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Abstract Peak ground fractional order responses (PGR,) as a generalization of conven-
tional seismic intensity measures (IMs) such as peak ground acceleration (PGA) and peak
ground velocity (PGV) can better predict the seismic performance of structural systems.
This paper proposes the first ground motion prediction equation (GMPE) for PGR,, for
active shallow crustal regions using a subset of the PEER NGA-West2 ground motion
database. The model development database consists of 4491 accelerograms from 82 dif-
ferent earthquakes in California with the magnitude and rupture distance ranges of M,
4.0-7.9 and Rgyp 0-300 km, respectively. PGR,, intensity measures are computed from the
modified Oustaloup’s recursive approximation to Caputo’s definition of differintegral
operator. The main functional form of the predictive model is decided by implementing
statistical ground motion data-driven testing methods such as the likelihood approach and
Euclidean distance concept. The final functional form of the predictive model accounts for
magnitude, distance, style-of-faulting, linear and nonlinear site, hanging wall, basin
response, and anelastic distance attenuation effects, and models the aleatory variability
with respect to My, and Vs3o. The final predictive model produces PGA (o = 0), PGV
(o = —1), and peak ground fractional order responses at 19 different o values ranging
from —0.05 to —0.95 for the average horizontal component. The proposed predictive
model draws estimates of ground motion amplitudes that are consistent with those from the
NGA-West2 models for PGA and PGV for sample earthquake scenarios. Moreover, it can
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offer a basis for predictive modeling of peak ground fractional order response quantities for
performance assessment of structures and infrastructures across a region.

Keywords Peak ground fractional response - Seismic intensity measure - Ground motion
prediction equation - Seismic risk assessment - Infrastructure vulnerability

1 Introduction

Two key ingredients for seismic risk assessment are probabilistic seismic demand models
(PSDMs) relating the response of a structural system, or infrastructure component, to a
parameter representing the strength of earthquake events called the seismic intensity
measure (IM), and the corresponding ground motion prediction equations (GMPEs)
characterizing the probability model of the IM. The IMs selected to characterize the
earthquake intensity and predict seismic behavior play a critical role in affecting the
uncertainty propagated in the risk assessment and loss estimation framework (Mackie and
Stojadinovic 2001, 2004; Shafieezadeh et al. 2012; Padgett et al. 2008; Luco and Cornell
2007). To predict infrastructure performance, the current practice of adopting hazard
intensity measures based on integer order derivatives or integrals of the ground motion
time history (e.g. peak ground acceleration or spectral acceleration) may not be efficient.
Complex dynamic features of key infrastructure constituents under earthquake loads may
not be optimally predicted using discrete states of acceleration, velocity, or displacement
sensitivities which are the basis for the set of traditional earthquake IMs used in seismic
risk assessment. Large levels of uncertainties in probabilistic models that predict both
ground motion IMs and the associated physical response of structural systems induce
significant uncertainties in the final outcome of risk analyses. This uncertainty can
undermine confidence in the resulting risk estimates, and pose a significant challenge in
implementing such methods for risk-informed decision making purposes.

A new perspective on characterizing earthquake intensity for modeling seismic risk to
distributed infrastructure systems is required to enable robust analytical methods for
reliable probabilistic characterization of earthquakes across a region, efficient modeling of
the physical demand imparted on infrastructures, and increased confidence in resulting risk
estimates. The introduction of fractional order calculus to uncover so-called “o-order”
ground motion intensity can offer the basis of this transformation. Extending the integer
order of differential operators (derivative and integral) to arbitrary real numbers in the
context of fractional order calculus releases a major limitation of classical probabilistic and
mechanistic modeling which has found applications in various fields of science and
engineering such as visco-elastic material modeling (Miiller et al. 2011; Mainardi 2010;
Meral et al. 2010), control of dynamical systems (Li et al. 2010a, b; Monje et al. 2010;
Tavazoei and Haeri 2008; Caponetto 2010; Odibat 2010) and structural engineering (Ruge
and Trinks 2004). Several studies have introduced fractional order calculus within the
domain of earthquake engineering, for example to model the response of structures with
damping or isolation systems (Koh and Kelly 1990; Chang and Singh 2002; Singh et al.
2011), or to characterize the viscoelastic behavior of soils in the presence of seismic waves
(Dikmen 2005; Lenti et al. 2012). Experimental studies by Oldham and Spanier (1974)
revealed that the damping behavior of some materials in the frequency domain follows a
power law model with non-integer orders. Gaul et al. (1991) in a study on simulation of
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wave propagation in soil domains showed that the frequency domain behavior of visco-
elastic soil materials can be better described using fractional order models compared to
conventional integer order models. Considering soil medium as a system responsible for
propagation of waves from source to the surface, given the above noted fractional char-
acteristics, it is expected that the outputs of the system i.e. ground motions at the surface
and responses of structures to these excitations will have fractional order characteristics as
well. Shafieezadeh et al. (2012) leveraged this feature and developed a series of fractional
order intensity measures by primarily releasing the constraints of integer orders in con-
ventional IMs. The performance of these IMs were evaluated against conventional
intensity measures for a class of bridges that accounts for about 20% of the bridge
inventory in the state of California. Results indicated that fractional order IMs can sig-
nificantly reduce dispersions in probabilistic seismic demand models for engineering
demand parameters of interest by as much as 36% compared to conventional IMs. In short,
fractional order IMs can offer good predictive quality of structural response while reducing
uncertainty introduced into the probabilistic analysis.

The study by Shafieezadeh et al. (2012) reveals the fact that there is a strong need for
developing fractional order GMPEs because site-specific or regional seismic hazard
analyses are required in order for fractional order IMs to be usable in practice. To do so,
this paper proposes the first GMPE for estimating peak ground fractional order response
(PGR,) IMs. In this respect, a ground-motion database is compiled from the PEER NGA-
West2 project database (Ancheta et al. 2014) for developing the PGR,, predictive model
which is mainly appropriate for active shallow crustal earthquakes in California. Next, the
PGR, earthquake intensities of the recordings in the ground-motion database are computed
by utilizing a fractional order numerical approximation approach. The PGR,, predictive
model at peak ground acceleration (PGA; o = 0), peak ground velocity (PGV; o = —1)
and various o values (between 0 and —1) are then derived by accounting for magnitude,
distance, style-of-faulting, linear and nonlinear site, hanging wall, basin response, and
anelastic distance attenuation effects in the ground-motion estimates. The proposed GMPE
models the aleatory variability (i.e., standard deviation) by taking into account the mag-
nitude and nonlinear site effects that provide more accurate realizations of the ground
motion estimates.

2 Peak ground fractional order response IMs

In the literature, various definitions of fractional order operators have been proposed;
among which the Grunwald-Letnikov, Riemann—Liouville, and Caputo’s definitions are
widely used formulations for fractional order derivation and integration (Podlubny 1999).
However, Caputo’s definition is the most preferred one in engineering applications because
it gives bounded values for fractional derivatives of constants and includes physically
interpretable initial conditions such as displacement and velocity. Based on Caputo’s
definition, the a-derivative of a function f(¢) defined on the interval [0, T] at time ¢ € (0, T]
can be expressed in the form of a convolution integral as shown in Eq. (1). In this
equation,CD?‘ denotes the notion of the Caputo’s (i.e. C) differintegral fractional operator
of a real valued order o with respect to the variable ¢, starting at time t = t, = 0 whereas p
is an integer number that satisfies p—1 < o < p and I'(*) is Euler’s Gamma function.
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The limitation of integer order derivatives of ground displacement can be released by
taking the a-order integral of ground acceleration (%,) and presenting peak ground frac-
tional order response (PGR,) as:

T
PGE, = max (515 (1) )

Among the various techniques that have been proposed for numerical realization of
fractional order derivatives and integrals, the modified approach for Oustaloup recursive
approximation to Caputo derivatives in the frequency domain (Oustaloup et al. 2000; Xue
et al. 20006) is adopted given its accuracy at a reasonable computation time. The reader is
referred to Shafieezadeh et al. (2012) for the details of this approximation, which is
integrated in the SIMULINK environment of MATLAB (MathWorks 2015) and used for
computing PGR,, values herein. Illustrations of the application of the modified Oustaloup
approximation technique to couple of accelerograms (M, 6.69 Northridge Earthquake of
01/17/1994, Beverly Hills-14145 Mulhol Station, MULOO9 horizontal component and M,
4.27 Yorba Linda Earthquake of 09/03/2002, LA—Obregon Park Station, 24400360
horizontal component) are shown in Fig. 1. Results for PGR, are compared with con-
ventional peak ground motion IMs for integer values of a. The results show the agreement
of the approximated o-order IMs using the modified Oustaloup method with the traditional
IMs computed from the accelerograms, and reinforce the definitions of o-order IMs at
integer orders (e.g. PGA, PGV and PGD). They also illustrate the trend regarding variation
of PGR with a for the selected motions.

Figure 2 shows another illustration for the first recording (Northridge Earthquake) to
give a slight intuition about the physical interpretation of these IMs. The time series of the
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Fig. 1 Comparison of approximated PGR,, values with conventional peak ground motion IMs
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Fig. 2 Comparison of approximated PGR,, values with conventional peak ground motion IMs

ground motion recording for different alpha levels [i.e. alpha = 0 (PGA), —0.25, —0.50,
—1 (PGV)] is shown in this figure. The observation made from this figure is that the time-
step at which the peak ground fractional responses occur do not coincide with the time step
of conventional peak ground responses (i.e. PGA and PGV). This indicates that the peak
ground fractional responses are related to the different frequency content of the ground
motion data.

3 Ground motion database

The ground-motion database utilized in this study is a subset of the PEER NGA-West2
database (Ancheta et al. 2014) which was compiled from the worldwide recordings of shallow
active crustal regions (e.g. California, Italy, Turkey, Japan, China, etc.). The subset of
expanded PEER NGA-West2 database is extracted by considering inclusion criteria com-
parable to those in Campbell and Bozorgnia (2014). The selected events are mainshock
earthquakes from the Western United States (US) with moment magnitude My, > 4.0 and
extended-source distance metrics Joyner-Boore (Rjg) < 300 km and rupture (Rgryp) -
< 300 km. Another selection criterion is the presence of known style-of-faulting information
based on rake angles and measured or inferred values of Vg3p-based site classes of the strong
motion stations. Only good quality recordings (e.g. spectral shape, well-triggered, and free
field) are included in the database. In addition, a filter is applied to the events in order to select
only well-recorded earthquakes with respect to minimum number of recordings (N) criteria:
N < 5forM,, <5.5,N < 3for5.5 < My, < 6.5. Anumber of additional accelerograms that
potentially satisfy the above set of criteria were not included in the database because of
systematic problems downloading them from the PEER ground motion database.

The application of the aforementioned criteria results in compilation of a ground-motion
database with the total number of 4491 recordings from 82 earthquakes and 1366 strong
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motion stations. In the final database, 2366 accelerograms recorded from 73 earthquakes
can be classified as near-source ground motion following the criterion of Rjz and
Rrup < 80 km. This threshold can be considered as a limit for earthquakes to have sig-
nificance in probabilistic seismic hazard analysis and structural engineering applications.
ESM_1.1 lists the details of ground motion database in terms of selected earthquakes,
recording sites and distance classes.

The distribution of Rryp versus M,, along with their individual distributions for the
ground motions in the database are shown in Fig. 3. There are sufficient data to model the
magnitude effects in the predictive model except for the very largest magnitude bin
My, > 7.5) and partially one of the moderate magnitude bins (6.0 < M,, < 6.5). The
extent of data for the close distance range (i.e. Rryp < 20 km) is less than that for the rest
of distance ranges in the database but the number of recordings is sufficient to satisfactorily
model the distance effects in the GMPE.

Figure 4 displays the Rryp versus M,, distribution of ground motion data with respect to
style-of-faulting (strike-slip-SS; normal-NM; reverse-RV) and site class. The National
Earthquake Hazards Reduction Program (NEHRP; Building Seismic Safety Council [BSSC],
2009) site classification is used in the comparative plots. The SS and RV ground motion data
are well represented in the database, whereas the database lacks a sufficient number of
accelerograms from NM faulting earthquakes; however, NM faulting earthquakes are not
characteristic of the regional seismicity. The database includes measured and inferred Vg3
values for NEHRP site classifications and for modeling the linear and nonlinear site effects
of the predictive model. A significant amount of data in the database is coming from strong-
motion stations located on the NEHRP-C and -D site categories (Fig. 5). Beyond this, an
adequate number of rock site accelerograms are included in the database.
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Fig. 3 The distribution of ground motion data: a Rryp versus M,, scatter plots, b M,, histograms, and
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4 Selection of the main functional form of the GMPE

The regression analysis to develop the PGR, predictive model is conducted in multiple
steps. To do so, the near-source database defined by Rjg and Rryp < 80 km and the entire
ground motion database (i.e. Rjg and Rgryp < 300 km) are utilized. As mentioned in the
previous section, a distance of 80 km has been suggested as the approximate limit of
interest for considering the significant effects of ground excitations on structural compo-
nents (Campbell and Bozorgnia 2014). By using the near-source database limited at this
distance, the fictitious depth term is computed and the terms of the model for the style-of-
faulting are derived. Next, the rest of the regression coefficients such as magnitude scaling,
hanging wall, site effects, etc. are obtained except for the constant term, magnitude-
independent distance scaling and anelastic attenuation terms. To prevent jagged variations
of spectral estimates, a limited amount of smoothing is applied to the regression coeffi-
cients. The rest of coefficients are computed by utilizing the entire ground motion database.
Components of the aleatory variability model are obtained in a separate step using the

@ Springer



3444 Bull Earthquake Eng (2017) 15:3437-3461

entire ground motion database. The final set of coefficients and standard deviation terms
are derived using the random effects regression algorithm proposed by Abrahamson and
Youngs (1992).

A simple statistical study is performed to determine the most suitable functional form for
the PGR,, predictive model. An important point in selecting the functional form to develop a
new GMPE is the ability of the model to take into account some crucial effects such as
magnitude scaling, magnitude-dependent geometrical spreading, etc. (Bommer et al. 2010).
Existing well-structured functional forms already include these key effects in their mathe-
matical expressions. A number of candidate functional forms are considered in this study for
their potential to predict PGR,, including those utilized by Abrahamson et al. (2014), ASK14;
Boore et al. (2014), BSSA14; and Campbell and Bozorgnia (2014), CB14. These functional
forms are evaluated only for modeling the magnitude scaling (f,,q,), distance scaling (f;s),
style-of-faulting (f3,), anelastic attenuation (f,,,) and linear site (f;,) effects in the GMPEs, in
order to prevent complexity in preliminary assessments. In addition, a homoscedastic alea-
tory variability model is considered for the preliminary GMPEs.

Equations 3, 9 and 12 present the simplified functional forms of ASK14, BSSA14 and
CB14, respectively which are referred to as basic form GMPEs. Magnitude scaling, dis-
tance scaling and style-of-faulting effect components of ASK14 and BSSA 14 functions are
given in Egs. (4)-(8), 10, 11, respectively. The corresponding components for CB14 form
are explained in detail in the next section (Median predictive model). The same linear site
model given in Eq. (13) is considered for all functional forms.

In Yasx14 = finag + Jais + far =+ fiite (3)
ai + as(M,, — 6.75) + ag(8.5 — M,,)%; M, > 6.75
; a + as(M,, — 6.75) + ag(8.5 — M,,)*;  5.0<M,, <6.75 @
") g +a4(50 6.75) + as(8.5 — 5.0)*+ag(M,, — 5.0) '
+ as(M,, — 6.75) + ar(M,, — 5.0)%; M, <5.0
p [az + a3 (M, — 6.75)] ln(\/Rlsz + h2> + a7 Rryp; M, > 5.0 5)
dis =
las + a3(5.0 — 6.75)] 1n(\/R,2wp n h2) + ayReop; My <5.0
Joe = T foem (6)
Jour = asFrv + agFyy (7)
0; M, <45
fum ={ M, —45 45<M,<55 (8)
1; M, >55

where Fyyp and Fry are dummy variables equal to unity for normal (NM) and reverse faults
(RV), respectively. For strike-slip (SS) events, Fyy and Fry are zero.

In Yassa14 = fnagsepte + fais + fire )
f o = alSS+a2NS+a3RV+a4( —55)+a5( —55) MWSSS (10)
Imas&lt = 4,88 4 ayNS + asRV + ag(M,, — 5.5); M, <55
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fais = a7 + ag(M,, — 4.5)] 11’1(\ /R%, + a%) + ag <\ /Ry + a% — 1) (11)

In Ycpia :fmag +fdis +f]“Zt +f;ttn +fsite (12)

Ssite = s,min{ln(VS30/113()>,0} (13)

Although the use of simplified functional forms may be considered as a cursory
approach, the aim of this evaluation is to decrease the level of subjectivity by invoking
statistical tools to select the functional form among the host of alternatives. The prelimi-
nary GMPEs are developed for peak ground fractional order IMs for the horizontal
component of ground motions at o = 0 (PGA), —0.25, —0.50, —0.75 and —1 (PGV).
These IMs are computed using the average horizontal component definition referred to as
RotD50 (Boore 2010). Figure 6 shows the magnitude scaling comparison between the
candidate functional form GMPEs of this study and the NGA-West2 predictive models of
ASK14, BSSA14, CB14 and CY14 (Chiou and Youngs 2014) at o = 0 (PGA) and —1
(PGV) for an earthquake scenario with strike-slip faulting, Rryp = 10 km and rock site
condition (Vs3p = 760 m/s). Results indicate that ground motion estimates from the basic
form GMPEs are comparable with the spectral ordinates of the NGA-West2 predictive
models. This agreement enhances confidence in the statistical tests conducted to select the
main functional form of the GMPE.

A number of ground motion data-driven testing tools are considered for the evaluation
of GMPEs; the tools include Nash and Sutcliffe Efficiency Coefficient (NSE; Nash and
Sutcliffe 1970), Likelihood (LH; Scherbaum et al. 2004), Log-likelihood (LLH; Scher-
baum et al. 2009) and Euclidean Distance Based Ranking (EDR; Kale and Akkar 2013;
Akkar and Kale 2014). These tools are commonly used in testing the appropriateness of
candidate predictive models for site specific or regional seismic hazard applications;
however, they also provide ranking of GMPEs under a ground motion database. In addi-
tion, Akaike’s and Bayesian Information Criterion (AIC and BIC, respectively) are also
considered to rank the candidate functional forms. In this study, the NSE, LH, LLH and
EDR ranking indices, and AIC and BIC statistical values are computed for the basic form
GMPEs under the compiled ground motion database for oo = 0 (PGA), —0.25, —0.50,

10° 102 T T T |

(b)
~ 210t
2 5
< 107 g NGA-West2 GMPEs
g O 10 ——— ASKI14_Form
A —— BSSA14_Form
——— CB14_Form
102 1 I I 10! I 1 1 |
4 5 6 7 8 4 5 6 7 8
Magnitude, M| Magnitude, M,

Fig. 6 Magnitude scaling comparison between the basic models and NGA-West2 GMPEs. The GMPE is
evaluated for strike-slip faulting, Rryp = 10 km, Vg39 = 760 m/s, and dip = 90°. Default values of depth
to shear wave velocity of 1.0 km/s (Z; o) and 2.5 km/s (Z, 5) at the site, depth to top of rupture, hypocentral
depth and rupture width are calculated from Kaklamanos et al. (2011). The Ryg values corresponding to
Rrup = 10 km are calculated from the virtual fault plane
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Table 1 Average data-driven testing scores of the GMPEs with selected functional forms

Functional form EDR NSE LH LLH AIC BIC

ASK14 0.954 0.896 0.50 1.662 23.7 107.0
BSSA14 0.929 0.899 0.51 1.637 19.7 90.2
CB14 0.913 0.902 0.50 1.620 21.8 98.7

—0.75 and —1 (PGV). Table 1 lists the average scores of ranking indices that represent the
overall performances of the basic form GMPEs for the considered o range. Among these
indices, higher values of NSE, lower values of LLH, EDR, AIC and BIC, and values of LH
around 0.5 indicate the best performance of GMPEs (or functional forms) under the
considered ground motion database. The best performance of a predictive model could be
interpreted as the effectiveness of the selected functional form to describe the characteristic
features of the subject ground motion database. The underlined italic values in Table 1
indicate the best performing model (or models) for the implemented statistical methods.
The basic functional form of CB14 shows the best performance among all data-driven
testing tools and gives comparable criterion values among the statistical tools and thus this
functional form is selected to develop the PGR,, predictive model.

5 Median predictive model

The final functional form of the PGR,, predictive model accounts for magnitude, distance,
style-of-faulting, linear and nonlinear site, hanging wall, basin response, and anelastic
distance attenuation effects. Equation 14 shows the complete functional form for esti-
mating the average horizontal component (RotD50; Boore 2010) median peak ground
fractional responses (cm/s*™*) at 21 o values ranging from 0 (PGA) to —1 (PGV) in natural
logarithm unit. Fractional orders less than —1 are not considered because the low fre-
quency content of accelerograms starts to become important in the range of PGD, which is
highly sensitive to the low-cut filtering process of ground motion recordings. Each com-
ponent of final functional form in Eq. (14) is briefly explained in the following paragraphs.

InY :fmag +fdis +]S‘ZI +f/mg +f\‘ed +fatn +fsite (14)

The magnitude scaling model includes three breaks at moment magnitudes M, 4.5, 5.5
and 6.5 to characterize the ground motions as follows:

ap + ale; M, < 4.5
Fre = ap + aiM,, + ax(M,, — 4.5); 4.5<M,, <55
mag apg + aM,, + az(MW — 45) + a3(MW — 55), 55<M,<6.5

ay + a\M,, + az(MW — 45) + LZ3(MW — 55) + a4(MW — 65), M, > 6.5
(15)

The distance scaling (geometrical spreading) model is presented in Eq. (16). This model
implements the Rgyp distance metric as the main distance measure.

fais = (as + agM,,,) ln(\ /R, p+ a%) (16)

@ Springer



Bull Earthquake Eng (2017) 15:3437-3461 3447

where a; coefficient is the fictitious depth term. The style-of-faulting model given in
Egs. (17)-(19) is magnitude dependent. Fxyy and Fry are dummy variables equal to unity
for normal (NM) and reverse faults (RV), respectively. For strike-slip (SS) events, Fyy and
Frv are zero. No correction is suggested for reverse events as no difference is observed in
the spectral trends between SS and RV ground motion data in the database.

Jae = faur fum (17)

Jur = asFrv + agFny (18)
0; M, <45

Jum = M, —4.5; 45<M, <55 (19)
L M, >5.5

The hanging wall model of Donahue and Abrahamson (2014) with some modifications
by Abrahamson et al. (2014) is employed in the predictive model as shown in Eq. (20).
Some of the model coefficients of Donahue and Abrahamson (2014) are period dependent.
The modifications performed by Abrahamson et al. (2014) on the original model of
Donahue and Abrahamson (2014) provide period-independent hanging wall model coef-
ficients (except for ajo coefficient), rendering the implementation of this model for the
PGR, GMPE feasible. The hanging wall model considers the effects of dip angle (Eq. 21),
M, (Eq. 22 where magnitude scaling hanging wall term, ayw = 0.2), Rx (closest distance
to the surface projection of the top edge of fault rupture, Egs. (23)-(25) where h; = 0.25,
h, = 1.5 and hy = —0.75, and W is the fault rupture width), Zror (depth to top of fault
rupture, Eq. 26), and R;g (Joyner-Boore distance, Eq. 27) for sites located on hanging wall
side of the fault rupture (i.e. Fyw = 1). For other site locations (i.e. Fgw = 0), hanging
wall effects are not considered in the ground motion estimates.

fhng = ajoFuw fhn&dip fhng,Mw fhng,RX fhng,ZmR fhng,R,R (20)
90 — dip)/, .. gi
fhng,dip = éo p)/45a dlp > 30 (21)
/45 dip <30
1+ apw(M,, — 6.5); M6
fingm, = § 1+ amw(My, —6.5) — (1 — agw)(My, — 6.5)%; 5.5<M, <65  (22)
" M, <5.5

2
hy -‘rhz(RX/Rl) + hy (RX/RI) ;o Rx <Ry

fhngﬁx - 1— RX — Rl . Rl <RX <R2 (23)
Ry — Ry ’ - -
0; Ry >R,

Ry = Wcos(dip) (24)
R, = 3R, (25)

1— Z%OR ; ZTOR <10
fhng,ZmR - 100 ’ - (26)

; Zror > 10
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1, RJB =0
fh”K,RJB = 1- RJB/30; RJB <30 (27)
0; Rjp >30

The basin response model is given in Eq. (28) which is based on the depth to the
2.5 km/s shear wave velocity horizon beneath the site (Z,s). The k coefficient in this
equation is equal to 1.88. In case Z, 5 parameter is not available, its value can be inferred
from the simple empirical relationship proposed by Campbell and Bozorgnia (2014) for
Californian sites as given in Eq. (29).

ai(Zys — 1); Z5<1
fsed = O; 1 <Z2A5 <3 (28)
a12k€70’75(1 _ 6‘70’25(22’571)); ZZ.S >3

Zps = exp(7.089 — 1.1441n(Vsso)) (29)

The anelastic attenuation model is given in Eq. (30) which reflects attenuation effects in
the ground motion estimates for sites with Rgyp > 80 km.

ai3(Rrup — 80);  Rgyp > 80
Joun = {0§ | ) Rgryp <80 (30)
The site response model is given in Eq. (31) which is adapted from Chiou and Youngs
(2014) primarily due to its simplicity. In this equation, f};, and f,; represent the linear and
nonlinear components of site amplification, respectively. The linear site effects are taken
into account using Eq. (32) where s; describes the Vg3q scaling whereas Vgzg = 1130 m/s
is the reference site condition beyond which the site amplification is not considered. The
nonlinear site function is given in Eq. (33) where s, represents the degree of nonlinearity as
a function of Vg3¢ and can be obtained from Eq. (34). In Eq. (33), PGR| 3¢ is the median
peak ground fractional response computed from Eq. (14) for the reference rock site con-
dition (i.e. Vg30 = 1130 m/s).

frite :ﬁin +fnl (31)

fiin = slmin{ln<VS30/1130),0} (32)
PGR130 + 53

=S In[ ————= 33

Jui = 52 n< 5 ) ( )

5 =54 [es5(min(VS307l130)7360) _ eS5(ll307360):| (34)

One considered strategy for determining site response model coefficients would be to
directly adopt Chiou and Youngs (2014) nonlinear model coefficients (s3, s4 and ss) while
obtaining the linear site model coefficient (s;) from the regression analysis to reflect the
site effects of the chosen ground motion database in the functional form. However this
process is not feasible since nonlinear site model coefficients are not available for frac-

tional orders except for o = 0 (i.e. PGA) and oo = —1 (i.e. PGV). As an alternative, a
separate regression analysis is performed to derive the site coefficients for intermediate
fractional orders (i.e. &« = —0.05 to —0.95) by implementing the basic functional form

GMPE as in Sect. 4 (i.e. Selection of the main functional form of the GMPE). The
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Table 2 a-independent constant

. - a a a
regression coefficients 7 8 o

4.5 0.0 —0.1

Table 3 a-dependent magnitude and distance scaling model regression coefficients

o ag a, a a3 ay as ag
0 (PGA) 1.150 1.407 —0.827 —0.956 —0.223 —2.964 0.307
—0.05 0.905 1.416 —0.832 —0.939 —0.234 —2.952 0.306
—0.1 0.645 1.428 —0.836 —0.919 —0.246 —2.935 0.304
—0.15 0.402 1.437 —0.839 —0.899 —0.257 —2.924 0.303
—-0.2 0.168 1.446 —0.844 —0.881 —0.269 —2.908 0.301
—0.25 —0.074 1.457 —0.849 —0.862 —0.281 —2.893 0.299
-0.3 —0.310 1.467 —0.855 —0.840 —0.292 —2.882 0.298
—0.35 —0.593 1.486 —0.862 —0.815 —0.304 —2.866 0.296
—-0.4 —0.871 1.506 —0.870 —0.796 —0.315 —2.845 0.293
—0.45 —1.129 1.523 —0.878 —0.780 —0.327 —2.825 0.290
-0.5 —1.394 1.542 —0.887 —0.764 —0.339 —2.806 0.287
—0.55 —1.671 1.563 —0.897 —0.740 —0.350 —2.791 0.285
—0.6 —1.947 1.584 —0.907 —0.714 —0.362 —2.770 0.282
—0.65 —2.226 1.606 —-0.917 —0.683 —0.374 —2.755 0.280
—0.7 —2.525 1.632 —0.928 —0.647 —0.385 —2.729 0.276
—0.75 —2.844 1.662 —0.939 —0.609 —0.397 —2.703 0.272
—0.8 —3.135 1.688 —0.951 —0.573 —0.408 —2.683 0.269
—0.85 —3.422 1.714 —0.962 —0.535 —0.420 —2.658 0.265
—-0.9 —3.691 1.737 —-0.974 —0.497 —0.432 —2.642 0.263
—0.95 —3.936 1.756 —0.985 —0.467 —0.443 —2.627 0.261
—1 (PGV) —4.167 1.772 —0.997 —0.442 —0.455 —2.610 0.259

regression analysis is constrained to derive the same nonlinear coefficients (i.e. s3, s4 and
ss) as those given in Chiou and Youngs (2014) for PGA and PGV, therefore compatible
coefficients for the intermediate fractional orders are derived. Then these nonlinear site
coefficients are directly used in the site response model of the final predictive model. The
values of s; for the linear site model coefficient are derived again in the final regressions to
consider the effects of the complete functional form.

The full set of a-independent and -dependent regression coefficients for the median
PGR,, predictive model is provided in Tables 2, 3 and 4.

6 Aleatory variability model

The total aleatory variability (o) can be partitioned into the between-event (t, M,,-de-
pendent) and within-event (¢, My- and Vg3p-dependent) standard deviation terms as given
in Eq. (35).
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Table 4 o-dependent hanging wall, basin response, anelastic attenuation and site response model regres-
sion coefficients

o a0 apy a a3 S1 3 S4 Ss
0 (PGA) 0.482 —0.056 0.371 —0.0071 —0.396 100.00 —0.1417 —0.00701
—0.05 0.477 —0.043 0.378 —0.0069 —0.406 89.74 —0.1419 —0.00713
—0.1 0.478 —0.030 0.385 —0.0067 —0.417 79.35 —0.1418 —0.00725
—0.15 0.480 —0.017 0.393 —0.0064 —0.430 68.81 —0.1412 —0.00737
—-0.2 0.487 —0.005 0.400 —0.0062 —0.441 60.68 —0.1403 —0.00747
—0.25 0.502 0.008 0.404 —0.0060 —0.453 53.37 —0.1389 —0.00757
-0.3 0.524 0.021 0.410 —0.0057 —0.464 47.02 —0.1371 —0.00767
—0.35 0.547 0.033 0.417 —0.0055 —0.475 41.41 —0.1349 —0.00776
—-0.4 0.565 0.045 0.423 —0.0053 —0.486 36.25 —0.1323 —0.00785
—0.45 0.581 0.055 0.433 —0.0050 —0.496 31.81 —0.1294 —0.00793
-0.5 0.598 0.064 0.444 —0.0048 —-0.507 27.91 —0.1260 —0.00800
—0.55 0.618 0.074 0.456 —0.0045 —0.517 24.32 —0.1222 —0.00807
-0.6 0.632 0.085 0.463 —0.0043 —0.528 21.21 —0.1180 —0.00813
—0.65 0.642 0.097 0.472 —0.0041 —0.538 18.22 —0.1134 —0.00819
-0.7 0.647 0.109 0.483 —0.0038 —0.550 15.40 —0.1084 —0.00824
—0.75 0.652 0.122 0.497 —0.0036 —0.561 13.12 —0.1030 —0.00829
-0.8 0.651 0.135 0.512 —0.0034 —-0.572 11.04 —0.0972 —0.00833
—-0.85 0.653 0.148 0.527 —0.0032 —0.582 9.11 —0.0910 —0.00837
-0.9 0.654 0.162 0.539 —0.0030 —0.589 7.69 —0.0843 —0.00840
—-0.95 0.659 0.175 0.547 —0.0028 —0.596 6.47 —0.0773 —0.00842
—1 (PGV) 0.665 0.188 0.552 —0.0026 —0.602 541 —0.0699 —0.00844
oMy, Viso) = \/2(M,) + (M, Vo) (35)

The M,,-dependent between-event standard deviation term is modeled by:

T(MW) =

T1;3 Mw§4~5
T + (‘L’2 — T])(Mw - 4.5); 45<M,<5.5 (36)
125 MW255

The M,,- and Vg3p-dependent within-event standard deviation term is modeled by:

(M Vso) = 4 p(M,) - A¢V(

d(M,,); (V2 Vsm) Vsio > Va
In V2 Vs30 >
IT2/TS0) )y <V < V. 37
in(Va/V1) 1<Vs30<V> (37)
d(M,,) — Ady; Vs30 < Vi

where V| = 225 m/s and V, = 300 m/s are selected from the residual trends and ¢$(M,,) is
computed by:
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The aleatory variability model is developed by evaluating the M,, bins of between-event
residuals (1;) to obtain between-event standard deviations t, and the M,,, Rryp and Vg3¢
bins of within-event residuals (g;;) to obtain within-event standard deviations ¢. The t and
¢ values are computed corresponding to the generated bins from the random effects
regression algorithm (Abrahamson and Youngs 1992). Figures 7 and 8 display the aleatory
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Fig. 7 Binned aleatory variability terms and their 95% confidence intervals for fractional order, o = —0.25

(left column) and —0.75 (right column), and between-event standard deviation, T, (upper row) and within-
event standard deviation, ¢, (bottom row) against M,
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Fig. 8 Binned aleatory variability terms and their 95% confidence intervals for fractional order, o = —0.25

(left column) and —0.75 (right column), and within-event standard deviation, ¢, against Rgyp (upper row)
and within-event standard deviation, ¢, against Vgzo (bottom row)
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variability terms calculated for these bins as well as their 95% confidence intervals and
final aleatory variability model fits (solid linear or trilinear functions) for the representative
fractional orders. Figure 7 shows the magnitude-dependent main t and ¢ models. Two
breaks are selected at My, = 4.5 and 5.5 from the general trends of the binned aleatory
variability terms. In Eqgs. (36) and (38), 1,—¢; and 1,—, pairs represent the aleatory
variability terms for M,, < 4.5 and M,, > 5.5, respectively. Path and site effects on the
within-event aleatory variability term are investigated from Fig. 8. The binned ¢ trends in
the upper row of Fig. 8 show no dependence of ¢ upon Rryp for path effects whereas the
binned ¢ trends in the bottom row of this figure indicate that the final within-event standard
deviation term should account for site effects given observed dependence of ¢ upon Vgsg.

The binned ¢ trends (bottom row of Fig. 8) indicate that ¢ is constant for small values
of Vs30, increases afterwards with Vg3o up to a certain value and then follows an almost
stable trend. Two breaks are selected at Vg3o = 225 m/s and 300 m/s to fit a suit-
able model to within-event standard deviations by evaluating the Vg3 versus g;; residual
trends in conjunction with the Vg3g versus ¢ behaviors. These selections also comply with
the observations of Boore et al. (2014). Thus a reduction to ¢ values calculated from
Eq. (38) is proposed for sites with Vg3 < V, = 300 m/s. The application of this reduction
is proposed by the introduction of a Ad, parameter in Eq. (37) which has a similar form as
the equation in Boore et al. (2014) predictive model. To obtain a generic A, parameter,
the within-event standard deviation terms are computed for M,, < 4.5 (i.e. ¢;) and
M,, > 5.5 (i.e. ¢,) separately corresponding to & for no Vg3, limitation (i.e. complete
residuals), €; for Vg3g < 225 m/s and g; for Vg3p > 300 m/s. The upper row of Fig. 9
shows the variations of the corresponding ¢; and ¢, values with respect to the fractional
order. The calculated ¢, and ¢, values of the complete residuals and the residuals for
Vg30 > 300 m/s almost overlap each other whereas ¢; and ¢, values of the residuals for
V30 < 225 m/s differ from the complete standard deviations. The differences in ¢ values
for the latter case (i.e. Vg3g9 < 225 m/s) are calculated and the variations for M, < 4.5 (i.e.

10 ——m—m—m—m—m———r—— LB L S .S, S S A S S . .
= - o ® 92-V, <225m/s
~ i [ _ " i
80'8% ¢ P 62 - Vg, > 300m/s
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Fig. 9 Effects of Vg3p on within-event standard deviation terms (upper row) and the proposed reduction
parameter (Ad,) for ground motion data with Vg39 < 300 m/s (bottom row)
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Table 5 a-dependent standard

deviations and reduction T i o b2 Ady
parameter 0 (PGA) 0391 0239 078 0466  0.123
~0.05 0385 0240 0781 0463  0.119
—0.1 0380 0241 0775 0461  0.115
—0.15 0373 0243 0770 0458  0.112
~02 0368 0243 0765 0456  0.111
~025 0360 0243 0760 0454  0.109
~03 0353 0245 0755 0452  0.109
—035 0348 0246 0750 0451  0.107
—04 0343 0247 0745 0450  0.102
—045 0336 0249 0740 0450  0.098
~05 0329 0250 0735 0450  0.094
—055 0321 0252 0729 0449  0.091
—06 0316 0256 0724 0450  0.087
—0.65 0311 0258 0718 0450  0.085
—0.7 0303 0260 0712 0451  0.083
—0.75 0298 0261 0705 0453  0.082
038 0292 0264 0699 0455  0.080
—0385 0287 0266 0692 0458 0078
—09 0281 0270 0685 0461 0076
~0.95 0276 0275 0678 0465  0.076

-1 (PGV) 0.281 0.281 0.672 0.468 0.076

Ad,) and M, > 5.5 (i.e. Ad,) are shown in the bottom row of Fig. 9. The variations in
Ad; and Ad, suggest a considerable reduction in within-event standard deviation of small
magnitude ground motion data whereas the reduction is modest for the ones of moderate-
to-large magnitudes. To simplify the aleatory variability model, a magnitude-independent
Ad, reduction parameter is proposed based on the weighted average of A¢; and Ad, based
upon the number of ground motion data included in the bins of M, < 4.5 and M, > 5.5.
The variation of the proposed reduction parameter A¢, with respect to fractional order is
shown in Fig. 9. Fractional order dependent between-event and within-event standard
deviations together with the reduction parameter are listed in Table 5.

7 Evaluation of the proposed GMPE

First, the residuals (i.e. the difference between median prediction and empirical data) of the
predictive model computed from the random effect regression analysis are evaluated to
scrutinize the deviation between ground motion estimates of the proposed GMPE and the
empirical observations from the model development database. Figures 10, 11 and 12
display between-event (or inter-event) residuals (1);) versus M,,, and within-event (or intra-
event) residuals (g;;) versus Rryp and Vg3 for fractional orders, o = 0 (PGA), —0.25,
—0.50 and —1 (PGV). The between-event residuals for M,, and within-event residuals for
Rrup and Vg3 do not indicate any systematic variations that point out biased estimates for
the ground motion database. The corresponding mean binned residuals and their confi-
dence limits also fluctuate about zero which implies unbiased ground motion estimates of
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Fig. 10 Between-event residual (n;) distribution against My, of the predictive model for fractional orders,
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Fig. 11 Within-event residual (g;) distribution against Rgyp of the predictive model for fractional orders,
o =0, —0.25, —0.50 and —1. The error bars indicate 95% confidence intervals of the mean binned
residuals

the proposed GMPE with respect to the main estimator parameters (i.e. My, Rryp and

VSSO)-

A number of illustrative examples are provided to present scaling of the proposed
GMPE with main estimator parameters (i.e. My, Rrup and Vg30) and o values as well as
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Fig. 12 Within-event residual (g;;) distribution against Vg3 of the predictive model for fractional orders,
o =0, —0.25, —0.50 and —1. The error bars indicate 95% confidence intervals of the mean binned
residuals

comparisons with the ground motion estimates and aleatory variability components of the
NGA-West2 predictive models. An earthquake scenario with vertical strike-slip fault
mechanism is designated for all cases. To calculate the secondary estimator parameters
(e.g. Z19, Zr5, Z10R, ZHYP, W, etc.), the relationships proposed in Kaklamanos et al.
(2011) are utilized. The R;g extended-source distances corresponding to the selected Rryp
metrics are calculated from the virtual fault planes considering the magnitude-dependent
Ztor Values.

Figures 13 and 14 compare the magnitude and distance scaling of the proposed pre-
dictive model with the NGA-West2 GMPEs. The comparisons are given at Rgyp = 10 km
and 40 km for distance scaling, and M,, = 5.5 and 7.5 for magnitude scaling for a site
condition with Vg3g = 760 m/s. The comparisons are made for PGA and PGV which are
the common IMs between the proposed model and the NGA-West2 GMPEs. In Fig. 14, the
distance scaling curves start at the smallest possible Rgyp value, given its relation to the
magnitude-dependent Ztor value which is deep for small magnitude earthquakes but
shallow (even zero) for large magnitude events. The magnitude and distance scaling of the
proposed GMPE show good agreement with the ground motion estimates of the NGA-
West2 models for the selected earthquake scenarios. For small magnitude ranges (M, < 5)
in Fig. 13, ground motion estimates from the proposed model are slightly larger than
estimates from the other models. The difference in the lower magnitude bounds of the
proposed GMPE (M,, = 4) and the others (M,, ~ 3) may be one of the reasons for this
observation. Bommer et al. (2007) highlighted that minimum magnitude (M,;;,) limits of
databases would control the spectral estimates at small magnitudes; the predictive models
that use a ground motion database with lower M,,;, may yield smaller ground motion
estimates than those developed from a ground motion database with higher M,y,;,. Overall,
given that the PGR, GMPE was developed to also consider the effect of o, the proposed
predictive model offers a comparable estimate of integer order PGRs across M,, and Rryp
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Fig. 13 Magnitude scaling comparison of the proposed GMPE with the NGA-West2 models for strike-slip
events and Vg3p = 760 m/s: a PGA, Rgryp = 10 km; b PGA, Rgryp = 40 km; ¢ PGV, Rgyp = 10 km;
d PGV, Rrup = 40 km

to those proposed by NGA-West2 models while also enabling assessment of fractional
order behavior.

Fractional order scaling of the proposed GMPE with magnitude for Vg;o = 760 m/s and
255 m/s, and Vg3¢ for M, = 4.5 and 7.5 is represented in Figs. 15 and 16 at distance level
of Rryp = 10 km for strike-slip earthquakes. The magnitude effects for small-to-large
magnitude levels of M, = 4.5, 5.5, 6.5 and 7.5 are explored whereas the importance of
V30 is examined for soft-to-rock site conditions with Vg3¢ = 255, 520, 760 and 1130 m/s.
The plots of fractional order scaling with magnitude (Fig. 15) depict the fact that the
decrease in the PGR, values for small magnitudes (M,, = 4.5 and 5.5) is quadratic;
however, this behavior changes gradually (turns into cubic) for both site classes as the
magnitude increases. In addition, the large PGR,, differences between small magnitudes
become narrower through moderate-to-large magnitudes due to magnitude saturation
effects up to around o = —0.5 (after that level, magnitude saturation effects are dimin-
ished; see Fig. 13c). While soil nonlinearity effects are not observed in fractional order
scaling with Vg3 plots for small magnitude events (Fig. 16a), those effects are detected in
the evaluations of scaling for large magnitude (Fig. 16b) earthquakes for soft and stiff sites
(i.e. Vg3 = 255 and 520 m/s, respectively), and o values between 0 and —0.5.

Figure 17 presents the comparison of aleatory variability components (i.e. between-
event, T, and within-event, ¢, standard deviations) of the proposed predictive model and
selected NGA-West2 GMPEs for PGA and PGV levels as well as the T and ¢ values of the
proposed model at the intermediate o levels. The comparisons are made for two different
magnitude and Vg3o levels because of the M,, and Vg3 dependency of the proposed
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Fig. 15 Fractional order scaling with magnitude of the proposed predictive model for strike-slip
earthquakes and Rryp = 10 km: a Vg39 = 760 m/s, b Vg3p = 255 m/s

aleatory variability model (see Eqgs. 35-38). Figure 17a shows a case for M,, = 7.5 and
Vs3o = 760 m/s whereas Fig. 17b displays a comparison for M, = 4.5 and
Vs30 = 255 m/s. In general, the values of aleatory variability components of the proposed
GMPE are within the corresponding bounds of the NGA-West2 models. The slight dis-
similarities at PGA and PGV levels can be attributed to the differences of the size of the
model development databases (NGA-West2 models have larger ground motion databases
than the GMPE in this study) and lower magnitude bounds (NGA-West2 models have

@ Springer



3458 Bull Earthquake Eng (2017) 15:3437-3461

]02:"(')'|""|""|""|"": 103:""I""I""I""I""-{
a E -

] L (b) —— Vg, =255m/s  =——— V3, = 760m/s
~ ] L —— V= 520m/s  —— Vg~ 1130m0s
z}&) L -
E 10! 102

S E E
% L L
-4 [ [
100 FUNE T WO TN NN WO WY YT T SN VNN TN WY W Y VNN WO SO W ST SO W N 1 10]n:.nlnnnnlnn.xlnnnnln:nn
0.0 -0.2 -0.4 -0.6 -0.8 -1.0 0.0 -0.2 -0.4 -0.6 -0.8 -1.0
Fractional order, a. Fractional order, o
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Fig. 17 Comparisons of aleatory variability components of the proposed predictive model with the NGA-
West2 GMPEs: a M, = 7.5 and Vg3 = 760 m/s, b M, = 4.5 and Vg3¢ = 255 m/s

lower threshold magnitude, My, ~ 3.0, than the predictive model in this study) between
the proposed GMPE and NGA-West2 models.

8 Summary and conclusions

To develop a new ground-motion predictive model for a set of novel ground motion
intensity measures—peak ground fractional order responses—a subset of the PEER NGA-
West2 database is extracted by considering various inclusion criteria (e.g. only mainshock
earthquakes from Western US; moment magnitude M,, > 4.0; extended-source distance
metrics < 300 km; known values of site class and style-of-faulting; well-recorded earth-
quakes with respect to minimum number of recordings criteria such as N <5 for
M,, < 5.5, N < 3 for 5.5 < M,, < 6.5). The application of the above criteria results in the
compilation of a ground-motion database with a total of 4491 recordings from 82 different
earthquakes. Caputo’s definition with modified Outsalup’s recursive approximations in the
frequency domain was used to compute the PGR,, values of the ground motion recordings.
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The main functional form of the predictive model was selected by implementing rational
data-driven testing tools from the literature, which compared alternative functional forms
from the NGA-West2 predictive models. The final PGR,, GMPE accounts for magnitude,
distance, style-of-faulting, linear and nonlinear site, hanging wall, basin response, and
anelastic distance attenuation effects through the selected functional form. The site
response and hanging wall effects of this predictive model were imported from the well-
known models developed in the NGA-West2 project. To obtain the site response and
hanging wall model coefficients that correspond to intermediate o values between PGA
(o0 = 0) and PGV (o = —1), regression analyses were conducted. The final predictive
model produces PGA (o = 0), PGV (a0 = —1), and peak ground fractional order responses
at 19 o’s ranging from —0.05 to —0.95.

Through the derivation of the newly proposed GMPE for PGR,, insights are gleamed
regarding the influence of various predictors (e.g. magnitude, distance, site effects) on the
median value and aleatory variability of fractional order responses and how scaling effects
vary as a function of a. For example, the fractional order scaling of the proposed GMPE
exhibits different behaviors depending on magnitude level, and the soil nonlinearity effects
are more pronounced with increasing level of spectral intensities. The resulting GMPE
reveals high predictive quality across a range of fractional orders, while also taking care to
account for various sources of aleatory variability. Given that predictive models of PGR,, are
now available, and that existing work has suggested such fractional order IMs can provide
more accurate predictions of the seismic response of structures, the outcomes of this study
can enable utilization of a new class of ground motion intensity measures that take advantage
of concepts of fractional order calculus for seismic risk assessment. On the other hand, there
is still a strong need for work at the probabilistic seismic response level that compares optimal
alpha level for a range of realistic structural systems and idealized/generalized cases. Future
research should focus on investigation of fractional order IMs for a range of structural
systems as well as exploration of the overall impact of integrating the proposed fractional
order GMPE on resulting risk evaluations and loss estimates for distributed infrastructure
systems. Beyond this, additional fractional order predictive models developed from different
ground motion databases are needed to properly model the epistemic uncertainty in proba-
bilistic seismic hazard analysis and to account for the regional variability while calculating
the fractional order ground motion estimates.

9 Data and resources

This study uses a subset of the NGA-West 2 database (Ancheta et al. 2014). The flatfile and
ground motion accelerograms can be accessed through the websites of NGA-West2 Project
(http://peer.berkeley.edu/ngawest2/, last accessed June 2016) and PEER Ground Motion
Database (http://ngawest2.berkeley.edu/, last accessed June 2016), respectively.
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