 [2.88E-05| -14.42 |3.06E-05| -9.11

0.1 |4.68E-05/4.98E-05| 6.36 |4.52E-05| -3.39 |4.28E-05| -8.48 |4.62E-05| -1.32

0.15 |4.86E-05|5.22E-05| 7.29 |4.85E-05| -0.23 |4.66E-05| -4.15 |4.99E-05| 2.55

5 0.2 |4.83E-05|5.18E-05| 7.26 |4.88E-05| 0.98 |4.72E-05| -2.24 |5.03E-05| 4.09
0.25 |4.66E-05|5.03E-05| 7.84 |4.77E-05| 2.35 |4.64E-05| -0.44 |4.93E-05| 5.83

0.3 |447E-05/4.84E-05| 8.19 |4.62E-05| 3.26 |4.51E-05| 0.77 |4.78E-05| 6.93

0.35 |4.35E-05|4.65E-05| 6.84 |4.46E-05| 2.38 |4.36E-05| 0.16 |4.62E-05| 6.03

0.4 |4.08E-05/4.47E-05| 9.54 |4.30E-05| 5.29 |4.21E-05| 3.19 |4.45E-05| 8.95

0.45 |4.01E-05|4.31E-05| 7.55 [4.15E-05| 3.62 [4.08E-05| 1.70 |4.29E-05| 7.07

0.5 [3.95E-05|4.16E-05| 5.36 [4.02E-05| 1.71 |3.95E-05| -0.05 |4.15E-05] 4.93

% | 1768 | w% | 0593 | w% | 696 | w% | -0.67

C¢ % 28.17 Gg 9.86 Cg % 6.67 C¢ % 5.26

Emax 70 | 133.71 | €max% | 36.11 | €max% 1432 | €nx% 15.72

Emin 70 | -1.95 | €min% | -11.06 | &mnin% | -16.74 | &min % | -14.58

gl % 17.90 gl % 7.12 gl % 8.11 gl % 4.09
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D.4.3 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 0.5s

Table D.18 - New: Time-variant FPFP computed at # = 1.0s for linear elastic SDOF system with
I'=0.5s subjected to KT base excitation from at-rest initial conditions.

C & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |3.97E-01|8.44E-01|112.50 |4.96E-01| 2493 |3.94E-01| -0.85 |3.67E-01| -7.46
0.02 |6.74E-01|9.72E-01 | 44.26 |7.64E-01| 13.44 |6.60E-01 | -2.10 |6.17E-01| -8.40
0.05 |9.13E-01|9.95E-01| 8.96 |9.34E-01| 2.24 |8.82E-01| -3.40 |9.13E-01| -0.03
0.1 [9.94E-01/9.97E-01| 0.39 [9.77E-01| -1.62 |9.58E-01| -3.62 |9.67E-01| -2.71
0.15 |1.00E+00|9.98E-01 | -0.68 |9.88E-01| -1.64 |9.78E-01| -2.64 |9.88E-01| -1.69
15 0.2 [1.00E+00/ 9.98E-01 | -0.53 [9.93E-01| -1.09 |9.87E-01| -1.68 |9.94E-01| -0.92
0.25 |1.01E+00/9.98E-01 | -1.13 |9.95E-01| -1.48 |9.91E-01| -1.87 |9.97E-01| -1.27
0.3 [9.91E-01|9.98E-01| 0.79 [9.96E-01| 0.54 |9.93E-01| 0.26 |9.98E-01 0.76
0.35 |9.93E-01|9.98E-01| 0.50 |9.97E-01| 0.34 |9.95E-01| 0.13 |9.99E-01 0.53
0.4 [9.97E-01{9.98E-01| 0.15 [9.97E-01| 0.03 [9.96E-01| -0.13 |9.99E-01 0.21
0.45 |1.01E+00/9.98E-01 | -0.78 |9.98E-01| -0.86 |9.96E-01| -0.99 |[9.99E-01| -0.70
0.5 |[9.91E-01/9.98E-01| 0.73 |[9.98E-01| 0.68 |9.97E-01| 0.56 |9.99E-01 0.83
0.01 |1.20E-01|3.39E-01 | 182.15 |1.49E-01| 24.35 |1.12E-01| -6.92 |1.09E-01| -9.49
0.02 |3.06E-01|6.80E-01 | 122.13 |3.72E-01| 21.55 |2.94E-01| -3.82 |2.77E-01| -9.61
0.05 |5.94E-01|8.69E-01 | 46.43 |6.39E-01| 7.66 |5.56E-01| -6.37 |6.31E-01 6.30
0.1 |7.91E-01|9.09E-01 | 14.92 |7.68E-01| -2.92 |7.09E-01| -10.40 |7.41E-01| -6.29
0.15 |8.62E-01|9.20E-01 | 6.73 |8.19E-01| -491 |7.76E-01| -998 |8.25E-01| -4.30
) 0.2 |8.81E-01/9.25E-01| 490 |[8.47E-01| -3.84 |8.13E-01| -7.70 |8.68E-01| -1.50
0.25 |9.12E-01|9.27E-01| 1.62 |8.65E-01| -5.19 |8.37E-01| -821 |8.93E-01| -2.09
0.3 |9.22E-01]9.29E-01| 0.70 |8.77E-01| -4.90 |8.54E-01| -7.40 |9.09E-01| -1.45
0.35 |9.04E-01|9.29E-01| 2.84 |8.85E-01| -2.04 |8.65E-01| -4.22 |9.18E-01 1.64
0.4 |9.44E-01]9.29E-01| -1.49 |8.91E-01| -5.54 |8.74E-01| -7.37 |9.25E-01| -2.01
0.45 |9.46E-01|9.29E-01| -1.73 |8.96E-01| -5.28 |8.80E-01| -6.90 |9.28E-01| -1.83
0.5 [9.23E-01/9.29E-01| 0.63 |[8.99E-01| -2.61 |8.85E-01| -4.09 |9.31E-01 0.80
0.01 |2.40E-02|6.43E-02 | 168.01 |2.83E-02| 18.05 |2.10E-02| -12.61 |2.22E-02| -7.27
0.02 |9.74E-02|2.44E-01 | 150.46 |1.16E-01| 1895 |8.87E-02| -892 |8.93E-02| -8.31
0.05 |2.58E-01|4.57E-01| 77.30 |2.77E-01| 7.26 |2.30E-01| -11.01 |2.90E-01| 12.23
0.1 [3.94E-01|5.29E-01 | 34.13 |[3.80E-01| -3.68 |3.36E-01| -14.88 |3.78E-01| -4.21
0.15 |4.58E-01|5.51E-01 | 20.29 |4.29E-01| -6.43 |3.91E-01 | -14.69 [4.51E-01| -1.49
)5 0.2 |5.01E-01|5.62E-01 | 12.08 |4.58E-01| -8.57 [4.26E-01| -15.06 |4.96E-01| -1.15
’ 0.25 |5.32E-01|5.68E-01| 6.72 |4.78E-01| -10.12 |4.50E-01 | -15.44 |5.23E-01| -1.66
0.3 |5.44E-01|5.72E-01 | 4.97 [4.92E-01| -9.55 |4.68E-01| -14.12 |5.41E-01| -0.62
0.35 |5.58E-01|5.74E-01 | 2.82 |5.03E-01| -9.85 |4.81E-01| -13.82 |5.52E-01| -1.00
0.4 |5.61E-01|5.75E-01| 236 |[5.11E-01| -9.03 |4.91E-01| -12.57 |5.59E-01| -0.41
0.45 |5.67E-01|5.75E-01| 1.40 |5.16E-01| -8.89 |4.98E-01| -12.07 |5.63E-01| -0.74
0.5 |[5.80E-01|5.74E-01| -1.00 [5.21E-01| -10.25 |5.04E-01| -13.09 |5.64E-01| -2.81
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |3.34E-03|7.66E-03 | 129.25 |3.67E-03| 9.85 |2.73E-03| -18.30 |3.20E-03| -4.38
0.02 |2.23E-02|5.15E-02 | 130.52 |2.52E-02| 12.80 |1.92E-02| -13.97 |2.12E-02| -4.94
0.05 |7.56E-02|1.34E-01| 77.18 |7.94E-02| 4.97 |6.51E-02| -13.87 |8.89E-02| 17.49
0.1 |1.26E-01|1.69E-01| 34.14 [1.18E-01] -6.12 |1.03E-01| -17.93 |1.25E-01| -0.92
0.15 |1.50E-01|1.80E-01| 19.92 |1.37E-01| -8.84 |1.24E-01| -17.65 |1.51E-01| 0.72
3 0.2 |1.67E-01|1.86E-01 | 11.20 [1.49E-01| -11.13 |1.37E-01| -18.07 | 1.67E-01| -0.20
0.25 |1.80E-01]1.89E-01| 4.85 [1.56E-01]| -13.31 |1.46E-01| -18.95 |1.76E-01| -2.39
0.3 |1.85E-01|1.91E-01| 3.61 |[1.62E-01| -12.20 |1.53E-01| -17.08 | 1.82E-01| -1.52
0.35 |1.87E-01]1.92E-01| 291 |[1.66E-01| -11.14 |1.58E-01| -15.43 |1.85E-01| -1.02
04 |1.91E-01|193E-01| 1.25 |1.69E-01| -11.28 |1.62E-01| -15.05 |1.87E-01| -2.01
045 |1.91E-01|1.93E-01| 1.21 |1.71E-01| -10.26 |1.65E-01| -13.67 |1.88E-01| -1.82
0.5 |1.92E-01|1.93E-01| 0.75 |[1.73E-01| -9.80 |1.67E-01| -12.88 |1.87E-01| -2.32
0.01 |[3.24E-04|6.41E-04 | 97.98 |3.35E-04| 3.47 |2.51E-04| -22.38 |3.12E-04| -3.50
0.02 [3.80E-03| 7.66E-03 | 101.26 |4.04E-03| 6.15 |3.10E-03 | -18.55 |3.64E-03| -4.38
0.05 |[1.66E-02|2.61E-02| 56.91 |1.64E-02| -1.73 |1.35E-02| -18.95 |1.91E-02| 14.63
0.1 |2.83E-02|3.48E-02| 22.71 |2.55E-02| -10.20 |2.24E-02| -21.05 |2.79E-02| -1.73
0.15 |[3.31E-02|3.77E-02 | 14.08 |2.98E-02| -9.87 |2.71E-02| -18.10 |3.35E-02| 1.37
35 0.2 |3.59E-02|3.92E-02| 9.25 |[3.24E-02| -9.64 |3.01E-02| -16.22 |3.66E-02| 1.87
i 0.25 |3.83E-02|4.00E-02| 4.53 [3.42E-02]| -10.85 |3.21E-02| -16.19 |3.83E-02| -0.16
0.3 |3.95E-02|4.06E-02| 2.86 |3.54E-02| -10.32 |3.36E-02 | -14.86 |3.92E-02| -0.55
0.35 |4.00E-02|4.09E-02 | 2.37 |3.63E-02| -9.25 |3.47E-02| -13.19 |3.98E-02| -0.42
04 |4.17E-02|4.11E-02| -1.37 |3.69E-02| -11.43 |3.55E-02| -14.79 |4.01E-02| -3.85
045 |4.04E-02|4.12E-02| 1.96 [3.74E-02| -7.49 |3.62E-02| -10.58 |4.02E-02| -0.66
0.5 |4.07E-02|4.12E-02| 1.34 |[3.77E-02| -7.28 |3.66E-02| -10.04 |4.01E-02| -1.54
0.01 |2.21E-05|3.83E-05| 73.04 |2.16E-05| -2.46 |1.64E-05| -26.13 |2.02E-05| -8.59
0.02 |4.78E-04| 8.59E-04 | 79.49 |4.88E-04| 1.95 |3.77E-04| -21.09 |4.41E-04| -7.80
0.05 ]2.65E-03|3.80E-03 | 43.07 |2.54E-03] -4.31 |2.12E-03| -20.28 |2.97E-03 | 12.02
0.1 |4.48E-03|5.28E-03| 18.06 [4.08E-03| -8.80 |3.63E-03| -19.00 |4.44E-03| -0.71
0.15 |5.33E-03|5.79E-03 | 8.64 |4.79E-03| -10.09 |4.40E-03 | -17.51 |5.32E-03| -0.23
4 0.2 |5.86E-03|6.05E-03| 3.22 |5.21E-03| -11.08 |4.87E-03| -16.81 |5.77E-03| -1.57
0.25 [6.06E-03|6.19E-03 | 2.16 |5.48E-03| -9.64 |5.19E-03| -14.36 |6.01E-03| -0.86
0.3 |6.08E-03|6.28E-03| 3.37 |5.66E-03| -6.84 |5.42E-03| -10.89 |6.15E-03 1.16
0.35 |6.16E-03|6.34E-03| 2.94 |5.80E-03] -5.95 |5.58E-03| -9.40 |6.23E-03 1.13
0.4 |6.32E-03|6.38E-03| 0.94 |5.89E-03| -6.78 |5.71E-03| -9.73 |6.28E-03| -0.70
0.45 [6.35E-03|6.40E-03| 0.91 |5.96E-03| -6.02 |5.80E-03| -8.62 |6.30E-03| -0.78
0.5 |6.33E-03|6.41E-03| 1.37 |6.01E-03] -496 |5.87E-03| -7.27 |6.29E-03| -0.55

169




£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |1.02E-06|1.64E-06 | 61.04 |9.87E-07| -3.13 |7.55E-07| -25.90 |9.26E-07| -9.09

0.02  |4.59E-05|7.37E-05| 60.57 |4.47E-05| -2.69 |3.49E-05| -23.97 |4.04E-05| -11.96

0.05 |3.24E-04|4.27E-04 | 31.93 |3.03E-04| -6.48 |2.55E-04| -21.25 |3.54E-04| 9.48

0.1 |5.59E-04|6.18E-04 | 10.62 |5.01E-04| -10.45 |4.49E-04 | -19.62 |5.39E-04 | -3.50

0.15 |6.43E-04|6.84E-04| 6.35 |5.89E-04| -8.47 |5.45E-04| -15.21 |6.43E-04| -0.06

45 0.2 |6.97E-04|7.17E-04| 2.78 |6.39E-04| -8.41 |6.03E-04| -13.56 |6.94E-04| -0.50
i 0.25 |7.23E-04|7.36E-04| 1.75 |6.70E-04| -7.29 |6.40E-04| -11.43 |7.21E-04| -0.22
0.3 |7.38E-04|7.47E-04 | 1.28 [6.92E-04| -6.28 |6.66E-04| -9.70 |7.37E-04| -0.08

0.35 |7.55E-04|7.55E-04| -0.02 |7.07E-04| -6.43 |6.85E-04| -9.28 |7.47E-04| -1.09

0.4 |7.46E-04|7.60E-04 | 1.88 |7.18E-04| -3.83 |6.99E-04| -6.32 |7.53E-04| 0.88

0.45 |7.61E-04|7.64E-04 | 0.35 |7.26E-04| -4.63 |7.09E-04| -6.76 |7.56E-04| -0.66

0.5 |7.49E-04|7.65E-04 | 2.16 [7.31E-04| -2.39 |7.17E-04| -430 |7.56E-04| 0.98

0.01 |3.40E-08|5.02E-08 | 47.87 |3.20E-08| -5.92 |2.47E-08 | -27.31 |3.01E-08| -11.46

0.02 |3.26E-06|4.86E-06 | 49.11 |3.11E-06| -4.43 |2.46E-06| -24.62 |2.82E-06| -13.39

0.05 |3.06E-05|3.74E-05| 22.20 |2.78E-05| -9.02 |2.37E-05| -22.57 |3.26E-05| 6.58

0.1 |5.27E-05|5.63E-05| 6.96 |4.74E-05| -10.05 |4.29E-05| -18.44 |5.06E-05| -3.96

0.15 |5.86E-05]|6.28E-05| 7.21 |5.58E-05| -4.84 |5.21E-05| -11.05 | 6.00E-05| 2.45

5 0.2 |6.43E-05/6.61E-05| 2.84 |6.04E-05| -5.94 |5.75E-05| -10.52 |6.46E-05| 0.59
0.25 |6.57E-05]|6.80E-05| 3.36 [6.33E-05| -3.67 [6.09E-05| -7.33 |6.71E-05| 2.07

0.3 |6.80E-05|6.91E-05| 1.69 |6.52E-05| -4.02 |6.32E-05| -6.95 |6.85E-05| 0.84

0.35  |6.99E-05]|6.99E-05| -0.02 |6.66E-05| -4.75 [6.49E-05| -7.15 |6.94E-05| -0.67

0.4 |7.07E-05|7.04E-05| -0.44 |6.75E-05| -4.50 |6.61E-05| -6.52 |7.00E-05| -1.02

0.45 |6.94E-05|7.07E-05| 1.86 |6.82E-05| -1.77 |6.70E-05| -3.54 |7.03E-05| 1.25

0.5 [7.10E-05|7.09E-05| -0.03 [6.87E-05| -3.19 |6.76E-05| -4.69 |7.05E-05] -0.71

% | 2412 | w% | 3466 | w% | 1193 [ w% | -1.16

C¢ % 41.20 Gg 7.98 Cg % 6.75 C¢ % 4.88

Emax 70 | 18215 | €max% | 24.93 | €max% 0.56 Emax /0 17.49

Emin 70 | -1.73 | €min% | -13.31 | &min% | -27.31 | &min% | -13.39

gl % 2431 gl % 7.20 gl % 11.94 gl % 3.22
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D.4.4 Kanai-Tajimi and Unit-step Time-modulating Function, 7= 1.0s

Table D.19 - New: Time-variant FPFP computed at # = 1.0s for linear elastic SDOF system with
T'=1.0s subjected to KT base excitation from at-rest initial conditions.

C & ISEE P € [%] cVM € [%] mVM € [%] New € [%]
0.01 |4.08E-01|8.46E-01|107.47 |5.37E-01| 31.60 |4.40E-01| 7.77 |4.09E-01 0.20
0.02 |6.80E-01|9.72E-01 | 43.02 |8.02E-01| 17.96 |7.12E-01| 4.69 |6.82E-01 0.30
0.05 |9.28E-01|9.95E-01| 7.19 |9.51E-01| 249 |9.14E-01| -1.55 |9.20E-01| -0.91
0.1 [9.70E-01|9.98E-01| 2.80 [9.85E-01| 1.51 [9.73E-01| 0.23 |9.84E-01 1.44
0.15 |9.94E-01|9.98E-01| 0.36 |9.93E-01| -0.19 |9.87E-01| -0.77 |9.95E-01 0.03
15 0.2 [9.95E-01|9.98E-01| 0.30 [9.95E-01| 0.01 [9.92E-01| -0.31 |9.98E-01 0.23
0.25 |1.00E+00|9.98E-01 | -0.36 |9.97E-01| -0.52 |9.95E-01| -0.72 |[9.99E-01| -0.34
0.3 [9.64E-01|9.99E-01| 3.54 |[9.98E-01| 3.44 |9.96E-01| 3.30 |9.99E-01 3.60
0.35 |1.00E+00|9.99E-01 | -0.17 |9.98E-01| -0.22 |9.97E-01| -0.32 [9.99E-01| -0.10
0.4 [9.95E-01{9.99E-01| 0.32 [9.98E-01| 0.30 [9.98E-01| 0.23 |[9.99E-01 0.40
0.45 |9.98E-01/9.99E-01| 0.11 |9.99E-01| 0.11 |9.98E-01| 0.05 |1.00E+00| 0.20
0.5 |9.85E-01/9.99E-01| 1.38 [9.99E-01| 1.39 |9.98E-01| 1.34 |1.00E+00| 1.46
0.01 |1.22E-01|3.42E-01 | 180.89 |1.66E-01| 36.11 |1.28E-01| 5.15 |1.21E-01| -0.56
0.02 |3.10E-01|6.83E-01 | 120.26 |[4.05E-01| 30.71 |3.31E-01| 6.65 |3.11E-01 0.33
0.05 |6.12E-01|8.71E-01 | 42.32 |6.76E-01| 10.55 |6.03E-01| -1.37 |6.06E-01| -0.95
0.1 |8.00E-01|9.10E-01 | 13.76 |7.98E-01| -0.23 |7.51E-01| -6.17 |7.89E-01| -1.47
0.15 |8.49E-01|9.22E-01| 8.51 |8.45E-01| -0.45 |8.12E-01| -4.38 |8.60E-01 1.24
) 0.2 |891E-01]/9.27E-01| 3.99 |[8.71E-01| -2.33 |8.46E-01| -5.13 |8.95E-01 0.38
0.25 |9.18E-01|9.30E-01 | 1.32 |8.86E-01| -3.46 |8.67E-01| -5.60 |9.14E-01| -0.43
0.3 |9.24E-01]9.32E-01| 0.96 |8.97E-01| -2.87 |8.81E-01| -4.60 |9.26E-01 0.23
0.35 |9.29E-01|9.34E-01 | 0.50 |9.05E-01| -2.63 |8.91E-01| -4.07 |9.33E-01 0.35
0.4 |9.37E-01|9.35E-01 | -0.26 [9.11E-01| -2.86 |8.99E-01| -4.08 |9.37E-01| -0.09
0.45 |9.35E-01|9.36E-01| 0.13 |9.15E-01| -2.09 |9.05E-01| -3.16 |9.39E-01 0.45
0.5 |9.50E-01]/9.36E-01| -1.46 [9.19E-01| -3.34 |9.10E-01| -4.27 |9.40E-01| -1.09
0.01 |2.47E-02|6.52E-02 | 164.34 |3.16E-02| 28.14 |2.42E-02| -2.05 |[2.39E-02| -3.14
0.02 |1.01E-01|2.46E-01 | 143.53 |1.28E-01| 26.77 |1.01E-01| 0.15 |[9.71E-02| -3.86
0.05 |2.64E-01|4.59E-01| 74.07 |3.00E-01| 13.55 |2.56E-01| -3.07 |2.62E-01| -0.74
0.1 |[3.99E-01|5.31E-01| 33.11 [4.05E-01| 1.49 |[3.67E-01| -8.16 |[4.03E-01 1.02
0.15 |4.76E-01|5.55E-01 | 16.46 |4.54E-01| -4.68 |4.22E-01| -11.31 |4.76E-01 | -0.03
)5 0.2 |5.20E-01|5.67E-01| 9.05 |4.83E-01| -6.98 |4.57E-01| -12.02 |5.18E-01| -0.23
’ 0.25 |5.37E-01|5.74E-01 | 6.94 |5.03E-01| -6.26 |4.81E-01| -10.39 |5.44E-01 1.38
0.3 |[5.65E-01|5.79E-01| 2.49 |[S5.18E-01| -8.41 [4.99E-01| -11.79 |5.60E-01| -0.87
0.35 |5.73E-01|5.83E-01| 1.78 |5.29E-01| -7.72 |5.12E-01| -10.63 |5.70E-01| -0.46
0.4 |5.84E-01|5.86E-01| 0.36 |5.37E-01| -7.99 |5.22E-01| -10.52 |5.76E-01 | -1.33
0.45 |5.83E-01|5.88E-01| 0.79 |5.43E-01| -6.78 |5.30E-01| -9.04 |5.79E-01| -0.74
0.5 |[5.93E-01|5.89E-01| -0.65 [5.49E-01| -7.44 |537E-01| -9.45 |5.80E-01| -2.21
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |3.55E-03|7.80E-03|119.71 |4.10E-03| 15.43 |3.15E-03| -11.30 |3.32E-03| -6.41
0.02 |2.30E-02|5.20E-02 | 126.01 |2.79E-02| 21.15 |2.20E-02| -4.62 |2.23E-02| -3.33
0.05 |7.83E-02| 1.35E-01| 72.10 |8.64E-02| 10.35 |7.30E-02| -6.75 |7.85E-02| 0.16
0.1 |1.31E-01]1.70E-01| 29.23 |1.27E-01| -3.54 |1.14E-01] -13.50 |1.31E-01| -0.53
0.15 |1.51E-01|1.82E-01| 20.07 |1.46E-01| -3.58 |1.35E-01| -10.93 |1.58E-01| 4.31
3 0.2 |1.73E-01]|1.88E-01| 8.69 |1.58E-01| -8.85 |1.48E-01| -14.28 |1.73E-01| 0.20
0.25 |1.77E-01]1.92E-01| 8.39 [1.66E-01| -6.45 |1.58E-01| -10.98 |1.83E-01| 3.00
0.3 |1.91E-01|1.95E-01| 1.99 |[1.72E-01| -10.15 |1.65E-01| -13.79 | 1.88E-01| -1.57
0.35 |1.92E-01|1.97E-01| 2.36 |1.76E-01| -8.43 |1.70E-01| -11.59 |1.91E-01| -0.51
0.4 |1.95E-01|1.99E-01| 1.63 |1.80E-01] -8.01 |1.74E-01]| -10.76 |1.93E-01| -1.02
0.45 |2.01E-01|2.00E-01| -0.79 |1.82E-01| -9.35 |1.78E-01| -11.74 | 1.94E-01| -3.51
0.5 |1.99E-01|2.00E-01| 0.69 |[1.85E-01| -7.30 |1.80E-01| -9.47 |1.94E-01| -2.42
0.01 |[3.42E-04|6.55E-04 | 91.76 |3.74E-04| 9.37 |2.90E-04| -15.17 |3.28E-04| -3.94
0.02 [3.89E-03|7.75E-03 | 99.32 |4.46E-03| 14.71 |3.54E-03| -9.08 |3.83E-03| -1.43
0.05 |[1.72E-02|2.63E-02 | 53.18 |1.78E-02| 3.45 |1.51E-02| -12.08 |1.71E-02| -0.36
0.1 |2.86E-02]|3.50E-02| 22.59 |2.72E-02| -4.72 |2.46E-02 | -14.05 |2.91E-02| 1.69
0.15 |[3.46E-02|3.81E-02 | 10.11 |3.17E-02| -8.51 |2.94E-02| -15.00 |3.47E-02| 0.42
35 0.2 |3.65E-02|3.97E-02| 8.86 |3.43E-02| -5.96 |3.24E-02| -11.08 |3.77E-02| 3.43
i 0.25 |[3.91E-02|4.07E-02| 4.08 |3.61E-02| -7.77 |3.45E-02| -11.80 |3.94E-02| 0.73
0.3 |4.05E-02|4.14E-02| 2.39 |[3.74E-02| -7.64 |3.60E-02| -10.96 |4.04E-02| -0.12
0.35 |4.12E-02|4.20E-02 | 2.01 |3.84E-02| -6.75 |3.72E-02| -9.57 |4.11E-02| -0.24
0.4 |4.08E-02|4.24E-02| 3.79 |3.91E-02| -4.17 |3.81E-02| -6.65 |4.14E-02| 1.36
045 |4.23E-02/4.27E-02| 0.92 [3.97E-02] -6.08 |3.88E-02| -8.20 |4.15E-02| -1.84
0.5 |4.36E-02|4.29E-02| -1.67 [4.02E-02| -7.90 |3.94E-02| -9.73 |4.15E-02| -4.94
0.01 [2.32E-05|3.94E-05| 69.97 |2.41E-05| 4.08 |1.89E-05| -18.46 |2.27E-05| -2.11
0.02 |4.96E-04|8.71E-04 | 75.75 |5.37E-04| 8.43 |4.30E-04| -13.27 |4.94E-04| -0.38
0.05 |2.71E-03|3.82E-03 | 41.17 [2.74E-03] 1.26 |2.35E-03| -13.07 |2.78E-03| 2.51
0.1 |4.67E-03|5.32E-03 | 14.03 |4.34E-03| -7.02 |3.95E-03| -15.30 |4.72E-03 1.09
0.15 |5.45E-03|5.85E-03| 7.24 |5.06E-03| -7.25 |4.74E-03| -13.07 |5.54E-03 1.64
4 0.2 |5.78E-03|6.12E-03| 591 |548E-03| -530 |5.22E-03| -9.76 |595E-03| 2.92
0.25 [6.03E-03|6.30E-03 | 4.40 |5.75E-03| -4.65 |5.54E-03| -8.17 |6.18E-03| 243
0.3 |6.31E-03|6.42E-03| 1.73 |5.95E-03| -5.70 |5.77E-03| -8.53 |6.32E-03| 0.15
0.35 |6.38E-03|6.51E-03| 2.03 [6.10E-03] -4.42 |5.95E-03| -6.79 |6.41E-03| 0.40
0.4 |6.54E-03|6.58E-03| 0.63 |6.22E-03| -4.97 |6.09E-03| -6.96 |6.46E-03| -1.29
0.45 ]6.60E-03]|6.64E-03| 0.54 [6.31E-03| -4.46 |6.19E-03| -6.18 |6.47E-03| -1.94
0.5 |6.65E-03|6.68E-03| 0.38 |6.38E-03| -4.13 |6.28E-03| -5.64 |6.46E-03| -2.82
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |1.09E-06|1.70E-06 | 55.51 |[1.10E-06| 1.16 |8.73E-07| -19.92 | 1.08E-06| -1.21

0.02  |4.77E-05|7.50E-05 | 57.06 |4.91E-05| 2.93 [3.97E-05| -16.86 |4.69E-05| -1.79

0.05 |3.37E-04|4.30E-04 | 27.68 |3.25E-04| -3.47 |2.82E-04| -16.24 |3.38E-04| 0.30

0.1 |5.75E-04|6.23E-04 | 8.25 |5.29E-04| -8.06 |4.87E-04| -15.42 |5.76E-04| 0.19

0.15 |6.65E-04|6.91E-04| 3.82 [6.17E-04| -7.19 |5.84E-04| -12.26 |6.70E-04| 0.67

45 0.2 |7.10E-04|7.26E-04 | 225 |6.68E-04| -5.99 |6.41E-04| -9.75 |7.15E-04| 0.64
i 0.25 |7.37E-04|7.48E-04| 1.44 |7.00E-04| -5.09 |6.78E-04| -8.00 |7.40E-04| 0.34
0.3 |7.62E-04|7.64E-04 | 0.22 |7.23E-04| -5.12 |7.05E-04 | -7.43 |7.56E-04| -0.77

0.35 |7.82E-04|7.75E-04| -0.87 |7.40E-04| -5.35 |7.26E-04| -7.24 |7.67E-04| -1.99

0.4 |7.72E-04|7.84E-04 | 1.64 |7.54E-04| -2.34 |7.41E-04| -3.96 |7.73E-04| 0.12

0.45 |7.78E-04|7.91E-04| 1.68 |7.64E-04| -1.84 |7.53E-04| -3.22 |7.75E-04| -0.43

0.5 |7.83E-04|7.97E-04 | 1.77 |7.72E-04| -1.37 |7.63E-04| -2.57 |7.75E-04| -1.01

0.01 |3.63E-08|5.22E-08 | 43.75 |3.58E-08| -1.51 |2.86E-08 | -21.22 |3.51E-08| -3.48

0.02 |3.34E-06|4.95E-06 | 48.13 |3.42E-06| 2.21 [2.79E-06| -16.63 |3.27E-06| -2.29

0.05 |3.16E-05|3.77E-05| 19.18 |2.98E-05| -5.86 [2.61E-05| -17.47 |3.09E-05| -2.45

0.1 |5.38E-05|5.67E-05| 5.49 |4.98E-05| -7.45 |4.62E-05| -14.07 |5.36E-05| -0.35

0.15 |6.13E-05|6.34E-05| 3.55 |5.82E-05| -5.04 [5.54E-05| -9.53 |6.22E-05| 1.44

5 0.2 |6.62E-05|6.69E-05| 1.08 |6.28E-05| -5.09 |6.07E-05| -8.29 |6.63E-05| 0.09
0.25 |6.88E-05|6.91E-05| 0.42 |6.58E-05| -4.36 [6.41E-05| -6.78 |6.87E-05| -0.24

0.3 [6.90E-05|7.06E-05| 2.36 |6.79E-05| -1.59 |6.65E-05| -3.53 |7.02E-05| 1.75

0.35 |7.05E-05|7.17E-05| 1.76 [6.94E-05| -1.51 [6.83E-05| -3.07 |7.12E-05| 1.06

0.4 |7.16E-05|7.26E-05| 1.51 |7.06E-05| -1.28 |6.97E-05| -2.56 |7.19E-05| 0.55

0.45 |7.30E-05|7.33E-05| 0.51 |7.16E-05| -1.89 |7.08E-05| -2.96 |7.23E-05| -0.85

0.5 |7.42E-05|7.39E-05| -0.50 |7.23E-05| -2.59 |7.17E-05| -3.49 |7.25E-05| -2.32

% | 2279 | w% | 0352 | w% | -7.67 | w% | -0.34

C¢ % 39.82 Gg 9.57 Cg % 5.96 C¢ % 1.80

Emax 70 | 180.89 | €max % | 36.11 | €max% 7.77 Emax /0 431

Emin 70 | -1.67 | €min% | -10.15 | &€min% | -21.22 | &nin % -6.41

gl % 22.93 gl % 6.62 gl % 8.28 gl % 1.32
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D.4.5 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.1s

subjected to KT base excitation time modulated by a Shinozuka-Sato function.

Table D.20 - New: FPFP computed at = 20s for linear elastic SDOF system with 7'=0.1s

£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 [9.88E-01 1 1.22 1 1.22 |1.00E+00| 1.22 |1.00E+00| 1.17
0.02 [9.97E-01 1 0.31 1 0.31 |1.00E+00| 0.31 |1.00E+00| 0.31
0.05 [9.98E-01 1 0.24 1 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.1 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.15 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
15 0.2 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.25 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.3 ]9.98E-01 1 0.24 1 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.35 [9.96E-01 1 0.39 1 0.39 |1.00E+00| 0.39 |1.00E+00| 0.39
0.4 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.45 1 1 0.00 1 0.00 |1.00E+00| 0.00 |1.00E+00| 0.00
0.5 ]9.98E-01 1 0.24 1 0.24 |1.00E+00| 0.24 |1.00E+00| 0.24
0.01 |[8.74E-01 1 14.45 19.93E-01| 13.67 |9.73E-01| 11.35 |9.31E-01| 6.52
0.02 [9.75E-01 1 2.55 [9.98E-01| 231 |991E-01| 1.65 |9.86E-01| 1.10
0.05 [9.92E-01 1 0.80 |9.99E-01| 0.75 |9.98E-01| 0.62 |9.99E-01| 0.71
0.1 ]9.90E-01 1 1.05 1 1.02 [9.99E-01| 0.97 |1.00E+00| 1.03
0.15 ]9.92E-01 1 0.82 1 0.79 |9.99E-01| 0.75 |1.00E+00| 0.81
) 0.2 1 1 -0.01 1 -0.05 [9.99E-01| -0.08 |1.00E+00| -0.02
0.25 [9.79E-01 1 2.18 [9.99E-01] 2.13 [9.99E-01| 2.09 |1.00E+00| 2.17
0.3 |9.88E-01 1 1.19 |9.99E-01| 1.13 |9.99E-01| 1.09 |1.00E+00| 1.17
0.35 ]9.95E-01 1 0.43 |9.99E-01| 037 [9.99E-01| 0.32 |1.00E+00| 0.42
0.4 ]9.96E-01 1 041 |9.99E-01| 0.33 |9.99E-01| 0.28 |1.00E+00| 0.39
0.45 [9.91E-01 1 0.87 [9.99E-01| 0.79 |9.98E-01| 0.73 |1.00E+00| 0.86
0.5 [9.93E-01 1 0.64 |9.99E-01| 0.55 |9.98E-01| 0.49 |9.99E-01| 0.63
0.01 [4.87E-01]9.74E-01 | 99.93 |7.68E-01| 57.55 |6.57E-01| 34.82 |5.49E-01| 12.71
0.02 [6.84E-01]9.69E-01 | 41.62 |8.28E-01| 20.94 |7.50E-01| 9.65 |7.14E-01| 4.38
0.05 |[8.58E-01]/9.61E-01| 12.12 |8.78E-01| 2.40 |8.36E-01| -2.52 |8.61E-01| 0.42
0.1 |9.17E-01|9.50E-01 | 3.53 |8.89E-01| -3.03 |8.62E-01| -598 |8.99E-01| -1.94
0.15 [9.28E-01|9.38E-01| 1.11 |8.86E-01| -4.53 |8.64E-01| -6.89 |9.03E-01| -2.72
)5 0.2 |9.23E-01|9.28E-01| 0.52 |8.79E-01| -4.77 |8.60E-01| -6.86 |8.99E-01| -2.59
’ 0.25 [9.22E-01]9.18E-01 | -0.48 |8.71E-01| -5.54 |8.53E-01| -7.47 |8.93E-01| -3.15
0.3 |9.04E-01|9.09E-01 | 0.53 |8.63E-01| -4.49 |8.47E-01| -6.35 |8.87E-01| -1.89
0.35 [9.10E-01]9.00E-01 | -1.07 |8.55E-01| -5.96 |8.39E-01| -7.72 |8.80E-01| -3.26
0.4 |8.89E-01]|8.92E-01| 0.32 |8.48E-01| -4.60 |8.32E-01| -6.34 |8.73E-01| -1.76
045 |[8.70E-01|8.84E-01| 1.55 |8.41E-01| -3.41 |8.26E-01| -5.14 |8.67E-01| -0.44
0.5 |8.83E-01|8.76E-01 | -0.70 |8.34E-01| -5.53 |8.19E-01| -7.19 |8.60E-01| -2.56
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |1.67E-01|5.46E-01 | 226.13 |2.94E-01| 75.81 |2.28E-01| 36.07 |1.76E-01| 5.23
0.02 |2.60E-01|5.28E-01 | 102.78 |3.39E-01| 30.27 |2.82E-01| 8.32 |2.59E-01| -0.38
0.05 |3.86E-01|5.04E-01| 30.35 |3.85E-01| -0.50 |3.45E-01| -10.85 |3.68E-01| -4.91
0.1 |4.45E-01|4.74E-01| 6.51 |3.94E-01| -11.59 |3.66E-01| -17.74 |4.05E-01| -9.08
0.15 |4.26E-01|4.51E-01| 5.96 |3.87E-01| -9.06 |3.66E-01| -14.11 |4.05E-01| -4.79
3 0.2 |4.24E-01|4.32E-01| 1.94 |3.78E-01| -10.93 |3.60E-01| -15.18 |3.98E-01| -6.11
0.25 |4.18E-01|4.16E-01| -0.43 |3.68E-01| -12.01 |3.52E-01| -15.78 |3.89E-01| -6.97
0.3 |3.93E-01|4.03E-01| 2.50 |3.59E-01| -8.70 |3.45E-01| -12.30 |3.80E-01| -3.34
0.35 |[3.90E-01|3.91E-01| 0.23 |3.50E-01| -10.20 |3.37E-01| -13.51 |3.71E-01| -4.86
0.4 |3.86E-01|3.80E-01| -1.58 [3.42E-01| -11.41 |3.30E-01| -14.50 |3.63E-01| -6.13
0.45 |3.68E-01|3.71E-01| 0.84 |3.35E-01| -8.89 |3.24E-01| -11.92 |3.55E-01| -3.48
0.5 |3.59E-01|3.63E-01| 1.01 |3.29E-01| -8.45 |3.18E-01| -11.37 |3.48E-01| -3.04
0.01 |[3.97E-02|1.26E-01 | 217.81 |6.36E-02| 60.10 |4.81E-02| 21.11 |3.65E-02| -8.05
0.02 [6.12E-02| 1.20E-01 | 96.96 |7.42E-02| 21.35 |6.05E-02| -0.99 |5.52E-02| -9.67
0.05 [9.00E-02| 1.13E-01 | 25.56 |8.49E-02| -5.66 |7.52E-02| -16.44 |8.08E-02 | -10.29
0.1 |9.83E-02|1.04E-01| 6.03 |8.63E-02| -12.20 |7.99E-02 | -18.79 |8.89E-02| -9.54
0.15 [9.67E-02|9.76E-02| 0.95 |8.40E-02| -13.13 |7.91E-02 | -18.21 |8.81E-02| -8.90
35 0.2 |9.18E-02|9.24E-02| 0.66 |8.11E-02| -11.56 |7.71E-02 | -15.93 |8.56E-02| -6.75
’ 0.25 |[8.63E-02|8.80E-02| 2.02 |7.84E-02| -9.18 |7.50E-02| -13.14 |8.28E-02| -4.06
0.3 |8.20E-02|8.44E-02| 2.92 |7.58E-02| -7.55 |7.28E-02| -11.21 |8.01E-02| -2.31
0.35 |[8.02E-02|8.13E-02| 1.47 |7.36E-02| -8.24 |7.09E-02| -11.60 |7.77E-02 | -3.06
0.4 |7.89E-02|7.87E-02| -0.34 |7.15E-02| -9.40 |6.91E-02| -12.51 |7.55E-02| -4.35
045 |7.84E-02|7.63E-02| -2.72 |6.96E-02| -11.19 |6.74E-02 | -14.06 |7.35E-02| -6.30
0.5 |7.34E-02|7.42E-02| 1.05 |6.80E-02| -7.42 |6.59E-02| -10.27 |7.16E-02| -2.40
0.01 |6.87E-03|1.81E-02| 163.96 |9.66E-03| 40.61 |7.34E-03| 6.85 |5.58E-03| -18.83
0.02 |1.03E-02|1.72E-02 | 67.23 |1.12E-02] 8.45 |9.18E-03| -10.99 |8.38E-03 | -18.76
0.05 |1.40E-02|1.61E-02| 15.02 |1.26E-02| -9.87 |1.13E-02| -19.60 |1.20E-02| -14.10
0.1 |1.44E-02|1.48E-02| 3.12 |1.27E-02| -11.61 |1.18E-02| -17.67 |1.30E-02| -9.28
0.15 |1.37E-02|1.38E-02| 1.17 |1.23E-02| -10.22 |1.16E-02 | -14.91 |1.28E-02| -6.50
4 0.2 |1.29E-02|1.30E-02| 1.50 |[1.18E-02| -8.27 |1.13E-02| -12.25 |1.23E-02| -4.10
0.25 |1.24E-02|1.24E-02| -0.19 |1.13E-02| -8.76 |1.09E-02| -12.21 |1.19E-02| -4.54
0.3 |1.18E-02|1.19E-02| 0.41 |[1.09E-02| -7.49 |1.06E-02| -10.63 |1.15E-02| -3.24
0.35 |1.16E-02|1.14E-02| -1.13 |1.06E-02| -8.38 |1.03E-02| -11.24 |1.11E-02| -4.24
04 |1.11E-02|1.10E-02| -0.66 [1.03E-02| -7.53 |9.98E-03| -10.22 | 1.07E-02| -3.44
045 |1.07E-02|1.07E-02| -0.14 |9.99E-03| -6.72 |9.72E-03| -9.26 |1.04E-02| -2.67
0.5 |1.03E-02|1.04E-02| 0.52 |9.74E-03| -5.81 |9.48E-03| -8.24 |1.01E-02| -1.82
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |8.78E-04|1.95E-03 | 122.49 |1.12E-03| 27.06 |8.57E-04| -2.47 |6.51E-04| -25.90
0.02  |1.24E-03|1.86E-03 | 50.34 |[1.28E-03| 3.41 |1.06E-03| -14.20 |9.60E-04 | -22.28
0.05 |1.57E-03|1.74E-03 | 10.31 |1.42E-03| -9.72 |1.28E-03 | -18.64 | 1.35E-03 | -14.45

0.1 |I.56E-03|1.59E-03 | 2.14 |1.41E-03| -9.51 |1.33E-03| -14.98 |1.44E-03 | -7.98

0.15 |1.50E-03| 1.49E-03 | -0.78 |1.36E-03| -9.46 |1.30E-03| -13.54 | 1.40E-03 | -6.64

45 0.2 |1.36E-03|1.40E-03 | 3.35 |1.30E-03| -423 |1.25E-03| -7.76 |1.35E-03| -0.89
i 0.25 |1.33E-03|1.33E-03| 0.44 |1.25E-03| -6.04 |1.21E-03| -9.02 |1.29E-03| -2.70
0.3 |1.30E-03|1.28E-03 | -1.62 |1.20E-03| -7.38 |1.17E-03 | -10.00 |1.24E-03 | -4.12

0.35 |1.24E-03|1.23E-03 | -0.75 |1.16E-03| -6.13 |1.13E-03| -8.54 |1.20E-03| -2.88

0.4 |I.18E-03|1.19E-03 | 0.19 |1.13E-03| -4.89 |1.10E-03| -7.15 |1.16E-03| -1.68

0.45 |1.14E-03|1.15E-03| 0.58 |1.09E-03| -4.25 |1.07E-03| -6.37 |1.13E-03| -1.10

0.5 [I.1IE-03|1.12E-03 | 0.68 |1.07E-03| -3.92 |1.04E-03| -593 |1.10E-03| -0.85

0.01 |8.64E-05|1.65E-04| 90.50 |1.00E-04| 15.83 |7.76E-05| -10.13 |5.92E-05| -31.43
0.02 |1.17E-04|1.56E-04 | 33.84 |1.13E-04| -3.08 |9.50E-05| -18.69 |8.57E-05| -26.67

0.05 |1.37E-04|1.46E-04| 6.93 [1.24E-04| -9.26 |1.13E-04| -17.42 |1.17E-04| -14.28

0.1 |I1.32E-04|1.34E-04 | 1.68 |1.22E-04| -7.52 |1.16E-04 | -12.41 |1.23E-04| -6.56

0.15 |1.23E-04|1.25E-04| 1.70 |1.17E-04| -5.16 |1.12E-04| -8.80 |1.20E-04| -2.91

5 0.2 |I.18E-04|1.18E-04| 0.44 |1.12E-04| -5.13 |1.08E-04| -8.07 |1.15E-04| -2.57
0.25 |1.13E-04|1.12E-04 | -0.29 [1.07E-04| -5.09 [1.04E-04| -7.59 |1.10E-04| -2.48

0.3 |1.0O7E-04|1.08E-04| 0.17 |1.03E-04| -4.16 |1.01E-04| -6.38 |1.06E-04| -1.55

0.35 |1.03E-04|1.03E-04| 0.78 [9.93E-05| -3.22 |9.73E-05| -5.24 |1.02E-04| -0.65

0.4 |9.94E-05/9.99E-05| 0.52 |9.62E-05| -3.19 |9.43E-05| -5.05 |9.87E-05| -0.69

0.45 |9.74E-05]|9.67E-05| -0.69 |9.34E-05| -4.14 |9.17E-05| -5.85 |9.57E-05| -1.74

0.5 [9.48E-05|9.40E-05| -0.92 |9.09E-05| -4.17 |8.94E-05| -5.78 |9.31E-05| -1.86

% | 1550 | w% | 0450 | w% | -594 | w% | -4.00

C¢ % 42.05 Gg 14.87 Cg % 9.66 C¢ % 6.71

Emax 70 | 22613 | €maux% | 7581 | &max% | 36.07 | &max% | 12.71

Emin 70 | 272 | emin% | -13.13 | &min% | -19.60 | &min % | -31.43

gl % 15.81 gl % 8.58 gl % 8.85 gl % 4.67
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D.4.6 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 0.5s

Table D.21 - New: FPFP computed at ¢ = 20s for linear elastic SDOF system with 7' =0.5s
subjected to KT base excitation time modulated by a Shinozuka-Sato function.

£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |[8.23E-01|1.00E+00| 21.55 |9.38E-01| 14.02 |8.36E-01| 1.68 |7.42E-01| -9.85
0.02 |8.78E-01|1.00E+00| 13.83 |9.58E-01| 9.04 |8.92E-01| 1.52 |8.20E-01| -6.68
0.05 [9.62E-01|1.00E+00| 3.96 |9.83E-01| 2.19 |9.57E-01| -0.49 |9.41E-01| -2.11
0.1 |9.77E-01|1.00E+00| 2.32 |9.94E-01| 1.70 |9.85E-01| 0.82 |9.89E-01| 1.20
0.15 |[1.00E+00|1.00E+00| -0.03 |9.97E-01| -0.33 |9.93E-01| -0.72 |9.97E-01| -0.34
15 0.2 |1.00E+00|1.00E+00| -0.03 [9.98E-01| -0.20 |9.96E-01| -0.42 |9.99E-01| -0.14
’ 0.25 |[1.00E+00|1.00E+00| -0.02 |9.99E-01| -0.14 |9.97E-01| -0.28 |9.99E-01| -0.07
0.3 |9.80E-01|1.00E+00| 2.02 [9.99E-01| 193 |9.98E-01| 1.84 |1.00E+00| 2.00
0.35 [1.00E+00|1.00E+00| -0.03 [9.99E-01| -0.09 |9.98E-01| -0.16 |1.00E+00| -0.03
0.4 |1.00E+00|1.00E+00| -0.03 [9.99E-01| -0.07 |9.99E-01| -0.13 |1.00E+00| -0.02
0.45 [9.90E-01|1.00E+00| 1.03 |9.99E-01| 0.99 |9.99E-01| 0.95 |1.00E+00| 1.04
0.5 |1.00E+00|1.00E+00| -0.03 [9.99E-01| -0.06 |9.99E-01| -0.09 |1.00E+00| -0.02
0.01 [4.56E-01]9.80E-01|114.93 |6.23E-01| 36.55 |4.73E-01| 3.74 |4.19E-01| -8.12
0.02 |5.23E-01]9.60E-01 | 83.38 |6.64E-01| 26.86 |5.39E-01| 3.04 |4.84E-01| -7.47
0.05 |6.80E-01|9.40E-01| 38.16 |7.44E-01| 9.35 |6.57E-01| -3.37 |6.43E-01| -5.45
0.1 |8.12E-01|9.36E-01 | 15.23 |8.11E-01| -0.14 |7.55E-01| -7.08 |7.90E-01| -2.72
0.15 |8.65E-01/9.36E-01| 8.12 |8.44E-01| -2.42 |8.03E-01| -7.15 |8.53E-01| -1.37
) 0.2 |8.86E-01|9.36E-01| 5.61 |8.64E-01| -2.48 |8.32E-01| -6.06 |8.86E-01| 0.05
0.25 |9.15E-01]9.35E-01| 2.20 |8.77E-01| -4.23 |8.51E-01| -7.03 |9.05E-01| -1.12
0.3 |9.11E-01|9.35E-01| 2.69 |8.85E-01| -2.78 |8.64E-01| -5.14 |9.16E-01| 0.63
0.35 [9.39E-01]9.35E-01| -0.43 |8.92E-01| -5.02 |8.73E-01| -6.98 |9.23E-01| -1.63
0.4 [9.24E-01|9.34E-01| 1.08 |8.96E-01| -3.03 |8.80E-01| -4.77 |9.28E-01| 0.38
0.45 ]9.35E-01]9.33E-01| -0.15 |9.00E-01| -3.76 |8.85E-01| -5.29 |9.30E-01| -0.51
0.5 |9.45E-01|9.33E-01| -1.36 |9.02E-01| -4.58 |8.89E-01| -5.94 |9.31E-01| -1.52
0.01 |[1.74E-01|6.51E-01 | 274.06 |2.53E-01| 45.35 |1.76E-01| 1.12 |1.70E-01| -2.18
0.02 [2.05E-01|5.79E-01 | 182.36 |2.75E-01| 34.17 |2.06E-01| 0.72 |2.00E-01| -2.32
0.05 [2.95E-01|5.30E-01| 79.98 |3.25E-01| 10.24 |2.69E-01| -8.77 |2.79E-01| -5.36
0.1 |3.85E-01|5.22E-01 | 35.79 [3.76E-01| -2.18 |3.32E-01| -13.64 |3.79E-01| -1.53
0.15 [4.33E-01|5.22E-01 | 20.33 |4.06E-01| -6.36 |3.70E-01| -14.70 |4.32E-01| -0.39
)5 0.2 |4.71E-01|5.21E-01| 10.60 |4.25E-01| -9.85 |3.95E-01| -16.31 |4.63E-01| -1.78
’ 0.25 |4.85E-01|5.21E-01| 7.43 |4.38E-01| -9.66 |4.12E-01| -15.06 |4.82E-01| -0.63
0.3 |4.97E-01|5.21E-01 | 4.72 |448E-01| -9.94 |4.25E-01| -14.54 |4.93E-01| -0.73
0.35 |5.05E-01|5.20E-01| 2.86 |4.55E-01| -10.02 |4.34E-01| -14.03 |5.00E-01| -1.03
0.4 |5.19E-01]|5.19E-01| -0.10 |4.60E-01| -11.42 |4.42E-01 | -14.91 |5.03E-01 | -3.02
045 |[5.13E-01|5.17E-01 | 0.79 |4.64E-01| -9.66 |4.47E-01| -12.85 |5.04E-01| -1.69
0.5 |5.13E-01|5.16E-01| 0.54 |4.66E-01| -9.08 |4.51E-01| -11.98 |5.04E-01| -1.76
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |4.83E-02|2.03E-01 | 319.65 |6.84E-02| 41.54 |4.64E-02| -4.05 |4.86E-02| 0.47
0.02 |5.97E-02| 1.70E-01 | 184.66 |7.42E-02| 24.31 |5.45E-02| -8.63 |5.79E-02| -3.05
0.05 |[8.21E-02|1.50E-01 | 82.93 |8.82E-02| 7.39 |7.18E-02| -12.50 |8.00E-02| -2.57
0.1 |1.09E-01|147E-01| 35.21 |1.03E-01| -5.02 |9.01E-02| -17.09 |1.10E-01| 1.12
0.15 |1.24E-01|1.47E-01| 18.05 |1.12E-01| -9.78 |1.01E-01| -18.51 |1.25E-01| 0.31
3 0.2 |1.34E-01|1.47E-01| 9.33 |[1.18E-01| -12.13 |1.09E-01| -18.96 |1.33E-01| -1.03
0.25 |1.34E-01|1.47E-01| 9.23 |1.22E-01| -9.19 |1.14E-01| -15.06 |1.37E-01| 2.26
0.3 |1.40E-01|1.46E-01| 4.72 |1.25E-01| -10.81 |1.18E-01| -15.71 |1.40E-01| -0.14
0.35 |1.44E-01|1.46E-01| 1.61 |1.27E-01| -11.85 |1.21E-01| -16.05 |1.41E-01| -2.13
0.4 |1.43E-01|1.46E-01| 1.68 |1.28E-01| -10.51 |1.23E-01| -14.26 |1.41E-01| -1.59
045 |1.43E-01|1.45E-01| 1.67 |1.29E-01| -9.48 |1.24E-01| -12.86 |1.41E-01| -1.49
0.5 |1.45E-01|145E-01| -0.47 |1.30E-O1| -10.54 |1.26E-01| -13.55 |1.40E-01| -3.71
0.01 |[1.03E-02|3.81E-02 | 268.59 |1.35E-02| 30.76 |9.16E-03 | -11.34 |9.80E-03 | -5.14
0.02 |[1.22E-02|3.14E-02 | 158.35 |[1.45E-02| 19.40 |1.07E-02| -11.99 |1.18E-02| -3.23
0.05 |[1.71E-02|2.75E-02 | 60.33 |1.70E-02| -0.67 |1.39E-02| -18.61 |1.60E-02 | -6.51
0.1 ]2.15E-02]2.68E-02| 25.09 [1.97E-02| -7.98 |1.73E-02| -19.15 |2.16E-02| 0.64
0.15 |2.36E-02|2.68E-02 | 13.33 |2.13E-02] -9.81 |1.94E-02| -18.00 |2.40E-02| 1.32
35 0.2 |2.50E-02|2.68E-02| 7.12 |2.23E-02| -10.73 |2.07E-02 | -17.13 |2.51E-02| 0.38
’ 0.25 |[2.61E-02|2.68E-02| 2.70 |2.30E-02| -11.78 |2.16E-02 | -16.96 |2.57E-02| -1.57
0.3 |2.62E-02|2.67E-02| 2.10 |2.35E-02| -10.37 |2.23E-02 | -14.80 |2.59E-02| -1.05
0.35 [2.62E-02|2.67E-02| 1.68 |2.38E-02| -9.30 |2.28E-02| -13.13 |2.60E-02 | -0.95
0.4 |2.63E-02|2.66E-02| 1.18 |2.40E-02| -8.61 |2.31E-02| -11.97 |2.59E-02| -1.29
045 [2.63E-02|2.65E-02| 0.69 |2.42E-02| -8.15 |2.34E-02| -11.13 |2.58E-02| -1.86
0.5 |2.59E-02|2.64E-02| 1.65 |[2.42E-02| -6.52 |2.35E-02| -9.21 |2.56E-02| -1.23
0.01 |1.68E-03|5.25E-03 | 212.60 |2.04E-03| 21.30 |1.39E-03| -17.13 |1.48E-03 | -11.54
0.02 |1.95E-03|4.32E-03 | 121.48 |2.16E-03| 11.05 |1.61E-03| -17.36 |1.77E-03 | -9.38
0.05 |2.58E-03|3.77E-03 | 46.12 |2.50E-03| -3.21 |2.07E-03| -19.82 |2.36E-03 | -8.43
0.1 |3.17E-03|3.68E-03 | 16.13 |2.86E-03| -9.89 |2.54E-03| -19.97 |3.10E-03| -2.20
0.15 |[3.38E-03|3.67E-03 | 8.72 |3.06E-03| -9.49 |2.81E-03| -16.88 |3.38E-03| 0.15
4 0.2 |3.56E-03|3.67E-03| 3.29 |3.18E-03| -10.48 |2.98E-03| -16.15 |3.51E-03| -1.25
0.25 |3.57E-03|3.67E-03 | 2.95 |3.27E-03| -8.41 |3.10E-03| -13.08 |3.57E-03| 0.09
0.3 |3.54E-03|3.66E-03| 3.45 |3.32E-03| -6.28 |3.18E-03| -10.23 |3.59E-03| 1.37
0.35 |[3.61E-03|3.66E-03| 1.26 |3.36E-03| -7.02 |3.24E-03| -10.34 |3.59E-03 | -0.43
0.4 |3.66E-03|3.64E-03| -0.33 |3.38E-03| -7.54 |3.28E-03| -10.38 |3.59E-03| -1.90
045 [3.64E-03|3.63E-03| -0.15 |3.39E-03| -6.63 |3.30E-03| -9.12 |3.57E-03| -1.80
0.5 |3.60E-03|3.61E-03| 0.44 |3.40E-03| -5.46 |3.32E-03| -7.69 |3.55E-03| -1.45
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |2.10E-04|5.62E-04 | 167.43 |2.38E-04| 13.08 |1.64E-04 | -22.03 |1.74E-04 | -16.99

0.02 |2.36E-04|4.62E-04 | 96.15 |2.50E-04| 6.08 |1.88E-04| -20.22 |2.06E-04 | -12.83

0.05 |3.06E-04|4.03E-04 | 31.78 |2.84E-04| -7.37 |2.38E-04| -22.38 |2.69E-04| -12.03

0.1 |3.58E-04|3.94E-04| 9.98 |3.20E-04| -10.68 |2.87E-04 | -19.82 |3.44E-04 | -4.00

0.15 |3.79E-04|3.93E-04| 3.78 |3.40E-04| -10.30 |3.15E-04| -16.83 |3.70E-04| -2.29

45 0.2 [3.90E-04|3.93E-04| 0.78 |3.52E-04| -9.81 |3.33E-04| -14.80 |3.81E-04 | -2.29
i 0.25 |3.89E-04|3.93E-04| 1.03 [3.60E-04| -7.57 |3.44E-04| -11.61 |3.86E-04| -0.81
0.3 |3.87E-04|3.92E-04 | 1.40 |3.64E-04| -5.82 |3.52E-04| -9.17 |3.87E-04| 0.10

0.35 |3.92E-04|3.91E-04| -0.20 |3.68E-04| -6.28 |3.57E-04| -9.06 |3.87E-04| -1.24

0.4 |3.87E-04|3.90E-04| 0.74 |3.69E-04| -4.61 |3.60E-04| -7.01 |3.86E-04| -0.24

0.45 |3.84E-04|3.89E-04| 1.19 |3.70E-04| -3.57 |3.62E-04| -5.66 |3.85E-04| 0.15

0.5 [3.83E-04|3.87E-04| 1.03 |3.71E-04| -3.22 |3.64E-04| -5.05 |3.82E-04| -0.16

0.01 |1.96E-05|4.73E-05| 141.54 |2.16E-05| 10.20 |1.50E-05| -23.32 | 1.60E-05 | -18.54

0.02  |2.22E-05|3.89E-05| 75.17 |2.25E-05| 1.17 |1.71E-05| -23.10 |1.86E-05| -16.26

0.05 |2.75E-05|3.40E-05| 23.50 |2.51E-05| -8.72 |2.13E-05| -22.66 |2.39E-05| -13.00

0.1 |3.10E-05|3.32E-05| 6.92 |2.80E-05| -9.88 |2.53E-05| -18.29 |2.98E-05| -3.98

0.15 |3.26E-05|3.31E-05| 1.58 [2.95E-05| -9.55 [2.76E-05| -15.40 |3.17E-05| -2.81

5 0.2 |3.24E-05|3.31E-05| 2.19 |3.04E-05| -6.25 |2.89E-05| -10.75 |3.24E-05| 0.05
0.25 |3.32E-05|3.31E-05| -0.46 [3.09E-05| -6.97 [2.98E-05| -10.43 |3.27E-05| -1.65

0.3 |3.25E-05|3.30E-05| 1.54 |3.13E-05| -3.91 |3.03E-05| -6.77 |3.28E-05| 0.73

0.35 |3.27E-05|3.29E-05| 0.65 |3.15E-05| -3.90 [3.07E-05| -6.25 |3.27E-05| 0.01

0.4 |3.29E-05|3.28E-05| -0.10 |3.16E-05| -3.98 |3.09E-05| -5.94 |3.26E-05| -0.69

0.45 |3.17E-05|3.27E-05| 3.11 [3.16E-05| -0.38 [3.11E-05| -2.12 |3.25E-05| 2.46

0.5 [3.21E-05|3.26E-05| 1.59 |[3.16E-05| -1.46 |3.11E-05]| -2.93 |3.23E-05| 0.84

% | 3263 | w% | -1.049 | w% | -1045 | w% | -2.51

C¢ % 65.77 Gg 12.29 Cg % 7.09 C¢ % 4.19

Emax 70 | 319.65| €max% | 4535 | &max %0 3.74 Emax 70 2.46

Emin 70 | -1.36 | €min% | -12.13 | &min% | -23.32 | &min % | -18.54

gl % 32.71 gl % 8.94 gl % 10.77 gl % 2.80
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D.4.7 Kanai-Tajimi and Shinozuka-Sato Time-modulating Function, 7= 1.0s

Table D.22 - FPFP computed at ¢ = 20s for linear elastic SDOF system with 7'=1.0s subjected to
KT base excitation time modulated by a Shinozuka-Sato function.

£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |[7.62E-01]9.99E-01 | 31.20 |8.54E-01| 12.07 |7.27E-01| -4.51 |6.38E-01| -16.20
0.02 |7.81E-01]9.97E-01 | 27.65 |8.80E-01| 12.60 |7.84E-01| 0.38 |7.23E-01| -7.49
0.05 |[8.81E-01/9.90E-01 | 12.41 |9.13E-01| 3.69 |8.58E-01| -2.59 |8.56E-01| -2.84
0.1 |9.40E-01|9.86E-01 | 4.88 |9.43E-01| 0.29 |9.13E-01| -2.87 |9.38E-01| -0.22
0.15 [9.60E-01|9.85E-01 | 2.57 |9.58E-01| -0.25 |9.39E-01| -2.19 |9.66E-01| 0.54
15 0.2 |9.81E-01|9.85E-01| 0.43 |9.67E-01| -1.42 |9.54E-01| -2.74 |9.77E-01| -0.34
’ 0.25 [9.62E-01]9.85E-01 | 2.35 |9.72E-01] 1.03 |9.63E-01| 0.04 |9.83E-01| 2.19
0.3 |9.87E-01|9.85E-01 | -0.24 |9.76E-01| -1.16 |9.69E-01| -1.91 |9.87E-01| -0.07
0.35 |[1.00E+00]|9.85E-01 | -1.48 |9.79E-01| -2.13 |9.73E-01| -2.73 |9.89E-01| -1.13
0.4 |9.98E-01|9.85E-01| -1.26 |9.81E-01| -1.72 |9.76E-01| -2.22 |9.90E-01| -0.82
0.45 [9.95E-01]9.85E-01| -0.95 |9.82E-01| -1.27 |9.78E-01| -1.69 |9.90E-01| -0.45
0.5 |1.00E+00|9.85E-01| -1.46 |9.83E-01| -1.66 |9.80E-01| -2.02 |9.91E-01| -0.95
0.01 [3.94E-01]9.21E-01 | 133.80 |4.96E-01| 25.79 |3.72E-01| -5.54 |3.26E-01]| -17.28
0.02 |4.14E-01|8.59E-01 | 107.56 |5.18E-01| 25.16 |4.15E-01| 0.12 |3.76E-01| -9.22
0.05 [4.94E-01|7.85E-01| 58.96 |5.59E-01| 13.11 |4.85E-01| -1.92 |4.85E-01| -1.87
0.1 |6.03E-01|7.57E-01| 25.52 |6.07E-01| 0.59 |5.55E-01| -8.05 |5.97E-01| -1.04
0.15 |6.53E-01|7.52E-01| 15.08 |6.39E-01| -2.17 |5.99E-01| -8.30 |6.60E-01| 0.98
) 0.2 |7.00E-01|7.51E-01| 7.25 |6.62E-01| -5.54 |6.29E-01| -10.16 |6.98E-01| -0.41
0.25 |7.22E-01|7.52E-01| 4.12 |6.78E-01| -6.09 |6.51E-01| -9.82 |7.21E-01| -0.07
0.3 |7.32E-01|7.52E-01| 2.76 |6.90E-01| -5.73 |6.67E-01| -8.87 |7.36E-01| 0.60
0.35 |7.56E-01|7.53E-01| -0.39 |7.00E-01| -7.46 |6.80E-01| -10.10 |7.46E-01| -1.36
0.4 |7.59E-01|7.54E-01| -0.71 |7.07E-01| -6.84 |6.89E-01| -9.16 |7.51E-01| -1.07
0.45 |7.55E-01|7.54E-01| -0.17 |7.13E-01| -5.58 |6.97E-01| -7.66 |7.53E-01| -0.26
0.5 |7.64E-01|7.54E-01| -1.25 |7.18E-01| -6.00 |7.04E-01| -7.86 |7.54E-01| -1.30
0.01 |[1.45E-01]4.96E-01 | 242.66 |1.86E-01| 28.71 |1.32E-01| -8.89 |1.23E-01| -14.84
0.02 |[1.53E-01|4.10E-01 | 167.17 |1.94E-01| 26.21 |1.48E-01| -3.77 |1.41E-01| -7.89
0.05 |1.87E-01]3.39E-01 | 81.08 |2.09E-01| 11.80 |1.75E-01| -6.28 |1.83E-01| -2.23
0.1 |2.31E-01|3.17E-01| 36.82 |2.31E-01| -0.32 |2.06E-01| -11.06 |2.32E-01 | 0.31
0.15 |[2.58E-01|3.13E-01 | 21.21 |2.46E-01| -4.49 |2.26E-01| -12.17 |2.62E-01| 1.80
)5 0.2 |2.81E-01|3.12E-01| 11.22 |2.58E-01| -8.18 |2.41E-01| -14.00 |2.81E-01 | 0.29
’ 0.25 |[2.89E-01|3.12E-01| 8.07 |2.66E-01| -7.95 |2.52E-01| -12.74 |2.93E-01| 1.38
0.3 |2.92E-01|3.13E-01| 6.94 |2.72E-01| -6.85 |2.60E-01| -10.94 |3.00E-01| 2.54
0.35 |[3.04E-01|3.13E-01| 2.95 |2.78E-01| -8.81 |2.67E-01| -12.25 |3.04E-01| -0.14
0.4 |3.15E-01|3.14E-01 | -0.48 |2.82E-01| -10.68 |2.72E-01| -13.64 |3.06E-01 | -3.00
045 |[3.12E-01|3.14E-01| 0.64 |2.85E-01| -8.72 |2.77E-01| -11.40 |3.06E-01| -1.85
0.5 |3.15E-01|3.14E-01| -0.16 |2.88E-01| -8.67 |2.80E-01| -11.07 |3.06E-01| -2.84
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 [4.00E-02| 1.37E-01 | 242.28 |4.89E-02| 22.37 |3.41E-02| -14.59 |3.44E-02| -13.94
0.02 |4.15E-02| 1.07E-01 | 158.73 |5.02E-02| 20.98 |3.79E-02| -8.53 |3.93E-02| -5.31
0.05 |4.89E-02|8.53E-02 | 74.40 |5.34E-02] 9.16 |4.47E-02| -8.70 |4.95E-02| 1.20
0.1 ]6.02E-02|7.86E-02| 30.57 |5.83E-02| -3.21 |5.21E-02| -13.57 |6.10E-02| 1.27
0.15 [6.71E-02|7.75E-02 | 15.43 |6.20E-02| -7.59 |5.72E-02| -14.84 |6.77E-02| 0.91
3 0.2 |7.00E-02]|7.73E-02| 10.53 |6.47E-02| -7.45 |6.08E-02| -13.11 |7.16E-02| 2.28
0.25 |7.33E-02|7.74E-02| 5.57 |6.68E-02| -8.97 |6.35E-02| -13.48 |7.37E-02| 0.48
0.3 |7.50E-02|7.76E-02| 3.48 |6.83E-02| -8.89 |6.55E-02| -12.66 |7.49E-02| -0.15
035 |7.57E-02|7.77E-02| 2.69 |6.95E-02| -8.18 |6.71E-02| -11.41 |7.54E-02| -0.35
0.4 |7.58E-02|7.79E-02| 2.67 |7.05E-02| -7.09 |6.83E-02| -9.92 |7.56E-02| -0.31
0.45 |7.60E-02|7.80E-02| 2.60 |7.12E-02| -6.27 |6.93E-02| -8.78 |7.55E-02| -0.66
0.5 |7.82E-02|7.80E-02| -0.14 |7.18E-02| -8.07 |7.01E-02| -10.26 |7.52E-02| -3.79
0.01 |[8.32E-03|2.48E-02 | 198.02 |9.57E-03| 14.96 |6.70E-03 | -19.46 |7.07E-03 | -15.03
0.02 [8.63E-03|1.92E-02 | 123.13 |9.68E-03| 12.27 |7.37E-03 | -14.54 |8.10E-03 | -6.05
0.05 |[1.00E-02|1.52E-02 | 51.65 |1.01E-02| 1.08 |8.53E-03| -14.69 |9.95E-03 | -0.48
0.1 |1.18E-02|1.39E-02| 17.90 |[1.09E-02| -8.08 |9.78E-03| -17.15 |1.17E-02| -0.90
0.15 |1.24E-02|1.37E-02| 10.34 |1.15E-02| -7.83 |1.06E-02 | -14.33 |1.26E-02| 1.47
35 0.2 |1.29E-02|1.37E-02| 6.32 |[1.19E-02| -7.64 |1.12E-02| -12.61 |1.31E-02| 1.49
’ 0.25 |[1.34E-02|1.37E-02| 2.06 |1.22E-02| -9.08 |1.17E-02| -12.97 |1.33E-02| -0.99
0.3 |1.35E-02|1.37E-02| 1.75 |[1.24E-02| -7.76 |1.20E-02| -11.00 |1.34E-02| -0.66
035 |[1.37E-02|1.38E-02| 0.43 |1.26E-02| -7.78 |1.23E-02| -10.50 |1.34E-02| -1.84
0.4 |1.40E-02|1.38E-02| -1.83 |1.28E-02| -8.97 |1.25E-02| -11.26 |1.34E-02| -4.27
045 |1.36E-02|1.38E-02| 1.79 |1.29E-02] -4.89 |1.26E-02| -6.97 |1.34E-02| -1.26
0.5 |1.36E-02|1.38E-02| 1.93 [1.30E-02| -4.18 |1.27E-02| -6.02 |1.33E-02| -1.83
0.01 |1.34E-03|3.39E-03 | 153.24 |1.44E-03| 7.35 |1.02E-03 | -24.13 | 1.08E-03 | -18.98
0.02 |1.33E-03|2.63E-03 | 97.46 |1.44E-03| 7.83 |1.10E-03| -17.05 |1.24E-03 | -6.55
0.05 |1.51E-03|2.07E-03 | 37.03 |1.47E-03| -2.66 |1.25E-03| -16.89 |1.50E-03| -0.46
0.1 |1.69E-03|1.90E-03 | 12.40 |1.55E-03| -8.00 |1.41E-03| -16.20 |1.70E-03| 0.46
0.15 |1.77E-03|1.87E-03 | 5.32 |1.62E-03| -8.46 |1.52E-03| -14.13 |1.78E-03| 0.29
4 0.2 |1.83E-03| 1.86E-03| 2.10 |1.68E-03| -8.25 |1.60E-03| -12.48 |1.82E-03| -0.54
0.25 |1.86E-03|1.87E-03| 0.31 |1.71E-03| -7.95 |1.65E-03| -11.26 |1.83E-03| -1.46
0.3 |1.84E-03|1.87E-03| 1.84 |1.74E-03| -5.21 |1.69E-03| -7.95 |1.84E-03| 0.28
0.35 |1.86E-03|1.88E-03| 0.62 |1.76E-03| -5.38 |1.72E-03| -7.64 |1.84E-03| -1.04
0.4 |1.84E-03|1.88E-03| 2.06 |1.78E-03| -3.28 |1.74E-03| -5.23 |1.84E-03| -0.01
045 |1.86E-03|1.88E-03| 1.24 |1.79E-03| -3.48 |1.76E-03| -5.15 |1.83E-03| -1.46
0.5 |1.84E-03|1.88E-03| 2.34 |1.80E-03| -1.97 |1.78E-03| -3.44 |1.82E-03| -1.19
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£ 3 ISEE P € [%] cVM e [%] mVM € [%] New e [%]
0.01 |1.62E-04|3.62E-04 | 123.41 |1.67E-04| 3.19 |1.19E-04| -26.35 |1.27E-04| -21.52

0.02 |1.64E-04|2.82E-04 | 71.83 |1.65E-04| 091 |[1.29E-04| -21.49 |1.45E-04| -11.64

0.05 |1.74E-04|2.21E-04| 27.54 |1.66E-04| -4.35 |1.43E-04| -17.39 |1.71E-04| -1.22

0.1 |1.87E-04|2.03E-04| 836 |[1.73E-04| -7.71 |1.59E-04| -15.10 |1.88E-04 | 0.46

0.15 |1.93E-04|2.00E-04| 3.79 |[1.79E-04| -6.88 |[1.70E-04| -11.90 |1.94E-04| 0.79

45 0.2 |1.95E-04|2.00E-04| 2.11 |1.84E-04| -5.79 |1.77E-04| -9.48 |1.97E-04| 0.59
' 0.25 |2.00E-04|2.00E-04| -0.19 |1.88E-04| -6.31 |1.82E-04| -9.11 |1.98E-04| -1.23
0.3 |1.99E-04|2.00E-04| 0.63 |1.90E-04| -4.45 |1.86E-04| -6.70 |1.98E-04| -0.35

0.35 |1.96E-04|2.01E-04| 2.23 |1.92E-04| -2.14 |1.88E-04| -4.02 |1.98E-04| 1.05

0.4 |1.99E-04|2.01E-04| 0.99 |1.94E-04| -2.74 |1.90E-04| -430 |1.98E-04| -0.57

0.45 |1.97E-04|2.01E-04| 1.98 |1.95E-04| -1.34 |1.92E-04| -2.67 |1.97E-04| -0.20

0.5 |2.05E-04]|2.02E-04| -1.91 |1.96E-04| -4.75 |1.93E-04| -5.86 |1.96E-04| -4.68

0.01 |1.53E-05|3.05E-05| 99.24 |1.52E-05| -0.82 |1.09E-05| -28.52 |1.16E-05| -24.07

0.02 |1.50E-05|2.37E-05| 57.59 |1.48E-05| -1.49 |1.17E-05| -22.52 |1.30E-05| -13.27

0.05 |1.55E-05|1.86E-05| 20.01 |1.46E-05| -5.85 |1.28E-05| -17.79 |1.51E-05| -3.07

0.1 |1.63E-05|1.71E-05| 5.12 |1.50E-05| -7.59 |1.40E-05| -14.20 |1.62E-05| -0.66

0.15 |1.64E-05|1.68E-05| 2.84 |1.55E-05| -5.45 |1.47E-05| -9.87 |1.65E-05| 0.82

5 0.2 |1.64E-05|1.68E-05| 2.15 |1.58E-05| -3.87 |1.53E-05| -7.04 |1.66E-05| 1.18
0.25 |1.66E-05|1.68E-05| 1.25 |1.61E-05| -3.36 |1.57E-05| -5.75 |1.67E-05| 0.60

0.3 |1.70E-05]|1.69E-05| -1.04 |1.62E-05| -4.68 |1.59E-05| -6.50 |1.68E-05| -1.64

0.35 |1.69E-05|1.69E-05| -0.17 |1.64E-05| -3.22 |1.61E-05| -4.70 |1.68E-05| -0.89

0.4 |1.66E-05|1.69E-05| 1.81 |1.65E-05| -0.83 |1.63E-05| -2.07 |1.67E-05| 0.80

0.45 |1.68E-05|1.69E-05| 0.91 |1.66E-05| -1.36 |1.64E-05| -2.39 |1.67E-05| -0.53

0.5 |1.66E-05|1.70E-05| 1.92 |1.66E-05| -0.10 |1.65E-05| -0.99 |1.66E-05| -0.05

pe % 28.31 U %o -1.356 Y %o -9.69 pe % -2.55

O¢ o, 53.52 O¢ o, 8.85 O¢ o, 5.94 O¢ o, 5.40

Emax 70 | 242.66 | €mx% | 28.71 Emax Y0 0.38 €max 70 2.54

€nn 70 | <191 | &uin% | -10.68 | €4n% | -28.52 | €,n% | -24.07

e Yo 28.59 | g% 6.80 H %0 9.70 Mg %0 2.97
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D.4.8 Summary of the Time-variant FPFP Obtained Using the New Proposed Hazard
Function

Table D.23 - Summary of FPFP obtained using the New Proposed Hazard Function.

PSD  |Time Modulation| Ti(s) & [%] P cVM mVM New
Emax Yo | 176.24 35.26 9.10 3.83
Step 1 Emin Yo -0.75 -9.23 -21.38 -8.35
My Yo 22.48 6.32 7.70 1.48
WN
Emax Yo | 240.73 28.78 1.55 2.71
Shinozuka-Sato 1 Emin Yo -1.23 -9.32 -27.46 -22.94
My Yo 28.39 6.58 8.86 3.17
Emax Yo | 129.44 34.90 14.16 15.72
0.1 Emin Y0 -2.22 -12.44 | -17.46 -14.58
My Yo 16.90 7.72 8.85 4.09
Emax Yo | 187.19 27.68 1.27 17.49
Step 0.5 Emin Y0 -1.90 -11.98 -27.35 -13.39
My Yo 24.25 7.09 11.92 3.22
Emax Y0 | 179.36 35.31 8.67 4.31
1 Emin Yo -1.19 -9.89 -22.13 -6.41
KT My Yo 22.60 6.71 8.48 1.32
Emax Yo | 226.13 75.81 36.07 12.71
0.1 Emin Yo -2.72 -13.13 -19.60 -31.43
My Yo 15.81 8.58 8.85 4.67
Emax Yo | 319.65 45.35 3.74 2.46
Shinozuka-Sato 0.5 Emin Y0 -1.36 -12.13 -23.32 -18.54
Hiy Yo 32.71 8.94 10.77 2.80
Emax Yo | 242.66 28.71 0.38 2.54
1 Emin Y0 -1.91 -10.68 -28.52 -24.07
My Yo 28.59 6.80 9.70 2.97
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APPENDIX E : INPUT PSD FUNCTIONS OF SHEAR-TYPE BUILDINGS

The input PSD functions in correspondence with the circular frequency, to be used in the
stochastic dynamic analysis, of the shear-type buildings are presented in this appendix. As it is
discussed in Chapter 3, the shear-type buildings are subjected to KT-CP PSD function as the

input PSD of the nonstationary processes.
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Figure E.1-Input PSD function for the three-story building.
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Figure E.2- Input PSD function for the eight-story building.
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KT-CP PSD Function
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Figure E.3- Input PSD function for the 20-story building.
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