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Foreign	GMPEs	to	adjust

n Crustal	GMPEs	– 7 GMPEs
– ASB14,	ASK14,	BI14,	BSSA14,	CY14,	I14,	CB14

n 24	Periods	from	0.01	to	10	sec
– 0.01,	0.02,	0.03,	0.04,	0.05,	0.075,	0.1,	0.12,	0.15,	0.17,	0.2,	0.25,														

0.30,	0.40,	0.50,	0.75,	1.00,	1.50,		2.00,	3.00,	4.00,	5.00,	7.50,	10.00

n Add statistical uncertainties (e.g.	Al-Atik and	Youngs)	
to	expand the	range
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Select	data	set	for	adjustment

n Source	type	is	either	‘Shallow	Crustal’	or	‘Deep	Crustal’
n Exclude	aftershocks
n Exclude	1999	ChiChi earthquake	
n Rrup ≤ Rmax
n Number	of	recordings	in	an	earthquake	>	15
n Spectral	period	(T)	<	Longest	usable	period
n Result:	103	events	with	8525	records
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Data	distribution
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Modifications	of	the	GMPE	model
n ASK14

– Use	Taiwan’s	E[Z1.0|VS30]	as	Z1,reference
– Extend	the	upper	bound	ZTOR to	50km:	

• 𝑓" 𝑍$%& = 𝑎)*(
,-./
*0

, 1)456
n Bi14

– 10-based	logarithm	was	transformed	to	natural	logarithm
– Convert	units	from	cm/s2 to	g		
– e1 +	sofS ->	e1
– e2 ->	sofN – sofS
– e3 ->	sofR – sofS
– Change	the	anelastic attenuation	term,	from	–c3*(Rjb-Rref)	 to	+c3*(Rjb-Rref)

n BSSA14	
– e0 U	+	e1 SS	+	e2 NS	+	e3 RS	->	e1 +	e2 NM	+	e3 RV
– SOF	factor	for	UK	(e0)	can	not	be	estimated	from	Taiwan	data	
– Normal	slip	factor:	e2 – e1 ->	e2
– Reverse	slip	factor:	e3 – e1 ->	e3
– FdZ1 =	min(f7,	f6	*	dZ1.0),	and	f6	and	f7	are	set	to	0.0	if	its	original	value	is	-9.900
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Modifications	of	the	GMPE	model

n CB14
– The	fmag function	(Equation	2)	was	reformulated	as:

ifelse(Mag	<=	4.5,	c0	+	c1	*	(Mag	- 4.5),
ifelse(Mag	<=	5.5,	c0	+	c2	*	(Mag	- 4.5),

ifelse(Mag	<=	6.5,	c0	+	c2	+	c3	*	(Mag	- 5.5),
c0	+	c2	+	c3	+	c4	*	(Mag	- 6.5))))		

• The	equivalence	of	coefficients	between	CB14	and	the	reformulated	
form	is
– c0	<- round(coef.CB14$c0	+	coef.CB14$c1	*	4.5,	4)
– c1	<- round(coef.CB14$c1)
– c2	<- round(coef.CB14$c1	+	coef.CB14$c2,	4)
– c3	<- round(coef.CB14$c2	+	coef.CB14$c3,	4)		
– c4	<- round(coef.CB14$c3	+	coef.CB14$c4,	4)

• c0,	c1,	c2,	c3	were	adjusted	to	Taiwan	data;	c4	was	unchanged
n ASB14,	CY14,	I14	(None)
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Modifications	of	the	GMPE	model

n For	ZTOR or	Z1.0 effect,
– If	the	original	GMM	does	not	consider	an	effect,		a	term	for	that	

effect	is	not	added	even	if	the	Taiwan	data	require	such	an	effect	
• ZTOR :	BSSA14,	ASB14,	and	Bi14
• Z1.0 :	ASB14	and	Bi14
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Regression	analysis	of	adjusted	coefficient

n Ground	motion	is	modeled	as	a	mixed-effect	model	
with	EQID	and	STAID	as	group	factors

n The	VCAmethod	(Chen	and	Tsai,	2002)		was	used	to	
estimate	subset	of	model	coefficients.

n In	Run	C01,	variance	is	broken	into	three	components:	
EQ-to-EQ,	Station-to-Station,	and	the	remaining	
component



Regression	analysis	of	adjusted	coefficient

n Homoscedastic	residual	variances
n Estimated	coefficients	are	not	yet	smoothed

– We	will	smooth	only	coefficients	related	to	the	prediction	of	ground	
motions	from	SS	events
• NM	and	RV	faulting	factors	will	not	be	smoothed	here,	
• They	will	be	smoothed	in	the	integration	phase	for	SOF	factor	
branch	of	the	 GMC	logic	tree



ASB14
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Summary	of	current	adjust	GMPEs	– ASB14

n Adjusted	coefficients
– a1,	a2,	a8,	a9,	b1
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1. There is a mistake in Eq. (2) and it should read as given in the following line (i.e., the
erroneous ‘+S’ term should be deleted):

ln(YRE F )

=

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

a1+a2(Mw−c1)+a3(8.5 − Mw)2+[a4 + a5(Mw − c1)] ln
(√

R2+a2
6

)

+ a8 FN +a9 FR for Mw ≤ c1

a1+a7(Mw − c1)+a3(8.5−Mw)2+[a4+a5(Mw−c1)] ln
(√

R2+a2
6

)

+ a8 FN +a9 FR for Mw > c1

(2)

This error was not included in the Excel and Matlab routines provided in the electronic
supplement and those resources can be used with confidence.

2. The list of co-authors is changed in Akkar et al. (2013). The proper citation to this paper
is given below.

Reference

Akkar S, Sandıkkaya MA, Şenyurt M, Azari SA, Ay BÖ, Traversa P, Douglas J, Cotton F, Luzi L, Hernandez
B, Godey S (2013) Reference database for seismic ground-motion in Europe (RESORCE). Bull Earthq
Eng. doi:10.1007/s10518-013-9506-8

The online version of the original article can be found under doi:10.1007/s10518-013-9461-4.
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Department of Civil Engineering, Earthquake Engineering Research Center,
Middle East Technical University, K6 Building, 06800 Ankara, Turkey
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where

ln(YRE F ) =

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

a1 + a2(Mw − c1) + a3(8.5 − Mw)2 +
[
a4 + a5(Mw − c1)

]
ln(

√
R2 + a2

6)+
a8 FN + a9 FR + S forMw ≤ c1

a1 + a7(Mw − c1) + a3(8.5 − Mw)2 +
[
a4 + a5(Mw − c1)

]
ln(

√
R2 + a2

6)+
a8 FN + a9 FR + S for Mw > c1

(2)

and

ln(S) =

⎧
⎨

⎩
b1 ln(VS30/VRE F ) + b2 ln

[
PG ARE F +c(VS30/VRE F )n

(PG ARE F +c)(VS30/VRE F )n

]
for VS30 ≤ VRE F

b1 ln
[

min(VS30,VC O N )
VRE F

]
for VS30 > VRE F

(3)

Equations (1)–(3) indicate that the median spectral acceleration ln(Y) is computed by modi-
fying the reference ground-motion model ln(YRE F ) through the nonlinear site amplification
function ln(S). The estimator parameters of the reference ground-motion model are as follows:
moment magnitude, Mw; source-to-site distance measure, R (km), for which RJB, Repi, Rhyp
are used for different models; and the style-of-faulting dummy variables, FN and FR that are
unity for normal and reverse faults, respectively, and zero otherwise. The parameter c1 in
the reference ground-motion model is the hinging magnitude and it is not obtained as part
of regression analysis. It is taken as Mw 6.75 (which happens to be the same value used in
Boore and Atkinson 2008) and is imposed in the regression analysis after making several
observations in the empirical data trend for different magnitude and distance interval. The
total aleatory variability of the model is given by σ that is composed of within-event (φ)

and between-event (τ ) standard deviations (SDs). The period-dependent estimators parame-
ters of the nonlinear site function (i.e., b1 and b2) as well as the period-independent c and
n coefficients are directly adopted from the Sandıkkaya et al. (2013) model. The reference
VS30 (VREF) is 750 m/s in the nonlinear site model and VCON = 1, 000 m/s that stands for
the limiting VS30 after which the site amplification is constant. The reference rock site PGA
(PGAREF) is calculated from the reference ground-motion model in Eq. (2). It is the updated
version of PGAREF model given in Sandıkkaya et al. (2013) by considering the particular
magnitude, distance and style-of-faulting distributions of the strong-motion database used
in this study. Regressions were performed by first scaling observed spectral ordinates to ref-
erence rock conditions. The units of pseudo-spectral acceleration and PGA are in terms of
gravitational acceleration g whereas PGV is in units of cm/s in Eqs. (2) and (3).

No smoothing or truncation is done on the regression coefficients due to the unexpected
jagged variation of response spectrum estimations observed in the Akkar and Bommer
(2007a,b) predictive model. This problem is discussed in detail by Akkar and Bommer
(2010) and it was one of the motivations behind the development of the new GMPE in
that paper, which superseded the former Akkar and Bommer (2007a,b) model. The ficti-
tious depth coefficient (a6) was decided to be kept with one decimal as trials in regressions
showed that the increase in its precision neither improves the ground-motion predictions nor
decreases the SD of the model. The period independence of this coefficient stems from the
observations made from many trials in regression analysis as variations in a6 were found
to be minimal in the spectral period band of interest in our model. A similar observation
on the behavior of this coefficient was also observed in Bommer et al. (2011) that describe
the recent pan-European vertical-to-horizontal spectral ratio model. A similar reasoning also
applies to the linear magnitude coefficients (i.e., a2, a5 and a7) as they do not show significant
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Summary	of	current	adjust	GMPEs	– ASB14

n Compare	the	adjusted	coefficient	(C01)	with	the	
original

13
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Summary	of	current	adjust	GMPEs	– ASB14
n Notes:

– ASB14	does	not	cover	T	>	4	s

n Notable	Outcomes:
– Coef a2 is	roughly	independent	of	period
– Adjustment	yields	a	coef a2 that	gives	a	(slightly)	stronger	M-scaling	 than	the	original	ASB14,	

whereas	adjusted	NGA-W2	yields	a	much	weaker	M-scaling	than	the	original
– Homoscedastic	 residual	variances

• Intra-event	variance	 is	much	smaller	 than	the	variances	of	ASB14
n Residuals:

– Systematic	over-prediction	of	short-period	PSA	at	RJB <	10	km	range	of	M <	6.5	events
– Large	mismatch	to	Vs30	<	200	m/s	sites

• Require	a	different	form	of	log(Vs30)	scaling!
– T=1	&	3	s

• ASB14’s	nonlinearity	 is	stronger	than	the	curvature	of	EAF	data	in	the	6th Vs30	bin
• Total	amp	has	a	shallower	slope	than	the	linear	amp!

n Future	works:
– Smooth	adjusted	coef

• Model	a2	as	a	T-independent	constant
– Original	does	not	have	anelastic attenuation	term.	Is	a	term	needed?



ASK14
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Summary	of	current	adjust	GMPEs	– ASK14

n Adjusted	coefficients
– a1,	a4,	a6,	a15,	a11,	a12,	a10,	a17,	a43,	a44,	a45,	a46
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FUNCTIONAL FORM OF THE MODEL

There are four key changes to the functional form, when compared to AS08: (1) Themodel
is extended to small magnitudes (M 3), requiring another break in the magnitude
scaling; (2) the HW scaling is better constrained by simulations; (3) regional differences in
the large distance attenuation (linear R term) are included; and (4) regional differences in
the VS30 scaling are included. We believe that these changes represent major improvements
to our previous ground motion model that justify the additional complexity in our model.

EQUATIONS FOR THE MEDIAN GROUND MOTION

The model for the median ground motion is given by:

EQ-TARGET;temp:intralink-;e1;41;506 ln SaðgÞ ¼ f 1ðM;RRUPÞ þ FRV f 7ðMÞ þ FNf 8ðMÞ þ FAs f 11ðCRJBÞ

þ f 5ðcSa1180;VS30Þ þ FHWf 4ðRJB;RRUP;Rx;Ry0;W ; dip;ZTOR;MÞ

þ f 6ðZTORÞ þ f 10ðZ1;VS30Þ þ RegionalðVS30;RRUPÞ (1)

The parameters in Equation 1 are defined in Table 2.

The functional forms for f 1, f 4, f 5, f 6, f 7, f 8, f 10, f 11, and the regional term are
given below.

Basic Form

The basic form of the magnitude and distance dependence for strike-slip earthquakes is
similar to our 2008 model, with an additional break in the magnitude scaling for small
magnitudes (M < 5):
EQ-TARGET;temp:intralink-;e2;41;333f 1

¼

8
>>>><

>>>>:

a1þa5ðM%M1Þþa8ð8.5%MÞ2þ½a2þa3ðM%M1Þ' lnðRÞþa17RRUP forM>M1

a1þa4ðM%M1Þþa8ð8.5%MÞ2þ½a2þa3ðM%M1Þ' lnðRÞþa17RRUP for M2≤M<M1

a1þa4ðM2%M1Þþa8ð8.5%M2Þ2þa6ðM%M2Þ
þ a7ðM%M2Þ2þ ½a2þa3ðM2%M1Þ' lnðRÞþa17RRUP forM<M2

(2)

where

EQ-TARGET;temp:intralink-;e3;41;220R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
RUP þ c24M

q
(3)

The term that is added to RRUP inside the square root is typically referred to as the
“fictitious depth,” due to the way it affects the distance term. While the fictitious depth
in AS08 was a constant, we modify it in ASK14 to reduce to 1 km at small magnitudes,
as follows:

EQ-TARGET;temp:intralink-;e4;41;138c4MðMÞ ¼

8
><

>:

c4 for M > 5
c4 % ðc4 % 1Þð5%MÞ for 4 < M ≤ 5

1 for M ≤ 4
(4)
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Based on preliminary regression results, the breaks in the magnitude scaling in Equation 2
are set at M2 ¼ 5.0 and a period-dependent M1, ranging between 6.75 at short periods to a
maximum of 7.25 at T ¼ 10 s.

Style of Faulting (SOF) Model

A preliminary evaluation of the SOF factor found that the difference between ground
motions for different faulting style was not seen for the large set of small-magnitude
data from California. Therefore, a magnitude-dependent SOF factor was used for both
reverse (RV; f 7) and normal (NML; f 8) earthquakes in which the full scaling is only applied
for magnitudes greater than 5 and is tapered to zero effect for magnitude 4 or smaller. The
SOF scaling is shown below in Equations 5 and 6:

EQ-TARGET;temp:intralink-;e5;41;505f 7ðMÞ ¼

( a11 for M > 5.0
a11ðM$ 4Þ for 4 ≤ M ≤ 5

0 for M < 4.0
(5)

EQ-TARGET;temp:intralink-;e6;41;456f 8ðMÞ ¼
( a12 for M > 5.0
a12ðM$ 4Þ for 4 ≤ M ≤ 5

0 for M < 4.0
(6)

Note that although our functional form allows for scaling of reverse faults, the final
regression results are such that there is no scaling between strike-slip and reverse events
(a11 ¼ 0). The scaling of reverse events is instead accounted for by the ZTOR term due to
the correlation between SOF and ZTOR in our data set. For large-magnitude events
(M ≥ 5.5), reverse ruptures tend to be deeper than their equivalent strike slip events.

Figure 3. Example of the VS30 scaling for T ¼ 0.2 s.
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We find that buried ruptures are on average more energetic than events that rupture to the
surface, and hence, we parameterize that with ZTOR, the vertical depth to the shallowest point
on the rupture surface. Based on preliminary evaluations, we simplified the AS08 model to
use the same depth scaling for all styles of faulting. Although there is some evidence for a
reduction of the depth dependence at shallow depths, we used a linear scaling at all depths for
simplicity. To avoid having the small-magnitude data control the scaling for the large mag-
nitudes, the scaling was constrained in Step 1 of the regression for M > 4.5 (see Table 3).
There is still sparse data at large ZTOR values (greater than 20 km). To avoid an unconstrained
extrapolation, the depth scaling is capped at 20 km depth.

EQ-TARGET;temp:intralink-;e17;41;511f 6ðZTORÞ ¼
!
a15

ZTOR
20 for ZTOR < 20 km

a15 for ZTOR ≥ 20 km
(16)

Soil Depth Model

Scaling with respect to sediment thickness is parameterized in our model by the depth to
the shear wave velocity horizon of 1.0 km∕s, Z1. In the AS08 model, we used results from
analytical modeling (both three-dimensional, or 3-D, basin modeling and 1-D shallow site
response modeling) to constrain the soil depth scaling due to the sparse and sometimes incon-
sistent Z1 values in the 2008 NGA data set. In the NGA-West2 data set, there are many more
sites with Z1 values. Therefore, we used the empirical data to set the Z1 scaling. Of the 15,750
recordings in our selected data set, 9,668 have estimates of Z1. For the remaining 6,082
recordings without Z1 estimates, we set Z1 ¼ Z1;ref ðVS30Þ, where Z1;ref is the average Z1

for the given VS30 value.

Preliminary evaluations showed that the Z1 scaling is dependent on the VS30 value. We
used a non-parametric approach to model this dependence by using VS30 bins:

EQ-TARGET;temp:intralink-;e18;41;308f 10ðZ1;VS30Þ ¼

8
>>>>>><

>>>>>>:

a43 ln
"

Z1þ0.01
Z1;refþ0.01

#
for VS30 ≤ 200

a44 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 200 < VS30 ≤ 300

a45 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 300 < VS30 ≤ 500

a46 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 500 < VS30

(17)

A smooth model is recommended for application, as described in the section “application
guidelines.” For the reference Z1 value, we adopted the preliminary relationships developed
by Chiou and Youngs (2014) for Z1 (in km) as a function of VS30. The relationships for
California and Japan are shown in Equations 18 and 19, respectively:

EQ-TARGET;temp:intralink-;e19;41;162Z1;ref ¼
1

1000
exp

$
% 7.67

4
ln
$

V4
S30 þ 6104

13604 þ 6104

%%
(18)

EQ-TARGET;temp:intralink-;e20;41;123Z1;ref ¼
1

1000
exp

$
% 5.23

2
ln
$

V2
S30 þ 4122

13602 þ 4122

%%
(19)
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Depth-to-Top of Rupture Model

We find that buried ruptures are on average more energetic than events that rupture to the
surface, and hence, we parameterize that with ZTOR, the vertical depth to the shallowest point
on the rupture surface. Based on preliminary evaluations, we simplified the AS08 model to
use the same depth scaling for all styles of faulting. Although there is some evidence for a
reduction of the depth dependence at shallow depths, we used a linear scaling at all depths for
simplicity. To avoid having the small-magnitude data control the scaling for the large mag-
nitudes, the scaling was constrained in Step 1 of the regression for M > 4.5 (see Table 3).
There is still sparse data at large ZTOR values (greater than 20 km). To avoid an unconstrained
extrapolation, the depth scaling is capped at 20 km depth.

EQ-TARGET;temp:intralink-;e17;41;511f 6ðZTORÞ ¼
!
a15

ZTOR
20 for ZTOR < 20 km

a15 for ZTOR ≥ 20 km
(16)

Soil Depth Model

Scaling with respect to sediment thickness is parameterized in our model by the depth to
the shear wave velocity horizon of 1.0 km∕s, Z1. In the AS08 model, we used results from
analytical modeling (both three-dimensional, or 3-D, basin modeling and 1-D shallow site
response modeling) to constrain the soil depth scaling due to the sparse and sometimes incon-
sistent Z1 values in the 2008 NGA data set. In the NGA-West2 data set, there are many more
sites with Z1 values. Therefore, we used the empirical data to set the Z1 scaling. Of the 15,750
recordings in our selected data set, 9,668 have estimates of Z1. For the remaining 6,082
recordings without Z1 estimates, we set Z1 ¼ Z1;ref ðVS30Þ, where Z1;ref is the average Z1

for the given VS30 value.

Preliminary evaluations showed that the Z1 scaling is dependent on the VS30 value. We
used a non-parametric approach to model this dependence by using VS30 bins:

EQ-TARGET;temp:intralink-;e18;41;308f 10ðZ1;VS30Þ ¼

8
>>>>>><

>>>>>>:

a43 ln
"

Z1þ0.01
Z1;refþ0.01

#
for VS30 ≤ 200

a44 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 200 < VS30 ≤ 300

a45 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 300 < VS30 ≤ 500

a46 ln
"

Z1þ0.01
Z1;refþ0.01

#
for 500 < VS30

(17)

A smooth model is recommended for application, as described in the section “application
guidelines.” For the reference Z1 value, we adopted the preliminary relationships developed
by Chiou and Youngs (2014) for Z1 (in km) as a function of VS30. The relationships for
California and Japan are shown in Equations 18 and 19, respectively:

EQ-TARGET;temp:intralink-;e19;41;162Z1;ref ¼
1

1000
exp

$
% 7.67

4
ln
$

V4
S30 þ 6104

13604 þ 6104

%%
(18)

EQ-TARGET;temp:intralink-;e20;41;123Z1;ref ¼
1

1000
exp

$
% 5.23

2
ln
$

V2
S30 þ 4122

13602 þ 4122

%%
(19)
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EQ-TARGET;temp:intralink-;e7;41;640f 5ðcSa1180;VS30Þ

¼

8
<

:
ða10 þ bnÞ ln

!
V%
S30

VLin

"
for VS30 ≥ VLin

ða10Þln
!
V%
S30

VLin

"
& b lnðcSa1180 þ cÞ þ b ln

!
cSa1180 þ c

!
V%
S30

VLin

"
n
"

for VS30 < VLin

(7)
where

EQ-TARGET;temp:intralink-;e8;41;550V%
S30 ¼

#
VS30 for VS30 < V1

V1 for VS30 ≥ V1
(8)

The model for the nonlinear site response was selected so that it becomes proportional to
lnðVS30Þ as the input motion (cSa1180) becomes small and as the VS30 approaches VLin. We
define another limiting shear-wave velocity term, V1, above which there is no scaling with
VS30. An example of the relation of the VLin and V1 parameters to the site response scaling is
shown in Figure 3. For VS30 > VLin, there is no dependence oncSa1180, for VS30 > V1, there is
no dependence on VS30.

To constrain the V1 term, non-parametric models of the VS30 scaling are used (see
Abrahamson et al. 2013). At long periods, the scaling with VS30 becomes weaker for higher
VS30 values. This indicates that for rock sites, the VS30 is not well correlated with deeper
structure that controls the long-period amplification. The following model is used for the
period dependence of V1:

EQ-TARGET;temp:intralink-;e9;41;373V1 ¼

8
<

:

1500 for T ≤ 0.5 s
expð&0.35 ln

$
T
0.5

%
þ lnð1500ÞÞ for 0.5 s < T < 3 s

800 for T ≥ 3 s
(9)

The nonlinear site response terms (b, c, n, VLin) were constrained by the results of the 1-D
analytical site response model using the Peninsula Range soil model, as presented in Kamai
et al. (2014), with one exception: the b parameter is not allowed to become positive at long
periods and is instead constrained to be negative or zero.

Figure 4. Inter-event residuals for (a) T ¼ 0.2 s and (b) T ¼ 1.0 s.
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Based on preliminary regression results, the breaks in the magnitude scaling in Equation 2
are set at M2 ¼ 5.0 and a period-dependent M1, ranging between 6.75 at short periods to a
maximum of 7.25 at T ¼ 10 s.

Style of Faulting (SOF) Model

A preliminary evaluation of the SOF factor found that the difference between ground
motions for different faulting style was not seen for the large set of small-magnitude
data from California. Therefore, a magnitude-dependent SOF factor was used for both
reverse (RV; f 7) and normal (NML; f 8) earthquakes in which the full scaling is only applied
for magnitudes greater than 5 and is tapered to zero effect for magnitude 4 or smaller. The
SOF scaling is shown below in Equations 5 and 6:

EQ-TARGET;temp:intralink-;e5;41;505f 7ðMÞ ¼

( a11 for M > 5.0
a11ðM$ 4Þ for 4 ≤ M ≤ 5

0 for M < 4.0
(5)

EQ-TARGET;temp:intralink-;e6;41;456f 8ðMÞ ¼
( a12 for M > 5.0
a12ðM$ 4Þ for 4 ≤ M ≤ 5

0 for M < 4.0
(6)

Note that although our functional form allows for scaling of reverse faults, the final
regression results are such that there is no scaling between strike-slip and reverse events
(a11 ¼ 0). The scaling of reverse events is instead accounted for by the ZTOR term due to
the correlation between SOF and ZTOR in our data set. For large-magnitude events
(M ≥ 5.5), reverse ruptures tend to be deeper than their equivalent strike slip events.

Figure 3. Example of the VS30 scaling for T ¼ 0.2 s.
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Summary	of	current	adjust	GMPEs	– ASK14

n Notes:
– Use	Taiwan’s	E[Z1.0|VS30]	as	Z1,	reference
– Extend	the	upper	bound	ZTOR to	50km:	

» 𝑓" 𝑍$%& = 𝑎)*(
,-./
*0

, 1)456Notable	outcomes

n Notable	Outcomes:
n Residuals:

– Soil	Nonlinearity
• Modifying	b	improves	fits	at	the	mid-range	of	rock-motion,	but	not	
enough	for	the	higher-range	of	rock-motion

n Decisions/Future	Work:
– Should	a4 be	a	constant	of	spectral	period?

• In	ASK14,	a4 was	determined	using	PGA	and	set	as	a	constant
• In	adjusted	ASK14,	a4 is	positive	for	T	>	0.5	s.	Is	positive	value	acceptable?	
Is	positive	value	indicative	of	an	inadequate	a8?	a8	(along	with	a5)	is	NOT	
adjusted	because	we	want	to	retain	original	M-scaling	at	M	>	6.75	
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n Adjusted	coefficients
– e1,	sofN,	sofR,	b1,	c3,	gamma
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Fig. 1 Left panels: Magnitude versus distance scatter plot for DS-EC8 (top) and DS-VS30 (bottom) at T =
0.1 s. The records are colour coded accordingly to the network: red (Turkey); gray (Italy); blue (Greece); green
(Iran); yellow (Iceland); black (other countries). Right panels: hit counts computed for the data distribution
shown in the Left panels, discretizing the distance range (1–300 km) into 30 equally spaced bins over a
logarithmic scale and considering 0.15 magnitude unit intervals

magnitude events have low filter corners and, therefore, noise at long periods could still be
present in the waveforms after processing.

3 Functional form and regression

The GMPEs are derived considering a parametric model based on the following functional
form (e.g. Boore and Atkinson 2008; Akkar and Cagnan 2010; Bindi et al. 2011a)

log10 Y = e1 + FD(R, M) + FM (M) + FS + Fsof (1)

where the distance FD and magnitude FM functions are given by:

FD(R, M) =
[
c1 + c2

(
M − Mref

)]
log10

(√
R2 + h2/Rref

)
− c3

(√
R2 + h2 − Rref

)

(2)
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magnitude events have low filter corners and, therefore, noise at long periods could still be
present in the waveforms after processing.

3 Functional form and regression

The GMPEs are derived considering a parametric model based on the following functional
form (e.g. Boore and Atkinson 2008; Akkar and Cagnan 2010; Bindi et al. 2011a)

log10 Y = e1 + FD(R, M) + FM (M) + FS + Fsof (1)

where the distance FD and magnitude FM functions are given by:

FD(R, M) =
[
c1 + c2

(
M − Mref

)]
log10

(√
R2 + h2/Rref
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− c3

(√
R2 + h2 − Rref
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Fig. 2 EC8 site categories (right) and style-of-faulting (left) distributions for the DS-EC8 (top) and DS-VS30
(bottom) datasets at T = 0.1 s. Different colours indicate different countries

Fig. 3 Left: Number of recordings (abscissa) as function of the high-pass corner frequency (ordinate). The
selections, considering f = 1/(1.25 T), at T = 1, 3, 6 and 10 s, are indicated. Right: Magnitude versus corner
frequency scatter plot, considering the high-pass filter applied to the original data set

FM (M) =
{

b1 (M − Mh) + b2 (M − Mh)2 for M ≤ Mh
b3 (M − Mh) otherwise

(3)

Preliminary analysis about the data scaling with magnitude and distance confirmed the suit-
ability of the selected functional form to describe the dependences of the ground-motion
parameters on the explanatory variables. Following Bommer and Akkar (2012), the regres-
sions are performed considering both a point-source and an extended-source measure of the

123
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source-to-site distance R, namely the Joyner and Boore distance RJB and the hypocentral dis-
tance Rhypo. Additional explanatory variables related to the source model (e.g. hanging/foot
walls effect; depth to the top of the rupture; etc.) or other measure for the source-to-station
distance (e.g. distance from the rupture) are not considered because of the lack of information
in RESORCE.

The functional form FS in Eq. (1) represents the site amplification. The model derived in
this article includes only a linear site amplification term although nonlinear site effects are
expect to be important for strong shaking at soil sites, that is for large and close earthquakes
recorded at site with low Vs30 values (e.g. classes C and D of EC8). Unfortunately these
conditions are not well sampled in RESORCE (Figs. 1 and 2). We show in the following
that nonlinear site effects, if present, do not significantly bias the median predictions of the
model.

Regarding the linear site amplification term, we consider two models, depending on the
dataset (DS-EC8 or DS-VS30). The first model is FS = sjCj, for j = 1, . . . 4, where sj are the
coefficients to be determined through the regression analysis, while Cj are dummy variables
used to denote the four considered EC8 site classes (A–D). The regression for the EC8 model
is performed constraining to zero the coefficient for class A (reference site class). In the
second model, the site effects are expressed in terms of VS30 as FS = γ log10(Vs30/Vref )

where Vref = 800 m/s and γ is to be determined through the regression.
The functional form Fsof in Eq. (1) represents the style of faulting correction and it is

given by Fsof = fjEj, for j = 1, . . . 4, where fj are the coefficients to be determined during
the analysis and Ej are dummy variables used to denote the different fault classes: nor-
mal (N), reverse (R), strike-slip (S) and unspecified (U). Since earthquakes with unknown
style of faulting are not included in DS-VS30 the class U is considered only for DS-
EC8. The reference style of faulting conditions (i.e. parameters constrained to zero in the
regressions) are class U for DS-EC8 and the average over the three classes N, R, S for
DS-VS30.

After trial regressions, the variables Mref, Mh, Rref (Eqs. 2 and 3) have been fixed to
5.5, 6.75 and 1 km, respectively. Coefficients c3 and b3 are constrained to be non-negative.
As response variable Y, the geometric mean of the horizontal components for peak ground
acceleration (PGA in cm/s2) and velocity (PGV in cm/s) are considered, along with 5 %
damped pseudo-spectral acceleration (PSA in cm/s2) computed over 27 periods in the range
0.02-3 s. The regressions are performed applying a random effect approach (Abrahamson
and Youngs 1992), that allows to determine the components of the standard deviation of
the regression (commonly referred to as sigma, σ), namely the between-events (τ) and the
within-event (φ) components, as well as the site-to-site component (φS2S) (e.g., Bindi et al.
2009, 2011b). For the definition of the components of variability, see Al Atik et al. (2010).
Finally, for each period, the standard error of the distribution of the coefficients is obtained
through a bootstrap analysis (Efron and Tibshirani 1994) considering 30 different bootstrap
replications of the original data set, being each replication composed by the same number of
data as the original set but randomly selected with repetitions.

4 Results

The regression coefficients for the two datasets, and the relevant 95 % confidence intervals,
are shown in Tables 1 and 2, for Joyner-Boore distance, and in Tables 3 and 4, for hypocentral
distance. The tables including the 95 % confidence intervals are reported in the Appendix
(Tables 6 and 7 for RJB; Tables 8 and 9 for Rhypo).
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Summary	of	current	adjust	GMPEs	– BI14

n Notes
– Does	not	cover	T	>	3	s	and	does	not	include	nonlinear	soil	response
– 10-based	logarithm	was	transformed	to	natural	logarithm
– Change	the	anelastic attenuation	term,	from	–c3*(Rjb-Rref)	to	

+c3*(Rjb-Rref)
– Does	not	extrapolate	well	to	large	M,	particularly	at	T=0.2s

n Notable	Outcomes
– Bi14,	as	is,	fits	the	Taiwan	data	relatively	well,	compared	to	other	

GMMs
n Residuals
n Decisions/Future	Works

– Constrain	c3 to	negative	value
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Our predictions of ground motion are given by the following equation:

EQ-TARGET;temp:intralink-;e1;41;627 lnY ¼ FEðM;mechÞ þ FPðRJB;M; regionÞ þ FSðVS30;RJB;M; region; z1Þ

þ εnσðM;RJB;VS30Þ (1)

where ln Y represents the natural logarithm of a ground motion IM (PGA, PGV, or PSA); FE,
FP, and FS represent functions for source (“E” for “event”), path (“P”), and site (“S”) effects,
respectively; εn is the fractional number of standard deviations of a single predicted value of
ln Y away from the mean (e.g., εn ¼ %1.5 is 1.5 standard deviations smaller than the mean);
and σ is the total standard deviation of the model. The predictor variables are M, mech, RJB
(in km), region;VS30 (in m∕s), and z1 (in km). Parameter mech ¼ 0, 1, 2, and 3 for unspe-
cified, SS, NS, and RS, respectively. Parameter region is 0 if no regional correction is to be
made (default value); 1 for California, New Zealand, and Taiwan (this also provides no cor-
rection); 2 for China and Turkey; and 3 for Italy and Japan. The units of PGA and PSA are g;
the units of PGV are cm∕s.

Equation 1 is a combination of a base-case function and adjustments derived from ana-
lysis of residuals. These equations are given separately in BSSA13, but are combined here
into a single equation.

ELEMENTS OF MEDIAN MODEL (SOURCE, PATH, AND SITE FUNCTIONS)

The source (event) function is given by:

EQ-TARGET;temp:intralink-;e2;41;374FEðM;mechÞ ¼
!
e0U þ e1SSþ e2NSþ e3RSþ e4ðM%MhÞ þ e5ðM%MhÞ2 M ≤ Mh
e0U þ e1SSþ e2NSþ e3RSþ e6ðM%MhÞ M > Mh

(2)

whereU, SS,NS, and RS are dummy variables, with a value of 1 to specify unspecified, strike-
slip, normal-slip, and reverse-slip fault types, respectively, and 0 if the fault type is unspe-
cified; the hinge magnitude Mh is period-dependent, and e0 to e6 are model coefficients.

The path function is given by:

EQ-TARGET;temp:intralink-;e3;41;260FPðRJB;M; regionÞ ¼ ½c1 þ c2ðM%Mref Þ' lnðR∕Rref Þ þ ðc3 þ Δc3ÞðR% Rref Þ (3)

where

EQ-TARGET;temp:intralink-;e4;41;216R ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R 2
JB þ h2

q
(4)

and c1, c2, c3, Δc3, Mref , Rref and h are model coefficients. Parameter Δc3 depends on the
geographic region, as discussed later.

The site function is given by:

EQ-TARGET;temp:intralink-;e5;41;139FSðVS30;RJB;M; region; z1Þ ¼ lnðFlinÞ þ lnðFnlÞ þ Fδz1ðδz1Þ (5)

where Flin represents the linear component of site amplification, Fnl represents the non-
linear component of site amplification, and Fδz1 represents the effects of basin depth.
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Terms Fnl and Fδz1 are region-dependent. Justification for the functional form of terms Flin
and Fnl is given in SS14.

The linear component of the site amplification model (Flin) describes the scaling of
ground motion with VS30 for linear soil response conditions (i.e., small strains) as follows:

EQ-TARGET;temp:intralink-;e6;62;586 lnðFlinÞ ¼

8
<

:
c ln

!
VS30
Vref

"
VS30 ≤ Vc

c ln
!

Vc
Vref

"
VS30 > Vc

(6)

where c describes the VS30-scaling, Vc is the limiting velocity beyond which ground motions
no longer scale with VS30, and Vref is the site condition for which the amplification is unity
(taken as 760 m∕s). Parameters c and Vc are period-dependent, but not region-dependent
(details in SS14). The function for the Fnl term is as follows:

EQ-TARGET;temp:intralink-;e7;62;475 lnðFnlÞ ¼ f 1 þ f 2 ln

#
PGAr þ f 3

f 3

$
(7)

where f 1, f 2, and f 3 are model coefficients and PGAr is the median peak horizontal accel-
eration for reference rock (for a given RJB, M, and region, PGAr is obtained by evaluating
Equation 1 with VS30 ¼ 760 m∕s). Parameter f 2 represents the degree of nonlinearity as a
function of VS30 and is formulated as:

EQ-TARGET;temp:intralink-;e8;62;384f 2 ¼ f 4½expf f 5ðminðVS30; 760Þ & 360Þg& expf f 5ð760& 360Þg' (8)

where f 4 and f 5 are model coefficients.

The term Fδz1 is an adjustment to the base model to consider the effects of basin depth on
ground motion amplitude. This adjustment is as follows:

EQ-TARGET;temp:intralink-;e9;62;311Fδz1ðδz1Þ ¼

8
<

:

0 T < 0.65
f 6δz1 T ≥ 0.65 & δz1 ≤ f 7∕f 6
f 7 T ≥ 0.65 & δz1 > f 7∕f 6

(9)

where f 6 and f 7 are model coefficients, f 7∕f 6 has units of km, and δz1 (also in km) is
computed as:

EQ-TARGET;temp:intralink-;e10;62;228δz1 ¼ z1 & μz1ðVS30Þ (10)

where μz1ðVS30Þ is the prediction of an empirical model relating z1 to VS30. For convenience,
we give below relations for μz1ðVS30Þ derived from data in California and Japan (modified
from B. Chiou, pers. communication, 2013):

EQ-TARGET;temp:intralink-;e11;62;159California∶ lnðμz1Þ ¼
&7.15

4
ln

#
V4
S30 þ 570.944

13604 þ 570.944

$
& lnð1000Þ (11)

EQ-TARGET;temp:intralink-;e12;62;115Japan∶ lnðμz1Þ ¼
&5.23

2
ln

#
V2
S30 þ 412.392

13602 þ 412.392

$
& lnð1000Þ (12)

NGA-WEST2 EQUATIONS FOR PREDICTING PGA, PGV, AND 5% DAMPED PSA 1065



Summary	of	current	adjust	GMPEs	– BSSA14

n Compare	the	adjusted	coefficient	(C01)	with	the	original

26

0.01 0.1 1 10
Period (s)

−4
−2

0
2
4
6
8

e1

e1
BSSA14.C01

● Original
Adjsuted

● ● ● ● ● ● ● ● ●●● ● ● ● ●
● ●

●
●

●
● ●

● ●

● ● ● ● ● ● ● ● ●●● ● ● ● ●
● ●

●
●

●
●

●
●

●

0.01 0.1 1 10
Period (s)

−0.6
−0.4
−0.2

0
0.2
0.4
0.6

e2

e2
BSSA14.C01

● Original
Adjsuted

● ● ● ● ● ● ● ●
●●● ● ●

●
● ● ●

● ●

●

●

●

●

●

● ● ● ● ●
●

● ● ●●● ● ● ● ● ● ● ●
●

● ●
●

●

●

0.01 0.1 1 10
Period (s)

−0.3
−0.2
−0.1

0
0.1
0.2
0.3
0.4

e3

e3
BSSA14.C01

● Original
Adjsuted

● ● ● ● ●
● ● ● ●

●
●

● ● ● ●
● ●

●
●

●

●

●

● ●

● ●
● ● ●

●
● ● ●●●

●
● ● ●

● ●
●

●

●

●
● ●

●

0.01 0.1 1 10
Period (s)

0
0.5

1
1.5

2
2.5

3

e4

e4
BSSA14.C01

● Original
Adjsuted

● ● ● ● ● ● ● ● ●●● ●
● ●

●

●

●

●

●

● ● ●

●

●● ● ● ● ● ● ● ●
●●

●
● ● ●

●

●

●

●
●

●
● ●

●

●

0.01 0.1 1 10
Period (s)

5.2
5.4
5.6
5.8

6
6.2
6.4
6.6

M
h

Mh
BSSA14.C01

● Original
Adjsuted

●
● ● ● ● ● ● ● ●●●

● ●

● ●
● ●

●
● ● ●

●
●

●

● ● ● ● ● ●
●

●

●

●

●

●

●
● ● ● ● ● ● ● ● ● ● ●

0.01 0.1 1 10
Period (s)

−0.012

−0.009

−0.006

−0.003

0

0.003

c3

c3
BSSA14.C01

● Original
Adjsuted

● ●
●

●
●

● ●
●

●
●

●

●

●

●

●

● ●
●

●

● ● ● ●
●

● ● ●
●

●
●

●
●

●
●
●

●

●

●
●

●
●

● ● ● ● ● ● ●

0.01 0.1 1 10
Period (s)

−1.4
−1.2
−1

−0.8
−0.6
−0.4
−0.2

cc

cc
BSSA14.C01

● Original
Adjsuted

● ● ● ● ● ● ● ● ●●● ●
●

●
●

●

●

● ● ● ●
●

●

●

●
●

●
●

● ●
●

●
●
●
●

●

●

●
●

●
● ● ●

●
●

●

●

●

0.01 0.1 1 10
Period (s)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

τ

τ
BSSA14.C01

● Original
Adjsuted

● ●
●

●
●

● ●
●

●●
●

● ●

●
●

●
●

●
●

●
●

● ●

●

● ●

●

●
●

●

●
●

●●● ●
●

●
●

●

●
● ● ● ● ●

●
●

0.01 0.1 1 10
Period (s)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

φ S
2S

φS2S
BSSA14.C01

● Original
Adjsuted

● ● ●
●

●

● ● ●
●●

●
● ● ● ●

● ●
●

●
● ●

● ●
●

0.01 0.1 1 10
Period (s)

0.2

0.3

0.4

0.5

0.6

0.7

0.8

φ S
S

φSS
BSSA14.C01

● Original
Adjsuted

● ● ● ● ● ● ● ● ●●● ● ● ● ● ● ●
●

●
●

●
●

●
●

● ●
●

●
● ●

● ● ●●●
●

●

●
●

●
●

● ● ● ● ●
● ●



Summary	of	adjusted	GMPEs	– BSSA14
n Notes

– e0	U	+	e1	SS	+	e2	NS	+	e3	RS	à e1	+	e2	NM	+	e3	RV
• SOF	factor	for	UK	(e0)	can	not	be	estimated	from	Taiwan	data	
• Normal	slip	factor:	e2 – e1 à e2
• Reverse	slip	factor:	e3 – e1 à e3

– FdZ1 = min(f7,	 f6	*	dZ1.0),	and	f6	and	f7	are	set	to	0.0	if	its	original	value	is	-9.900
– Coef e5 (quadratic	M-scaling	at	M	<	Mh)	is	retained	because	adjusting	just	e4 and	Mh is	sufficient	 to	match	

the	M-scaling	of	Taiwan	data
– Also	adjust	the	model	for	PGA	for	use	in	nonlinear	 soil	model

n Notable	outcomes
– Re-estimated	coef c3 (anelastic damping)	is	positive	 at	T >	1	s
– Adjusted	 e1 of	short	periods	 is	much	smaller	than	the	original	e1

• Change	in	e1 reflects	the	changes	in	e4 and	Mh
– For	long	periods	 (T	>	1s),	original	M-scaling	fits	Taiwan	EQ	data	well

• T	=	3	s,	 small	difference	in	predicted	median	for	low	Vs30,	 large	difference	for	high	Vs30.	
– For	short	periods	(T	<	1s),	original	M-scaling	does	not	fit	Taiwan	EQ	data	well

n Decisions/future	works
– Independent	 confirmation	of	the	adjusted	medians

• T=3s,	e4	and	Mh are	similar	to	BSSA14,	 but	prediction	 is	not.		
– Revise	e0 to	be	the	weighted	average	of	e1,	e2	,	&	e3	
– Force	positive	 c3	to	be	0.0	
– Evaluate	if	Z1.0 effect	(at	long	perdios)	 is	adequately	modeled	by	BSSA14
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Summary	of	current	adjust	GMPEs	– CY14

n Adjusted	coefficients
– c1,	c1a,	c1b,	c1c,	c1d,	c3,	c7,	c7b,	cg1,	cg2,	phi1,	phi5

29

VS30 SCALING

Our 2008 formulation for nonlinear VS30 scaling was found to adequately model the non-
linear soil response in NGA-West2 data. We re-estimated the linear VS30 scaling (coefficient
ϕ1) because there are much more weak-motion data from small-magnitude earthquakes and at
large distances in the NGA-West2 database than in the previous database. The expanded
weak-motion data provide a much stronger constraint on ϕ1. The revised estimates of ϕ1

indicate a stronger VS30 linear scaling than what was obtained in our 2008 GMPE. This
change is partly due to the adoption of ΔZ1.0 scaling.

Chiou and Youngs (2012) noted that ϕ1 for Japan is significantly different from that for
California. Regional difference in ϕ1 between Japan and California was also found in the
NGA-West2 data. This difference was modeled in this update by a Japan-specific linear
VS30 scaling.

UPDATED GMPE

The revised GMPE formulation is given by Equations 11 and 12:

EQ-TARGET;temp:intralink-;e11;62;437 lnðyrefijÞ ¼ c1 þ
!
c1a þ

c1c
coshð2 · maxðMi % 4.5; 0ÞÞ

"
FRVi

þ
!
c1b þ

c1d
coshð2 · maxðMi % 4.5; 0ÞÞ

"
FNMi

þ
!
c7 þ

c7b
coshð2 · maxðMi % 4.5; 0ÞÞ

"
ΔZTORi

þ
!
c11 þ

c11b
coshð2 · maxðMi % 4.5; 0ÞÞ

"
ðcos δiÞ2

þ c2ðMi % 6Þ þ c2 % c3
cn

lnð1þ ecnðcM%MiÞÞ

þ c4 lnðRRUPij þ c5 coshðc6 · maxðMi % cHM ; 0ÞÞÞ

þ ðc4a % c4Þ ln
# ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2
RUPij þ c2RB

q %

þ
!
cγ1 þ

cγ2
coshðmaxðMi % cγ3; 0ÞÞ

"
RRUPij

þ c8 max

#
1%

maxðRRUPij % 40; 0Þ
30

; 0
%

&min

#
maxðMi % 5.5; 0Þ

0.8
; 1
%
e%c8aðMi%c8bÞ2ΔDPPij

þ c9FHWij cos δi

!
c9a þ ð1% c9aÞ tanh

#
RXij

c9b

%"8
<

:1%

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R2
JBij þ Z2

TORi

q

RRUPij þ 1

9
=

;

(11)
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EQ-TARGET;temp:intralink-;e12;41;640 lnðyijÞ ¼ lnðyref ijÞ þ ηi

þ ϕ1 · min

!
ln

!
VS30j

1130

"
; 0
"

þ ϕ2ðeϕ3ðminðVS30j;1130Þ%360Þ % eϕ3ð1130%360ÞÞ ln
!yref ij e

ηi þ ϕ4

ϕ4

"

þ ϕ5ð1% e%ΔZ1.0j∕ϕ6Þ

þ εij

(12)

Dependent variable yij in Equation 12 is the ground motion amplitude for earthquake i at
station j. Variable yref ij is the population median for the reference condition
VS30 ¼ 1;130 m∕s. Random variables ηi (between-event residual, or event term) and εij
(within-event residual) in Equation 12 represent the two modeling errors that contribute
to the aleatory variability of predicted motion. Because we excluded Class 2 earthquakes
(aftershocks), we did not include aftershock terms in Equation 11. The predictor variables
in Equations 11 and 12 are:

M = Moment magnitude.
RRUP = Closest distance (km) to the ruptured plane.
RJB = Closest distance (km) to the surface projection of ruptured plane.
RX = Site coordinate (km) measured perpendicular to the fault strike from the

fault line, with the down-dip direction being positive.
FHW = Hanging-wall flag: 1 for RX ≥ 0 and 0 for RX < 0.

δ = Fault dip angle.
ZTOR = Depth (km) to the top of ruptured plane.

ΔZTOR = ZTOR centered on the M-dependent average ZTOR (km).
FRV = Reverse-faulting flag: 1 for 30° ≤ λ ≤ 150° (combined reverse and

reverse-oblique), 0 otherwise; λ is the rake angle.
FNM = Normal faulting flag: 1 for −120° ≤ λ ≤ −60° (excludes normal-oblique),

0 otherwise.
VS30 = Travel-time averaged shear-wave velocity (m∕s) of the top 30 m of soil.
Z1.0 = Depth (m) to shear-wave velocity of 1.0 km∕s.

ΔZ1.0 = Z1.0 centered on the VS30-dependent average Z1.0 (m).
DPP = Direct point parameter for directivity effect.

ΔDPP = DPP centered on the site- and earthquake-specific average DPP.

We used the same range of rake angles to define reverse and normal faulting flags as was
used for our 2008 GMPE. The normal-faulting effects were not well constrained as our data-
set for model update contains only eight M < 5.9 normal faulting earthquakes in California
and threeM ≥ 6 normal earthquakes in Italy. As a result, we did not update the normal fault-
ing coefficients from the 2008 values. Coefficients c9, c9a, and c9b were constrained by
numerical simulations, not by empirical data. GMPE coefficients (variable names starting
with the letter c or ϕ) are listed in Tables 1 to 3. In the table headings, we underlined coeffi-
cients whose values were unmodified from the 2008 GMPE and we used boldface on those
that were added or given a different meaning in the updated GMPE. Our modified
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Summary	of	current	adjust	GMPEs	– CY14

n Compare	the	adjusted	coefficient	(C01)	with	the	original
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Summary	of	current	adjust	GMPEs	– CY14

n Notes:
– For	style-of-faulting	factor,	the	normal	oblique	slip	event	is	grouped	

with	the	strike-slip	event

n Notable	outcomes:
n Residuals:
n Decisions/Future	Work:

– Should	and	how	to	improve	the	over-prediction	at	T=3s in	the	6	<	M
<	6.5	bin	at	Rrup <	20	km?	
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Summary	of	current	adjust	GMPEs	– I14

n Adjusted	coefficients
– a1,	a2,	k,	g,	f

33

above for demarcation of linear-nonlinear behavior and the information in Figure 11 pro-
duces the results listed in Table 1.

The data in the other two VS30 bins will be examined in more detail in separate reports.
Such examinations will incorporate the results of prior studies, such as those completed by
Choi and Stewart (2005), Walling et al. (2008), and Kamai et al. (2012).

EMPIRICAL MODEL

BASIC FORM

Based on the considerations summarized earlier in this paper, an empirical model for
estimating the average horizontal values of PSA (5% spectral damping) is developed
using only the recordings described above as being part of the quasi-linear sites VS30 bin
(i.e., VS30 ¼ 450 m∕s to 2;000 m∕s). These recordings, totaling 2353, were obtained during
151 earthquakes—74 of which occurred in California, 1 in Nevada, 1 in Idaho, the 5 after-
shocks after the 1999 Chi-Chi earthquake in Taiwan, 5 in Japan, the Wenchuan main shock
and its 54 aftershocks in China, 2 in New Zealand, and 15 in other countries (Canada,
Mexico, Italy, Turkey, and Iran). These earthquakes are listed in the recently published
PEER report (Idriss 2013) and are not included in this paper because of print space
limitations.

The general form of the model adopted in this study is as follow:
EQ-TARGET;temp:intralink-;e3;41;137

Ln½PSA# ¼ α1 þ α2Mþ α3ð8.5&MÞ2 & ½β1 þ β2M#LnðRRUP þ 10Þ
þ ξLnðVS30Þ þ γRRUP þ φF ð3Þ

Table 1. Number of recordings, binned in 50 m∕s increments in VS30 from VS30 ¼ 450 m∕s
to 800 m∕s and for VS30 ≥ 800 m∕s, and number of recordings at sites, within each VS30
bin, where response can be considered nonlinear (NL)

Range of VS30 within the bin
Number of recordings

within bin NL sites** Percent NL

450 m∕s to 500 m∕s 575 30 5.2
500 m∕s to 550 m∕s 506 20 4.0
550 m∕s to 600 m∕s 365 16 4.4
600 m∕s to 650 m∕s 292 0 0
650 m∕s to 700 m∕s 232 1 0.4
700 m∕s to 750 m∕s 98 0 0
750 m∕s to 800 m∕s 101 0 0
800 m∕s to 2;000 m∕s 184 0 0
All recordings* 450 m∕s to 2;000 m∕s 2,353 67 2.9

*NGA-West2 free field recording stations with VS30 ≥ 450 m∕s at distances ≤175 km and M ≥ 4.5 for all earthquakes
except Chi-Chi main shock.
**Number of recordings at sites where response can be considered nonlinear (NL).
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Summary	of	current	adjust	GMPEs	– I14

n Notes:
– Intercept	(a1)	subsumes	the	reference	Vs30
– Original	model	applies	to	Vs30	>	450	m/s

n Noted	outcomes:
– Total	sigma	is	much	smaller	than	the	total	sigma	of	I14

n Residuals:
n Decisions/Future	Work:



CB14
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Summary	of	current	adjust	GMPEs	– CB14

n Adjusted	coefficients
– c0,	c1,	c2,	c3,	c4,	c8,	c9,	c11	
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Summary	of	current	adjust	GMPEs	– CB14

n Compare	the	adjusted	coefficient	(C01)	with	the	original
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Comparison	of	the	adjusted	GMPEs
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Comparison	of	the	adjusted	GMPEs
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Comparison	of	the	adjusted	GMPEs
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Comparison	of	the	adjusted	GMPEs
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Comparison	the	spectrum	of	the	adjusted	GMPEs
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Comparison	the	spectrum	of	the	adjusted	GMPEs
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Comparison	the	spectrum	of	the	adjusted	GMPEs
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Future	work

n Using	the	updated	GM	database.
n For	GMPEs	not	defined	to	10	sec,	extrapolate	the	
original	GMPE	to	10	sec	(ASB14,	BI14)	and	then	adjust	
to	Taiwan	data

n Adjustment	to	the	rest	of	the	Crustal	GMPEs:	GK14,	
KAAH15
– Adjusting	GK14	will	be	a	challenge.	It’s	not	certain	it	can	be	done.
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Thank	You	for	Your	Attention	!!

Questions	?
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