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Resumen

Gn"wuq"fg"tgfgu"pgwtqpcngu"ctvkÝekcngu"gu"gzrnqtcfq"
para predecir aceleraciones máximas del terreno y 
pseudoaceleraciones para sismos de tipo intraslab 
e interplaca. Un total de 277 y 418 registros 
sísmicos de dos componentes para sismos de 
intraslab e interplaca, respectivamente, son 
usados para entrenar los modelos de las redes 
pgwtqpcngu" ctvkÝekcngu" eqp" cnkogpvcek„p" jcekc"
adelante y con un algoritmo de aprendizaje de 
retroalimentación. Se consideran redes neuronales 
ctvkÝekcngu"eqp"wpc"{"fqu"ecrcu"qewnvcu0"Eqp"Ýpgu"
de comparación, valores de aceleración máxima 
del terreno y pseudoaceleración predichos con los 
modelos de las redes neuronales son comparados 
con los estimados mediante relaciones de 
atenuación o relaciones de movimiento fuerte. 
La comparación indica que los valores predichos, 
en general, siguen la tendencia de los valores 
obtenidos con las relaciones de movimiento 
fuerte. Sin embargo, se debe llevar a cabo una 
xgtkÝecek„p"gzvgpuc"fg" nqu"oqfgnqu"gpvtgpcfqu"
antes que estos puedan emplearse en análisis de 
peligro y riesgo sísmico ya que, en ocasiones,  los 
xcnqtgu"rtgfkejqu"pq"tgÞglcp"gn"eqorqtvcokgpvq"
observado de los registros.

Palabras clave: tgf" pgwtqpcn" ctvkÝekcn." ukuoqu"
de subducción, aceleración máxima del terreno, 
pseudoaceleración, México.

Abstract

Vjg" wug" qh" CtvkÝekcn" Pgwtcn" Pgvyqtmu" *CPP+" ku"
gzrnqtgf" vq" rtgfkev" rgcm" itqwpf" ceegngtcvkqpu"
*RIC+"cpf"rugwfqurgevtcn"ceegngtcvkqp"*UC+" hqt"
Ogzkecp" kpuncd" cpf" kpvgtrncvg" gctvjswcmgu0" C"
vqvcn" qh" 499" cpf" 63:" ugkuoke" tgeqtfu"ykvj" vyq"
horizontal components for inslab and interplate 
gctvjswcmgu."tgurgevkxgn{."ctg"wugf"vq"vtckp"vjg"
CPP"oqfgnu"d{"wukpi"cp"CPP"ykvj"c"hggf/hqtyctf"
ctejkvgevwtg" ykvj" c" dcem/rtqrcicvkqp" ngctpkpi"
cniqtkvjo0""Dqvj"CPP"ykvj"ukping"cpf"vyq"jkffgp"
layers are considered.  For comparison purposes, 
the PGA and SA values predicted by the trained 
CPP"oqfgnu"ctg"eqorctgf"ykvj"vjqug"guvkocvgf"
ykvj" cvvgpwcvkqp" tgncvkqpu" qt" itqwpf"oqvkqp"
rtgfkevkqp" gswcvkqpu" *IORGu+0" Vjg" eqorctkuqp"
indicates that the predicted PGA and SA values 
d{" vjg" vtckpgf" CPP"oqfgnu." kp" igpgtcn." hqnnqy"
vjg"vtgpfu"rtgfkevgf"d{"vjg"IORGu0""Jqygxgt."cp"
gzvgpukxg"xgtkÝecvkqp"qh"vjg"vtckpgf"oqfgnu"owuv"
be conducted before they can be used for seismic 
jc¦ctf"cpf"tkum"cpcn{uku"ukpeg."qp"qeecukqp."vjg"
PGA and SA values predicted by the trained ANN 
models depart from the behaviour observed from 
the actual records.

Mg{"yqtfu<"ctvkÝekcn"pgwtcn"pgvyqtm."uwdfwevkqp"
gctvjswcmgu." rgcm" itqwpf" ceegngtcvkqp."
pseudospectral acceleration, Mexico.
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Introduction

CtvkÝekcn"pgwtcn"pgvyqtmu"*CPPu+"jcxg"dggp"wugf"
kp"ugkuoke"gpikpggtkpi"fwg"vq"vjgkt"Þgzkdknkv{"vq"
fgcn" ykvj" jkijn{" pqpnkpgct" rtqdngou" *Hcwugvv."
3;;6+0"CPPu"jcxg"dggp"wugf"vq"rtgfkev"itqwpf"
oqvkqp" ogcuwtgu" uwej" cu" vjg" rgcm" itqwpf"
fkurncegogpv"*RIF+."rgcm"itqwpf"xgnqekv{"*RIX+."
qt"rgcm"itqwpf"ceegngtcvkqp"*RIC+."cpf"urgevtcn"
ceegngtcvkqp"*UC+"*I¯pc{fkp"cpf"I¯pc{fkp."422:="
Kamatchi et al0."4232+0"CPPu"jcxg"cnuq"dggp"wugf"
hqt"igpgtcvkpi"ctvkÝekcn"gctvjswcmgu"cpf"tgurqpug"
spectra, and spectrum compatible accelerograms 
*Ijcdqwuuk"cpf"Nk."3;;:="Ngg"cpf"Jcp."4224+0"
More recently, Hong et al0"*4234+"ujqygf"vjcv"vjg"
rtgfkevkqp"qh"vjg"RIC"cpf"UC"d{"wukpi"CPPu"ykvj"
a single hidden layer may not be robust, although 
it could be considered as an alternative to the 
commonly used attenuation relations or ground 
oqvkqp"rtgfkevkqp"gswcvkqpu"*IORGu+0"Guvkocvkqp"
qh" RICu" hqt" Ogzkecp" uwdfwevkqp" gctvjswcmgu"
using the ANNs has been explored by García et 
al0"*4229+0"Jqygxgt."vjg"crrnkecvkqp"qh"CPPu"vq"
rtgfkev"UC"hqt"Ogzkecp"gctvjswcmgu"jcu"pqv"dggp"
reported in the literature.

The main objective of this study is to investigate 
the applicability of ANNs to estimate PGA and SA 
for ground motion records caused by Mexican 
uwdfwevkqp" gctvjswcmgu0" Vyq" ugvu" qh" tgeqtfu"
qh"Ogzkecp"uwdfwevkqp"gctvjswcmgu"qdvckpgf"cv"
Ýto"uqkn"ukvgu"*k0g0."ukvg"encuu"D"ceeqtfkpi"vq"vjg"
PGJTR"*DUUE."4226++"ctg"wugf" kp" vtckpkpi"cpf"
swcnkh{kpi"CPPu0"Vtckpkpi"qh"vjg"CPP"oqfgnu"ycu"
ecttkgf"qwv"wukpi"c"hggf/hqtyctf"ctejkvgevwtg"ykvj"

c"dcem/rtqrcicvkqp"ngctpkpi"cniqtkvjo0"Qpn{"ukping"
cpf"vyq"jkffgp"nc{gtu"ctg"eqpukfgtgf"vq"okpkok¦g"
rqvgpvkcn"qxgtÝvvkpi0"Vjg"rctcogvgtu"eqpukfgtgf"
kp"vjg"kprwv"nc{gt"ctg<"oqogpv"ocipkvwfg"*M

w
+."

enquguv"fkuvcpeg"vq"vjg"hcwnv"*R
c
+"cpf"hqecn"fgrvj"

*H+."yjkng" vjg" nqictkvjo" qh" vjg" itqwpf"oqvkqp"
measures is used to represent the outcome from 
the output layer. The predicted PGA and SA values 
ctg"eqorctgf"ykvj"vjqug"guvkocvgf"htqo"IORGu"vq"
assess the adequacy of the trained ANN models. 

ANN Modeling

Description of the ANN modeling

The ANN modeling involves the selection of the 
pwodgt"qh"pgwtqpu"kp"vjg"kprwv"cu"ygnn"cu"vjg"jkf-
den and output layers. In this study, the number 
of neurons in the input layer is considered to be 
3, representing M

w
, R

c
 and H"cu"fgÝpgf"gctnkgt0"

Ukping"cpf"vyq"jkffgp"nc{gtu"*fgpqvgf"d{"3JN"cpf"
4JN."tgurgevkxgn{+"ykvj"ownvkrng"jkffgp"pgwtqpu"
ctg"wugf"vq"crrtqzkocvg"vjg"ocrrkpi"dgvyggp"vjg"
input and output layers. The output layer consists 
of a single neuron that represents the logarithm 
qh"vjg"itqwpf"oqvkqp"ogcuwtgu"*RIC"qt"UC+"hqt"
c"eqpukfgtgf"gctvjswcmg"v{rg"cpf"pcvwtcn"xkdtc-
tion period.

Cp"knnwuvtcvkqp"qh"cp"CPP"oqfgn"ykvj"ownvkrng"
hidden layers and neurons is depicted in Figure 1, 
yjgtg"pgwtqpu"ctg"ygkijvgf"cpf"vtcpuhqtogf"kpvq"
qwvrwv"xcnwgu0"D{"eqpukfgtkpi"vyq"jkffgp"nc{gtu."
the mathematical expression of the output neuron 
in the output layer, y

output
, is given by,

Figure 1."Umgvej"qh"cp"CPP"oqfgn"ykvj"ownvkrng"jkffgp"nc{gtu"cpf"pgwtqpu0
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yjgtg"n is the total number of neurons in the input 
layer; x

i
 is the i-th neuron in the input layer; [w

1
]

i, j
, [w

2
]

j, k
 and [w

3
]

k, 1
"ctg"vjg"ygkijvu"vjcv"qrvkok¦g"

vjg"ocrrkpi" dgvyggp" vjg" kprwv" cpf" vjg" Ýtuv"
jkffgp"nc{gt."dgvyggp"vjg"Ýtuv"cpf"ugeqpf"jkffgp"
nc{gt"cpf"dgvyggp"vjg"ugeqpf"jkffgp"nc{gt"cpf"
qwvrwv" nc{gt." tgurgevkxgn{=" *l

1
+

j
." *l

2
+

k
" cpf" *l

3
+

1
 

ctg" vjg" dkcugu" cuuqekcvgf"ykvj" vjg" jkffgp" cpf"
output layers; f

1
*"+."f

2
*"+"cpf"f

3
*"+"ctg"cevkxcvkqp"

*qt"vtcpuhgt+"hwpevkqpu"dgvyggp"vjg"kprwv"cpf"vjg"
Ýtuv"jkffgp"nc{gt."vjg"Ýtuv"cpf"vjg"ugeqpf"jkffgp"
nc{gt"cpf"dgvyggp"vjg"ugeqpf"jkffgp"nc{gt"cpf"
the output layer, respectively; and m is the total 
number of neurons in the hidden layers.

Vyq"v{rgu"qh"cevkxcvkqp"hwpevkqpu."pcogn{."vjg"
tan-sigmoid function and the linear function are 
commonly used. These functions are expressed 
as,

 f x e e e e
x x x x( ) /= −( ) +( )− − ." *4c+

and

 f x x( ) : ." *4d+

The former is often used as the transfer 
hwpevkqp" dgvyggp" vjg" kprwv" cpf" jkffgp" nc{gtu."
yjkng"vjg"ncvvgt" ku"wugf"cu"vjg"vtcpuhgt"hwpevkqp"
dgvyggp"vjg"jkffgp"nc{gtu"cpf"vjg"qwvrwv"nc{gt0"
Hqnnqykpi" Icte‡c" et al0" *4229+." kp" vjg" rtgugpv"
uvwf{."Gs0"*4c+" ku"wugf"cu"vjg"vtcpuhgt"hwpevkqp"
dgvyggp"vjg" kprwv"cpf"jkffgp" nc{gt*u+"cpf"Gs0"
*4d+"ku"wugf"cu"vjg"vtcpuhgt"hwpevkqp"dgvyggp"vjg"
jkffgp"nc{gt*u+"cpf"vjg"qwvrwv"nc{gt0

Training ANN

The training of an ANN consists in the minimization 
qh"c"rtgfgÝpgf"gttqt"hwpevkqp."kp"vgtou"qh"qdugtxgf"
and predicted output values, by varying the 
ygkijvu"cpf"dkcugu0"Qpg"qh"vjg"cniqtkvjou"wugf"
vq"vtckp"vjg"CPP"ku"vjg"dcem/rtqrcicvkqp"*Hcwuugv."
3;;6+."yjgtg"vjg"gttqt"ku"rtqrcicvgf"dcemyctf"d{"
cflwuvkpi"vjg"ygkijvu"htqo"vjg"qwvrwv"vq"vjg"kprwv"
nc{gt0"Vjg"vtckpkpi"ecp"dg"uwooctk¦gf"cu"hqnnqyu<

30"Rtqxkfg"vjg"CPP"oqfgn"ykvj"ucorng"kprwvu"
cpf"mpqyp"qwvrwvu=

2. Evaluate an error function in terms of 
vjg"fkhhgtgpeg"dgvyggp" vjg"rtgfkevgf"cpf"
observed output;

3. Minimize the error function by adjusting the 
ygkijvu"cpf"dkcugu"qh"cnn"vjg"nc{gtu"htqo"vjg"
output to the input layer.

For the numerical analysis to be presented 
kp" vjku"uvwf{."vjg"gttqt" hwpevkqp"ycu"fgÝpgf"cu"
vjg"ogcp"uswctg"gttqt"*OUG+0"Vjg"okpkok¦cvkqp"
qh"vjg"OUG"*Uvgr"5++"ycu"ecttkgf"qwv"wukpi"vjg"
Ngxgpdgti/Octswctfv" cniqtkvjo" *Octswctfv."
1963; Press et al0."3;;4+"vjcv"ku"kpeqtrqtcvgf"kpvq"
vjg"dcem/rtqrcicvkqp"cniqtkvjo"cpf"korngogpvgf"
kp"Ocvncd"*Jcicp"cpf"Ogpjcl."3;;6+0

Strong ground motion database and GMPEs

The strong ground motion database employed to 
develop the ANNs model consists of 695 strong 
itqwpf" oqvkqp" tgeqtfu." gcej" qpg" ykvj" vyq"
jqtk¦qpvcn" eqorqpgpvu" cv" Ýto" uqkn" ukvgu" *encuu"
D" ceeqtfkpi" vq"PGJPR" ÎDUUE." 4226+" eqornkgf"
by García et al0" *4227." 422;+0" Vjgtg" ctg" 499"
inslab records and 418 interplate records for the 
gxgpvu"ujqyp"kp"Hkiwtg"4"cpf" nkuvgf" kp"Vcdng"30"
There are 16 intermediate-depth normal-faulting 
kpuncd"gxgpvu"ykvj"M

w
"ykvjkp"704"vq"906"cpf"62"

kpvgtrncvg" gxgpvu"ykvj"M
w
 ranging from 5.0 to 

8.0. The distribution of M
w
"cpf"J"ykvj"tgurgev"vq"

R
c
 is presented in Figure 3. A baseline correction 

cpf"c"jkij/rcuu"Ýnvgt"ykvj"ewv/qhh"htgswgpekgu"qh"
2027"J¦"hqt"gxgpvu"ykvj"M

w
 >6.5 and 0.1 Hz for 

vjg"tguv"gxgpvu"ygtg"crrnkgf"vq"cnn"vjg"tgeqtfu0"
The selection criteria of the records can be found 
in García et al0"*4227."422;+0"Vjg"ucog"uvtqpi"
itqwpf"oqvkqp"fcvcdcug"ycu"cnuq"gornq{gf"d{"
Hong et al0"*422;+"vq"fgxgnqr"IORGu"dcugf"qp"vjg"
igqogvtke"ogcp"*k0g0."hqt"c"tcpfqo"qtkgpvcvkqp+0"
Cu" vjgug"IORGu"yknn" dg" wugf" vq" eqorctg"ykvj"
those predicted by the ANN model, the adopted 
functional forms and the obtained regression 
eqghÝekgpvu"kp"Jqpi"et al0"*422;+"ctg"uwooctk¦gf"
dgnqy0

The functional form of the GMPEs for inslab 
gctvjswcmgu" ku" vjg" qpg" ikxgp" d{"Icteía et al. 
*4227+."yjkej"ecp"dg"ytkvvgp"cu.

log log10 1 2 3 4 10 5Y c c M c R c R c Hw= + + − + + ε , 
" " *5+

yjgtg"Y *eo1u2+ represents the PGA or SA values, 
c

i
, i = 1, …, 5, are the model parameters, M

w
 is 

the moment magnitude, R Rcld= +2

0

2
∆ , R

cld
"*mo+"

is the closest distance to the fault surface for 
gxgpvu"ykvj"M

w
 > 6.5, or the hypocentral distance 
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for the rest, F"= 0.0075 x 100.507Mw is a near-source 
ucvwtcvkqp" vgto"fgÝpgf"d{"Cvmkpuqp"cpf"Dqqtg"
*4225+."H"*mo+"ku"vjg"hqecn"fgrvj."cpf"g is a zero 
ogcp"gttqt" vgto"ykvj" uvcpfctf" fgxkcvkqp"u, in 
yjkej"u = (u

r

2 + u
e

2)0.5, and ┈
r
 and ┈

e
 denote the 

standard deviation due to intra- and inter-event 
variability, respectively. If the geometric mean 
for Y is considered, u = (┈

r

2+ ┈
e

2+ ┈
c

2)0.5 and the 
standard deviation u

c
 accounts for the random 

orientation variability.

Figure 2. Location of events for the considered records.

Table 1. Inslab and interplate events used in training the ANN models.

Inslab earthquake  Interplate earthquake

Gxgpv" Pq0"qh" Fcvg" Oy" Gxgpv" Pq0"qh" Fcvg" Oy" Gxgpv" Pq0"qh" Fcvg" Oy
Pq0" Tge0" *ff1oo1{{+" " Pq0" Tge0" *ff1oo1{{+" " Pq0" Tge0" *ff1oo1{{+
           

3" 8" 451241;6" 70:" 3" 32" 3;12;1:7" :" 43" 37" 271291;:" 705
4" 43" 451271;6" 804" 4" :" 4312;1:7" 908" 44" 34" 331291;:" 706
5" 38" 321341;6" 806" 5" ;" 2:1241::" 70:" 45" 36" 341291;:" 707
6" 44" 331231;9" 903" 6" 8" 321251:;" 706" 46" 32" 2612;123" 704
7" 3:" 441271;9" 807" 7" 32" 471261:;" 80;" 47" 33" 32133123" 706
8" 37" 421261;:" 70;" 8" 7" 241271:;" 707" 48" 32" 29128124" 704
9" 52" 371281;;" 80;" 9" :" 351231;2" 705" 49" 34" 29128124" 707
:" 38" 431281;;" 805" :" 8" 331271;2" 707" 4:" 34" 3;128124" 705
;" 48" 5212;1;;" 906" ;" ;" 531271;2" 70;" 4;" 9" 2712:124" 706
32" 36" 4;1341;;" 70;" 32" 8" 371271;5" 707" 52" 32" 4912:124" 702
33" 43" 43129122" 70;" 33" 34" 461321;5" 808" 53" 8" 5212:124" 704
34" 43" 27125123" 705" 34" 37" 3612;1;7" 905" 54" 37" 4712;124" 705
35" 45" 28125123" 704" 35" 32" 351251;8" 703" 55" 32" 2:133124" 704
36" 35" 52123124" 70;" 36" ;" 491251;8" 706" 56" :" 32134124" 706
37" ;" 39123126" 706" 37" 39" 371291;8" 808" 57" 37" 32123125" 704
38" 8" 42126126" 708" 38" 32" 3:1291;8" 706" 58" :" 44123125" 907
" " " 39" 34" 431231;9" 706" 59" 37" 23123126" 802
" " " 3:" 9" 381341;9" 70;" 5:" 33" 23123126" 708
" " " 3;" 34" 2;1271;:" 704" 5;" :" 28124126" 703
" " " 42" 32" 381271;:" 704" 62" 3:" 36128126" 70;
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Table 2."EqghÝekgpvu"hqt"vjg"igqogvtke"ogcp"cpf"
the horizontal components H1 and H2 for the the 
tgeqtfu"qh"kpuncd"gctvjswcmgu"*c

4
"gswcnu"3+0

Hqt"vjg"tgeqtfu"qh"kpvgtrncvg"gctvjswcmgu."vjg"
functional form of the GMPE is the one employed 
by Garcíc"*4228+."yjkej"ku"gzrtguugf"cu.

log log10 1 2 3 4 10 5 710 6Y c c M c R c R c c Hw

c Mw= + + − +( ) + + ε ,  
" " *6+

yjgtg"c
i
, i = 1, …, 7, are the model parameters, R

*mo+"ku"vjg"enquguv"fkuvcpeg"vq"vjg"hcwnv"uwthceg"hqt"
gxgpvu"ykvj"M

w 
> 6.0, or the hypocentral distance 

for the rest, and Y, M
w
, H and g"ygtg" fgÝpgf"

previously. Note that in the above equation c
4
 is 

eqpukfgtgf"vq"dg"ikxgp"d{"vjg"hqnnqykpi"gswcvkqp"
*Icteíc"4228+.

 c Mw4 1 82 0 16= −. . 0" *7+

Using the adopted GMPEs, the records for the 
events detailed in Table 1, and the regression 
analysis algorithm given by Joyner and Boore 
*3;;5+."Jqpi"et al0"*422;+"qdvckpgf"vjg"oqfgn"
coefficients for a range of natural vibration 
periods based on the geometric mean. For an 
gcu{"tghgtgpeg."vjg"oqfgn"eqghÝekgpvu"hqt"c"hgy"
selected values of the natural vibration period, 
T

n
, are presented in Tables 2 and 3. Moreover, for 

comparison purposes, the regression analysis in 
this study is carried out by considering either the 
Ýtuv" jqtk¦qpvcn" eqorqpgpv" *J3+." qt" vjg" ugeqpf"
jqtk¦qpvcn"eqorqpgpv"*J4+0"Vjg"qdvckpgf"oqfgn"

Table 3."EqghÝekgpvu"hqt"vjg"igqogvtke"ogcp"cpf"vjg"jqtk¦qpvcn"eqorqpgpvu"J3"cpf"J4"hqt"vjg"tgeqtfu"
qh"kpvgtrncvg"gctvjswcmgu"*c

4
"ku"fgÝpgf"kp"Gswcvkqp"7+0

T
n
 (s) c

1
 c

2
 c

3
 c

5
" ┈

Geometric mean

0.20 -0.020 0.595 -0.0036 0.0068 0.31
0.50 -0.907 0.687 -0.0024 0.0034 0.29
1.00 -1.931 0.781 -0.0016 0.0029 0.31
1.50 -2.468 0.831 -0.0014 0.0017 0.31
PGA -0.109 0.569 -0.0039 0.0070 0.31

Jqtk¦qpvcn"eqorqpgpv"3"*J3+

0.20 -0.015 0.595 -0.0036 0.0065 0.31
0.50 -0.895 0.688 -0.0023 0.0028 0.29
1.00 -1.987 0.793 -0.0017 0.0029 0.29
1.50 -2.531 0.84 -0.0014 0.0019 0.28
PGA -0.091 0.569 -0.0038 0.0065 0.31

Jqtk¦qpvcn"eqorqpgpv"4"*J4+

0.20 -0.034 0.596 -0.0037 0.0071 0.29
0.50 -0.913 0.683 -0.0024 0.004 0.27
1.00 -1.886 0.768 -0.0015 0.003 0.30
1.50 -2.441 0.825 -0.0014 0.0018 0.30
PGA -0.13 0.568 -0.0039 0.0076 0.29

T
n
 (s) c

1
 c

2
 c

3
 c

5
 c

6
 c

7
" ┈

Geometric mean

0.20 2.609 0.144 -0.0034 0.009 0.475 -0.00410 0.39
0.50 1.542 0.238 -0.0015 0.003 0.515 -0.00300 0.40
1.00 0.734 0.301 -0.0005 0.002 0.509 -0.00500 0.41
1.50 0.214 0.336 -0.0002 0.002 0.495 -0.00490 0.40
PGA 2.545 0.108 -0.0037 0.0075 0.474 -0.00240 0.37

Jqtk¦qpvcn"eqorqpgpv"3"*J3+

0.20 2.658 0.129 -0.0036 0.009 0.475 -0.00105 0.40
0.50 1.653 0.211 -0.0017 0.003 0.515 -0.00001 0.40
1.00 0.862 0.265 -0.0004 0.002 0.509 -0.00283 0.40
1.50 0.343 0.298 -0.0002 0.002 0.495 -0.00195 0.40
PGA 2.608 0.088 -0.0038 0.0075 0.474 0.00073 0.40

Jqtk¦qpvcn"eqorqpgpv"4"*J4+

0.20 2.639 0.146 -0.0036 0.009 0.475 -0.00405 0.36
0.50 1.571 0.247 -0.0018 0.003 0.515 -0.00364 0.38
1.00 0.716 0.321 -0.0010 0.002 0.509 -0.00458 0.32
1.50 0.182 0.357 -0.0007 0.002 0.495 -0.00427 0.33
PGA 2.500 0.123 -0.0038 0.0075 0.474 -0.00330 0.34
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eqghÝekgpvu"ctg"cnuq"ujqyp"kp"Vcdngu"4"cpf"50"Cu"
the H1 and H2 components represent the seismic 
gzekvcvkqp"hqt"c"tcpfqo"qtkgpvcvkqp"*ykvj"tgurgev"
vq"vjg"uqwteg+."vjg"fgxgnqrgf"oqfgn"eqghÝekgpvu"
ujqyp"kp"Vcdngu"4"cpf"5"yknn"dg"wugf"vq"rtgfkev"
PGA or SA for a random orientation.

Eqorctkuqp"qh"vjg"tguwnvu"ujqyp"kp"vjg"vcdngu"
kpfkecvgu" vjcv" vjg" guvkocvgf"oqfgn" eqghÝekgpvu"
based on either only H1 or H2 components differ 
only slightly from those based on both components 
*k0g0." igqogvtke"ogcp+." cu" gzrgevgf0" Cnuq." vjg"
cxgtcig"qh"vjg"oqfgn"eqghÝekgpvu"qdvckpgf"htqo"
H1 alone and from H2 alone is almost identical 
to those obtained based on the geometric mean. 
Vjku" hcev"ukorn{"eqpÝtou"vjg"tqdwuvpguu"qh"vjg"
cniqtkvjo" ikxgp" d{" Lq{pgt" cpf" Dqqtg" *3;;5+"
for developing the GMPEs. It also indicates that 
the number of records used for the purpose of 
regression analysis is adequate.

Prediction of strong ground motion measures 
using ANN

Effect of the number of hidden layers and 
neurons on the training ANN and on predicted 
values

The selection of the number of hidden layers and 
neurons is of importance in developing or training 
an ANN. This selection depends on the nature of 
the problem to be investigated, and a trial and 
gttqt"rtqeguu"ku"qhvgp"hqnnqygf"vq"fgvgtokpg"vjg"
cfqrvgf"uvtwevwtg"qh"vjg"CPP"oqfgn"*Ujcjkp"et 
al0."4226+0"Kp"ugngevkpi"vjg"CPP"oqfgn."rqvgpvkcn"
qxgtÝvvkpi"fwg"vq"vjg"wug"qh"cp"gzeguukxg"pwo-
dgt"qh"jkffgp"nc{gtu"cpf1qt"pgwtqpu"pggfu"vq"dg"
cxqkfgf."cu"vjku"yknn"ngcf"vq"c"ncem"qh"ngctpkpi"cpf"
the inability to predict the outcomes for scenarios 
pqv"wugf"kp"vtckpkpi0"Vq"cxqkf"vjg"rquukdng"qxgtÝv-
vkpi."ugxgtcn"rtgnkokpct{"CPP"oqfgnu"ygtg"vguvgf"
by considering combinations of the single and 
vyq"jkffgp"nc{gtu"cpf"wr"vq"72"jkffgp"pgwtqpu"
in each hidden layer. Furthermore, a total of 80% 
tcpfqon{"ugngevgf"tgeqtfu"ygtg"wugf"vq"vtckp"vjg"
oqfgn."yjkng"vjg"tgockpkpi"42'"qh"tgeqtfu"ygtg"
used for validating the trained model.

To investigate the effect of the record selection 
qp"vjg"vtckpgf"CPP"oqfgn."c"vqvcn"qh"522"vtkcnu"ygtg"
ecttkgf"qwv0"Hqt"gcej"vtkcn."c"pgy"ugv"qh"RIC"cpf"
SA values from 80% randomly selected records 
ygtg"wugf0"Hqt"vjg"cpcn{uku."qpn{"qpg"eqorqpgpv"
*J3" qt" J4+" htqo" gcej" tgeqtf" ku" eqpukfgtgf="
both 1HL and 2HL models are employed for the 
training. As the results obtained for the H1 and 
H2 components from the records exhibit similar 
trend and the results for inslab and for interplate 
tgeqtfu"ctg"ukoknct"cu"ygnn."yg"qpn{"knnwuvtcvg"vjg"
estimated MSE in Figure 4 for the H1 component 
from the inslab records.

Figure 3. Distribution of M
w
 and H"ykvj"tgurgev"vq"R

c
: 

*c+"cpf"*d+"hqt"kpuncd"gxgpvu="*e+"cpf"*f+"hqt"kpvgtrncvg"
events.
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Figure 4."Xctkcvkqp"qh"OUG"ykvj"vjg"pwodgt"qh"vtkcnu"cpf"vjg"pwodgt"qh"pgwtqpu"rgt"jkffgp"nc{gt"hqt"RIC"cpf"UC"*Vp"
?"307u+"hqt"kpuncd"gctvjswcmgu<"c+"vq"f+"vtckpkpi"rtqeguu="g+"vq"j+"xcnkfcvkqp"rtqeguu0
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Hkiwtg"6."yjkej"rtgugpvu"vjg"tguwnvu"hqt"RIC"
and SA at T

n
"?"307"u."ujqyu"uecvvgt"kp"vjg"OUG0"

Cu" gzrgevgf." vjg" uecvvgt" *dwv" pqv" pgeguuctkn{"
vjg"uvcpfctf"fgxkcvkqp+"qh"vjg"OUG"kpetgcugu"cu"
the number of trials increases. The average MSE 
guvkocvgf"dcugf"qp"522"vtkcnu."yjkej"ku"eqpukfgtgf"
vq"dg"uwhÝekgpv"nctig."ku"knnwuvtcvgf"kp"Hkiwtg"7"hqt"
the training stage. The results presented in this 
Ýiwtg" kpfkecvg" vjcv" vjg" nqyguv" cxgtcig"OUG" ku"
obtained for n

n
 around 10, and that the average 

MSE is relatively consistent for the number of 
hidden neurons, n

n
, up to 25. As the average MSE 

for n
n
 = 50 is much larger than that for n

n
 < 50, 

the use of n
n
 > 25 is not recommended.

By using the remaining 20% records to test the 
trained ANN models, the average of MSE for 300 
vtkcnu"ycu"cnuq"ecnewncvgf"cpf"rtgugpvgf"kp"Hkiwtg"
6. Comparison of Figures 5 and 6 indicates that 
average values of MSE for the trained ANN models 
ujqyp"kp"Hkiwtg"8"ctg"unkijvn{"itgcvgt"vjcp"vjqug"
presented in Figure 5. This can be explained by 
noting that the trained ANN models are tested 
ykvj" kprwv" rctcogvgtu" vjcv" ctg" fkhhgtgpv" vjcp"
those used during the training process. Figure 6 
cnuq"ujqyu"vjcv"vjg"wug"qh"vjg"oqfgn"ykvj"n

n
 = 

50 leads to the greatest average MSE among the 
considered n

n
 values.

Fwtkpi"vjg"cpcn{uku."kv"ycu"qdugtxgf"vjcv"vjg"
optimum number of neurons and hidden layers – 
vjqug"ngcfkpi"vq"vjg"nqyguv"OUG"hqt"vjg"vtckpgf"
model – depend on the selected records. In all 
ecugu."vjg"qrvkowo"pwodgt"qh"pgwtqpu"ku"ykvjkp"
3 to 20; in about 50% of time the 1HL model out-
performs the 2HL model, and vice versa. To further 

inspect the differences of using the 1HL and 2HL 
ANN models, the mean of the ratio of the MSE of 
the trained 1HL model to that of the trained 2HL 
oqfgn"ujqyp"kp"Hkiwtg"6"ycu"ecnewncvgf0"Vjg"xc/
lues are presented in Table 4. The table indicates 
again that there is no clear preference among the 
1HL and 2HL models, although the 1HL model for 
kpuncd"gctvjswcmgu"oc{"dg"eqpukfgtgf"vq"rgthqto"
better than the 2HL model. Based on these ob-
servations, the use of 10 neurons and the ANN 
oqfgn"ykvj"3JN"cpf"ykvj"4JN"yknn"dg"eqpukfgtgf"
in the next section.

Comparison of predictions using trained ANN

Vjg" vtckpkpi" qh" vjg" CPP"oqfgnu"ykvj" 3JN" cpf"
ykvj" 4JN" ycu" ecttkgf" qwv" d{" eqpukfgtkpi" 32"
neurons in each layer. For the analysis, the use 
of all H1 components and all H2 components are 
considered. As the results based on H1 or H2 
components are almost the same, only the results 
hqt"J3"ctg"rtgugpvgf0"Cnuq."cpcn{uku"ycu"ecttkgf"
out by using only the geometric mean since this 
quantity is commonly used to develop GMPEs. For 
vjku"ecug."vjg"qdvckpgf"ygkijvu"cpf"dkcugu"hqt"vjg"
trained models are presented in the Appendix.

A comparison of the predicted PGA and SA 
by using the trained models to those obtained 
htqo" vjg" cevwcn" tgeqtfu" ku" ujqyp" kp" Hkiwtgu" 9"
and 8 for the H1 components and the geometric 
mean, respectively. It can be observed from the 
Ýiwtgu"vjcv"vjgtg"ku"c"iqqf"citggogpv"dgvyggp"
the predicted and observed values, and that the 
eqttgncvkqp" eqghÝekgpv."t, is greater than 0.77 
in all cases. The trained ANN models for inslab 

Table 4."Eqorctkuqp"qh"vjg"ogcp"qh"vjg"tcvkq"qh"vjg"OUG"qh"CPP"oqfgnu"ykvj"3JN"vq"vjcv"ykvj"4JN"d{"
considering the H1 components.

Earthquake Number of PGA SA SA SA SA
Type neurons  (T

n
=0.2s) (T

n
=0.5s) (T

n
=1.0s) (T

n
=1.5s)

Inslab 3 0.88 0.86 0.88 0.88 0.91
5 1.12 1.19 1.19 1.19 1.15
10 1.00 1.00 1.06 1.10 1.09
15 0.98 1.06 1.11 1.05 1.08
20 0.86 0.93 0.95 0.91 0.93
25 0.86 0.83 0.77 0.84 0.87
50 0.54 0.50 0.48 0.50 0.45

Interplate 3 0.91 0.93 0.98 0.95 0.93
5 1.15 1.11 1.07 1.11 1.11
10 1.02 1.03 1.09 1.08 1.05
15 1.05 1.08 0.98 1.03 1.11
20 0.98 1.00 1.04 1.02 1.10
25 1.01 0.99 0.97 0.88 0.94
50 0.47 0.48 0.54 0.47 0.49
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gctvjswcmgu"rtqxkfg"dgvvgt"guvkocvgu"vjcp"vjqug"
hqt" kpvgtrncvg" gctvjswcmgu" kh" J3" ku" eqpukfgtgf="
if the geometric mean is considered, both ANN 
models provide similar estimates. The scatter 
ujqyp"kp"vjg"Ýiwtgu"crrgctu"vq"dg"kpfgrgpfgpv"qh"
the logarithm of PGA or logarithm of SA. A more 
detailed statistical investigation considering that 
the residual – j fgÝpgf"cu"vjg"fkhhgtgpeg"dgvyggp"
vjg"nqictkvjoke"qh"vjg"cevwcn"RIC"*qt"UC+"cpf"vjg"
nqictkvjoke"qh"vjg"rtgfkevgf"RIC"*qt"UC+"Î"cu"c"
hwpevkqp"qh"vjg"rtgfkevgf"RIC"*qt"UC+"ku"dg{qpf"
the scope of this study.

To provide a probabilistic characterization of the 
residual, j"ku"ujqyp"kp"Hkiwtg";"hqt"c"hgy"ugngevgf"
cases presented in Figures 7 and 8. Inspection 
of the plots and use of a Kolmogorov-Smirnov 
vguv"*Dgplcokp"cpf"Eqtpgnn."3;92+"kpfkecvg"vjcv"j can be modeled as a normal variable. The 
mean and the standard deviation of j for the 
cases presented in Figure 9 are summarized in 
Vcdng"7."yjgtg"vjg"uvcvkuvkeu"qh"j."ujqyp"hqt"vjg"
igqogvtke"ogcp"ecug."ygtg"ecnewncvgf"d{"vcmkpi"
kpvq"ceeqwpv"vjcv"vjg"vtckpgf"oqfgn"yknn"dg"wugf"
to predict ground motion measures for a random 
qtkgpvcvkqp."tcvjgt"vjcp"vjg"igqogvtke"ogcp"*ugg"
Ugevkqp"5+0

Figure 5. Average mean square 
error for the trained ANN models 
by using the samples employed 

for training.

Figure 6. Average mean square 
error for the trained ANN models 
by using the samples that are not 

employed for training.
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Comparison of the predicted PGA and SA using 
trained ANN and GMPEs

To appreciate the adequacy of the trained ANN 
oqfgnu"hqt"ugkuoke"jc¦ctf"cpf"tkum"cuuguuogpv."
a comparison of the trained models and the 
GMPEs is needed. The comparison is focused on 
the “average” behaviour and on the uncertainty 
in the model developed.

The uncertainty in the GMPEs is characterized 
by the statistics of g"*Vcdngu"4"cpf"5+."yjkng"vjcv"hqt"
the trained ANN is characterized by the statistics 
qh"vjg"tgukfwcn"┝"*Vcdng"7+0"C"eqorctkuqp"qh"vjgug"
tables indicates that although the trained ANN 
oqfgnu"ctg"qpn{"unkijvn{"dkcugf"*k0g0."vjg"ogcp"qh"j"fkhhgtu"htqo"¦gtq+."vjg"fgitgg"qh"wpegtvckpv{"kp"
the trained ANN models, in terms of the standard 
deviation, is similar to that in the GMPEs. In parti-
cular, the statistics of j and g are very consistent 
hqt"vjg"ecug"yjgp"vjg"igqogvtke"ogcp"ycu"wugf"vq"
develop the GMPEs and to train the ANN models. 
Ukpeg"┝"cpf"g"ujqyp"kp"Gsu0"*5+"cpf"*6+"tgrtgugpv"

Figure 7. Comparison of predicted and observed PGA 
and SA H1 component values for inslab and interplate 
gctvjswcmgu" *┦" kp" vjg" rnqvu" fgpqvgu" eqttgncvkqp"

eqghÝekgpv+0
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Figure 8. Comparison of predicted and observed 
geometric mean of PGA and SA for inslab and interplate 
gctvjswcmgu" *┦" kp" vjg" rnqvu" fgpqvgu" eqttgncvkqp"

eqghÝekgpv+0

vjg"fkhhgtgpeg"dgvyggp"vjg"nqictkvjoke"qh"vjg"ce-
vwcn"RIC"*qt"UC+"cpf"vjg"nqictkvjo"qh"vjg"RIC"*qt"
UC+"rtgfkevgf"d{"vjg"CPP"oqfgn"cpf"vjg"IORG."
respectively, the physical meaning of j and g is 
ukoknct0"┝"pggfu"vq"dg"eqpukfgtgf"cu"cp"kpvgitcn"
part of the developed ANN model if it is used for 
ugkuoke"jc¦ctf"cpf"tkum"cpcn{uku0

A comparison of the “average” behaviour of 
the trained ANN model and the GMPEs obtained, 
based on the geometric mean, is presented in 
Figures 10 and 11 for selected scenario events. It 
ecp"dg"qdugtxgf"htqo"vjgug"Ýiwtgu"vjcv"kp"igpgtcn"
vjg" rtgfkevgf" xcnwgu" d{" vjg" CPP"oqfgn" hqnnqy"
vjqug" rtgfkevgf" d{" vjg"IORGu0"Jqygxgt." uqog"
differences are observed. The most pronounced 
are associated for R

c
" itgcvgt" vjcp" 372" mo0"

Moreover, in some cases, the predicted values 
by the trained ANN models may not necessarily 
tgÞgev" tgcnkv{0" Hqt" gzcorng." vjg" tguwnvu" ujqyp"
kp"Hkiwtg"32e"kpfkecvg"vjcv"UC"ecp"kpetgcug"ykvj"
distance beyond R

c
"?"422"mo"hqt"M

w
 = 5.9 and H

 

?"72"mo."yjkej"ku"wptgcnkuvke0"Ukpeg"vjku"ftcydcem"
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Figure 9."Pqtocn"rtqdcdknkv{"rnqvu"qh"vjg"tgukfwcn"┝0
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Figure 9. Continued.
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can be serious in engineering applications, tests 
of the trained ANN models must be conducted 
before they can be used to predict the ground 
oqvkqp"ogcuwtgu" hqt" ugkuoke" jc¦ctf" cpf" tkum"
assessments.

Table 5. Statistics of j"hqt"ecugu"ujqyp"kp"Hkiwtg"320

Figure 10. Comparison of PGA and SA predicted by the 
trained ANN models and by a GMPE for inslab earth-

swcmgu"*Jqpi"et al0."422;+0

Gctvjswcmg" J3" Igqogvtke"Ogcp
Type  

 mean Std. Dev. mean Std. Dev.
Inslab PGA 1.5E-01 0.68 9.2E-03 0.35

UC"*Vp?207u+" /502G/23" 207:" /905G/25" 2054
UC"*Vp?307u+" 60;G/24" 2079" 702G/26" 2055

Interplate PGA -1.4E-01 0.67 7.3E-03 0.38
UC"*Vp?207u+" /707G/25" 209;" /304G/24" 2065
UC"*Vp?307u+" /808G/24" 2094" 902G/25" 2062
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Conclusions

CtvkÝekcn"Pgwtcn"Pgvyqtm"oqfgnu"ygtg"fgxgnqrgf"
to predict the ground motion measures for 
Ogzkecp" kpuncd"cpf" kpvgtrncvg"gctvjswcmgu0"Vjg"
development used the PGA and SA calculated 
from single horizontal components of the 
records and from the geometric mean of the 
horizontal components. For training ANN model, 
the parameters for the input layer are moment 
magnitude, closest distance to the fault and focal 
fgrvj."yjkng" vjg" nqictkvjoke" qh" vjg" RIC" *qt" qh"
vjg"UC+"ku"wugf"vq"tgrtgugpv"vjg"qwveqog"qh"vjg"
oqfgn0"Vjg"ockp"qdugtxcvkqpu"vjcv"ecp"dg"ftcyp"
from the analysis results are:

1. The performance of the trained ANN model 
by using a single hidden layer is similar to 
vjcv"d{"wukpi"vyq"jkffgp"nc{gtu0"Vjg"oquv"
appropriate number of neurons per hidden 
nc{gt"uggou"vq"dg"ykvjkp"5"vq"420

2. The use of a single horizontal component or 
vjg"igqogvtke"ogcp"qh"vjg"vyq"jqtk¦qpvcn"
components leads to similar trained ANN 
models, implying that the number of 
considered records is adequate. 

Figure 11. Comparison of PGA and SA predicted by 
the trained ANN models and by a GMPE for interplate 

gctvjswcmgu"*Jqpi"et al0."422;+0
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3. The statistics of the residuals associated 
ykvj" vjg" vtckpgf" CPP"oqfgnu" ctg" ukoknct"
vq" vjqug"cuuqekcvgf"ykvj" vjg"IORGu0"Vjg"
ground motion measures predicted by the 
vtckpgf"CPP"oqfgnu"hqnnqy"vjqug"rtgfkevgf"
by the GMPEs. This indicates that the ANN 
models may be a good alternative to GMPEs 
in some applications.

4. In some cases, the SA predicted by the 
trained ANN models increases as the R

c
 

kpetgcugu0"Vjku"fqgu"pqv"tgÞgev"vjg"igpgtcn"
behaviour observed from actual records. 
Therefore, extensive verification of the 
trained ANN models should be carried out 
before the models can be used for seismic 
engineering applications.
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