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Summary

A bayesian regression analysis of response spectral crdinates based on 218 digitized
strong ground motion accelerograms (largest horizontal component) from Central Amer-
ica, augmented by 62 similar, high-magnitude observations from Guerrero, Mexico, has
been performed using the simple linearized ground motion model:

inA = c1+c2M+ c3lnr+c4r+fc58-+ Ing (N

where M is moment magnitude, r is hypocentral distance, 3 is zero for rock sites and | for
soil sites and Ing is & normally distributed error term with zero mean and standard devia-
tion ¢ ie. Ine = N(0Q,0) .

For pseudo-relative velocity (PSV) in m/s, the following coefficients have been found for
the mean value of the largest component of horizontai ground motion at 5% damping:

f(Hz) cy <y C3 C4 Cs G
025 -7441 1007 -0.601 -0.00040 049 073
050 -7348 1128 -0.728 -0.00053 0536 079
100 -6744 1081 -0756 -0.00077 0588 082
200 -5862 0917 -0726 -0.00107 0566 082
500 -4876 0642 -0642 -0.00156 0470 0.82
1000 -4726 0483 -0581 -0.00199 0381 080

2000 -5.487 0447 -0550 -0.00246 0309 078

40.00 -7214 0553 -0537 -0.00302 0327 075

Correspondingly for peak ground acceleration (PGA) in m/s%:

1

f(HZ} C Cy C3 C4q Cs
4000 -1687 0553 -0537 -0.00302 0.327 O.T'Sk

Central American Attenustion Page |
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1 Introduction

This report presents the first comprehensive regression analysis of strong motion data
from Central America and Mexico, compiled in a common data base forma: during the
four vear project “Reduction of Natural Disasters in Central America. Earthquake Pre-
paredness and Hazard Mitigation. Seismic Zonation and Earthquake Hazard Assessment”.
The results should be regarded as tentative in the sense that the data and analysis presented
herein remain open and subject to comprehensive review and discussion by interested par-
ties, which most may lead to the need for an updating of various key parameters. It is also
likely that different approaches to data selection and analysis will be tried later, and that
various regional subsets of data will be subjected to more detailed analysis.

The analysis presented here is performed for response spectral pseudo-relative velocity
(PSV), including aiso the PSV at 40 Hz which defines the peak ground acceleration
(PGA), for the largest horizontal component of ground motion at 5 % of critical damping.
The response spectral ordinates for the regression analysis were computed according to
the step-by-step method (Nigam and Jennings, 1969), following instrument correction and
band-pass filtering between 0.2 and 25 Hz, using the procedure described by Sunder and
Connor (1982).

The results are presented for eight frequencies (including PGA at 40 Hz) between (.25
and 40 Hz. The regression analysis was actually performed for additional frequencies, in
order to achieve a sufficient basis for computing smoothed coefficients. The final results
are thus presented in terms of smoothed coefficients, except for the extreme frequencies
(highest and lowest at 0.25 and 40.0 Hz respectively} where the un-smoothed resuits are
preserved.

2  Data Background

2.1 General

The data selected for analysis are based on strong-motion records from the Central Amer-
ican data base established during this project and documented in detail by Taylor (1992),
Taylor et al. (1994), Santos(1992), and Segura et al. (1994).

In order to strengthen the magnitude-distance distribution of the data at larger magnitudes,
some records for earthquakes above Mw 6.5 from Guerrero, Mexico have been included
in the analysis,

The data used in the regression amounts to 280 records, originating from a number of
sources, as shown in Table 2.1. There are 72 different earthquakes represented in the data
and arcund one hundred recording stations.

Central American Atienuaiion Page 2
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A, Clirnent et al.
Number
of Country Institution providing the data
records
102 Costa Rica University of Costa Rica (UCR),
San Jose, Costa Rica
62 Mexico University of Mexico (UNAM),
Mexice City, Mexico
55 Costa Rica Instituto Costrarricense de Electricidad (ICE),
San fose, Costa Rica
34 Nicaragua  Institwto Nicaragiiense de Bstudios Territoriales (INETER),
Managua, Nicaragua
15 El Salvador Centro de Investigaciones Geotecnicas (CIG),
San Salvador, El Salvador
8 Nicaragua, United States Geological Survey (USGS)
Ei Salvador Boulder, Colorado

Table 2.1 Number of records contributing to the analysis by country and bv agency pro-
viding the data.

The earthquakes are classified as subduction zone {(SU) or shallow crustal (SC) events. As
shown and discussed in more detail in Section 5, the observations do not unequivocally
call for separate grouping of subduction and shallow crustal events.

The recording sites are classified as rock or soil sites, and this is an active parameter used
in the regression analysis. There are 92 rock site recordings (about 1/3 of the data set). In
three cases, the site conditions remain undetermined and are classified as unknown
(UNKN). In the actual analysis, these few records have been considered as deriving from
sotl sites, which then comprise a total of 188 recordings (2/3 of the data set).

The distribution of the records of Table 2.2 with respect to magnitude and epicentral dis-
tance is shown in Fig. 2.1. The correlation coefficient of the distribution is 0.45, represent-
ing a moderate dependence between magnitude and distance. As a first approximation in
this initial analysis, therefore, a simple one-step regression was applied (for a more
detailed discussion of one-step vs. two-step approaches, see Dahle et al,, 1991).

The location of epicenters and recording sites for the strong motion data are shown in Fig.
2.2. It should be emphasized that the Guemrero (Mexico) data comprise 62 of 280 records,
amounting to about 22% of the data, and mainly representing large magnitudes and earth-
quakes recorded at large distances.

Central American Atlenuation Page 3
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Throughout this analysis only the largest horizontal component of motion has been used,
selected from a data base of 280 3-component recordings. The total Central American data
base consists of 1040 single component recordings (Taylor et al., 1994), giving theoreti-
cally almost 350 3-component records. The selection of fewer recordings in this analysis
is caused by; i) existence of duplicate recordings (El Salvador data from CIG and NGDC)
and ii) Guerrero, Mexico data only above magnitude 6.5 were used.

2.2 Magnitudes and Locations

The magnitude distribution (Fig 2.3) shows that magnitudes around 5-6 and 8 are well
represented. The important high magnitude coverage is obtained by the inclusion of the
Guerrero (Mexico) data. For more details concerning the determination of source parame-
ters for the selected events we refer to Taylor et. al. (1994) and Segura et al. (1994).

Magnitudes M, were established for the Central American data either directly from Har-
vard moment tensor solutions whenever availabie, or by regression equations developed
by Roijas et al. {1993 b) for different magnitude types versus M,

The work by Rojas et al. (1993 a) contains severzal alternative locations and magnitudes
for particular earthquakes. A special catalogue linking the preferred location and magni-
tude to the strong motion data was established and entered into the headers of the strong
motion data files before we commenced the processing and analysis. The order of priority
of the magnitudes used for conversion to My, were Mg (surface wave), my, (body wave),
Mp(local), respectively.

For the Guerrero (Mexico) data the moment magnitudes were taken from Ordaz and Singh
{(1992).

2.3 Hypocentral Distance and Focal Depth

The hypocentral distance distribution (Fig 2.3) shows that distances less than about 150
km are most common, but that hypocentral distances from 6-500 km are represented.

The focal depth distribution (Fig 2.4) reveals a concentration of shallow earthquakes,
although subduction earthquakes up to about 100 km focal depth are also represented.

Central American Attenuation
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Elat Elon Dt Edist  Siat Slon
Year M D H (deg) (deg) G = (em) (deg)  (deg) WP M
1996 12 22 17 27 9911 -84313 48 s¢ 259 6938  -834078 SO 60 |
L1950 12 22 17 27 SS9l 84313 48  sC 162 10021 -842i6 somL 60
P199¢ 12 2 17 27 9911 -84313 48 ¢ 562 9842 83805 ROCK 60
1990 12 22 17 27 9911  -B4313 48  SC 428 G866 83925 SO0 60
199¢ 12 22 17 27 9011 -34.313 4.8 3C 205 5.870 -84.038 ROCK 60
1990 12 22 17 27 3911 -84.313 4.3 5C 234 9.916 -34.099 SDIL 6.0
1990 i2 22 17 27 9911 34313 48  s¢ 262 9938 84073 SO 60
1950 12 22 17 27 9911  -84313 48 ¢ 485 9976 84750  SOm. 60
1990 12 22 17 27 9911  -84313 48 sC 230 9940 -84105 SoL 60
1990 12 22 17 27 991l 84313 48 SC 270 10088 34482 SOL 60
©1991° 4 22 21 56 9633  -83.148 235 SC 1074 9938  .34078  som. 76
1991 4 22 21 56 9633 -83148 235 SC 1247 10021 -34216 SOL 7§ 1
1991 4 22 21 56 9633 83148 235 sC 757 9842 -33805 ROCK 76 i
1991 4 22 21 56 9633 -83.148 235 SC 1049 9537 34054 SOL 76 i
1991 4 22 21 56 9633 -83.148 235 s¢ 887 9866 -83922 sonL 76 f
199] 4 22 21 36 9633 -83.148 235 sC 1010 9870 -84.038 ROCK 7.6 )
1991 4 22 21 56 9633 -83.148 235 SsC 1089 9916 -34099 S04 16 :
1991 4 22 21 56 9633 -83.148 235 SC 678 5374 83708 oL 76 ;
1991 4 22 21 56 9633 -83.148 235 SC 1300 9343 -84314 soL 76 j
1988 3 11 03 44 2390 83110 513 SU 1392 9856  .83913  SOL 6D
1987 7 15 11 36 9470 -84.190 365 SU 528 9859  -83913 soL 52
1988 10 23 16 01 939 83910 90 ¢ 3 985 83913 som 137
1989 2 26 12 21 9660 -84.190 280 SU 376 9859  -839i3 . SOL 54 ;
1988 i 31 23 31 770 -83.630 9.0 3¢ 325 9.859 -83.913 SO 50 3
1987 7 15 1 36 9470 -84.190 365 SU 529 9366 -83.922 somL 52
1987 7 15 14 31 9540 -34.160 404 SU 447 0866 -8392 SO 50
1987 7 15 11 36 9470 -84190 365 U 506 9516 -84099 SOL 52
1987 7 IS 14 31 9540 -84160 404 SU 423 9916 -34.099 SOL 50
1988 1 31 23 31 9770 -83630 90 SC 208 9842 83805 ROCK 50
1988 3 1i 03 44 8890 -83.11¢ S13 SU 1747 10021 -84216 SO 60
1988 3 11 D3 44 8890 83110 S13 S0 281 8645 83172 ROCK 60
1988 (0 23 16 OL 9890 -83910 90 s¢ 30 986 -83922 soiL 37
1928 5 23 13 26 8560 -83.280 51 5C 132 8645 -83.172 ROCK 42
1989 i 24 23 24 8660 -82.880 297 s 321 8.645 -83.172 ROCK 49 il
1989 2 26 12 21 9660 -34.190 280 SU 402 0021 84216 son 34
1990 4 28 01 23 8680 -83630 279 SU 305 8645 83172 ROCK 64 #
1990 12 22 17 28 9856 -84314 47 SC 274 9937 -84077 S04 55 1
1990 12 22 1728 9856 -34314 47 sC 212 10021 -84216 SOL 55 :
1990 12 22 17 28 9.856 -843l4 47 ¢ 425 9866 -83925 soL 55 B |
1990 12 22 17 28 985 -84314 47 sC 302 9870 -84038 ROCK 55
1990 12 22 17 28 9856 -843l4 47 s 244 9916 34099 SOE 55 ;
1990 12 22 17 28 9.856 -84314 47 SC 498 9977 -34751 soL 55
1990 12 22 17 28 9856 . -843l4 47- ¢ 396 9910 83956 SOL 55
1900 12 22 17 28 9856 -34314 47 s 317 10088 -84482 SOL 55
1990 6 08 00 31 9850 -84350 89 5¢C 240 10021 -84216 SOL 53
196 6 09 00 34 9900 %310 95 SC 169 10021 -84216 SOL 53 i
1990 6 16 02 22 9870 -84320 70 ¢ 203 10021 -84216  SOL 43 oy
Table 2.2. Cont. ...
Central American Afenuation Page 5 EE
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Elat Elon Dt Edist  Slat Slon
Yer M D H (deg)  (deg) Oam T Gam) (deg) (deg) WP M
1990 6 30 14 51 9820 -843380 48 SC 287 10021 -34216 SOL 35
1960 6 30 14 55 9800 -84350 50 SC 9% 10021 -84216 som 51
1996 6 30 14 59 0920 84300 195 ¢ 145 10020 -84216 Som 5]
1990 6 30 14 51 980 -84380 48 SC 326 9916 -34089 SO 53
1950 3 25 13 16 8.5350 -84 950 i62 sC 1046 9.937 -84.G77 SOIL 71
1990 3 25 13 22 0620 84928 169 SC 907 9937 84077 SO™mL 73
1950 3 25 13 16 9550 -84950 162 5S¢ 960 10021 -84216 som 7]
1990 3 25 13 22 9620 -3928 169 SO §99 10021 -B4216 som 73
1900 3 25 13 22 9620 -84928 169 st 1136 986  -83922 SOL 73
1990 3 25 13 22 9620 -84928 65 SC 1039 993  -84G37 SOL 73
1990 3 25 13 22 9620 -34928 169 SC 1014 9810  -84038 ROCK 73
1990 3 25 13 22 9620 -84928 169 SC 966 9916  -84099 SO 73
1990 3 25 13 16 9550 -84950 162 S 524 9976  -84755 S0 71
1990 3 25 13 22 9620 84928 165 SC 438 9976 -84755 SOL 73
1990 3 25 13 22 9620 -84928 169 SC 862 9431 84166 ROCK 73
1990 3 025 13 22 9620 %4928 169 S¢C 970 9040 -84105 SORL 73
1990 3 25 13 16 9550 -84950 162 SC 783 10088 -84482 som 71
1990 3 25 15 22 9620 -84928 165 SC 714 10088 -84482 son 73
1991 4 2 22 0% 080  -83505 100 SC &40 9937 84077 SoL 59
1991 4 22 22 19 9915 83413 100 SC 728 9937  -84077 SOL 59
19e1 4 22 22 07 10005 -83377 100 SC 919 10021 -34216 SO 37
1991 4 22 22 08 9.820 -83505 100 5S¢ 810 10021 -84216 SOL 59
1991 4 22 22 07 10005 -83377 100 SC 503  9.842  -§3.805 ROCK 57
1991 4 22 22 19 9915 -83413 100 S¢ 437 0842  -83805 ROCK 59
1991 4 2 22 07 10005 -83377 108 S¢ 745 9937 84054 sor 57 .
1991 4 22 22 07 10005 -83377 100 SC 617 986 -83922 SOL 57 2
1991 4 22 22 19 9915 -83413 160 SC 360 9866 -83%2 SoL 59 :
190] 4 22 21 56 9633 -33148 235 SC 1099 8645 83172 RXK 7§ :
1991 4 22 22 08 980 -83505 100 SC 659 9916 84099 SOL 59
1991 4 22 23 13 9466 -83304 100 SC 454 9373 83707 SoL 5} Rt
1991 4 22 22 07 10005 -83377 100 SC 1041 9848  -34314 soL 57 :
1991 4 22 21 56 9633 -83148 235 S¢ 1139 9431  -84166 ROCK 76 T
199 4 22 21 56 9633 -83.148 235 S 1545 10088 -34482 SOL 76 ;
1991 4 24 1% 12 944 -83.520 127 sC 34.5 9.842 -83.505 ROCK 6.1 Rt
1991 4 24 19 12 9440 -83520 127 SC 218 9373 -83707 SOL 61 3
1991 2 16 13 24 9990 -84.100 195 SC 132 10021 84216 SO 313
1991 & @2 14 9740 -34050 69 5C 203 9915 84099 SOL 47 i
1991 8 06 10 55 9740 -%403¢ 177 Sc 183 9866 -83922 SOL 47
1991 & 06 10 55 9740 -84030 77 SC 210 9916 -84009 SO 47
191 3 09 33 9771  -84038 3  SC 340 10021 -84216 SO 53
1991 3 9 33 9771 34038 53 S 267 9842 33805 RK 53
1991 08 09 33 9771 -34038 53 SC 165 9866 83922 SOL 53 !
1991 3 09 33 9771  -B4038 53 SC 175 9916  -34(99 SOL 53 ‘
1991 8 09 17 53 9810 84000 527 SC 160 9916 -34099 SOL 47
1951 & 05 o0  9.760 -34 000 7.0 sC 205 9916 -84.099 S0IL 48
1990 8 09 313 9771 84038 53 S 179 991G -83956 SOL 53 /
1992 3 07 ©L 53 10030 -34350 50 SU 147 10021 -84216 SOL 66 i
1992 3 07 0f 53 10030 -84350 850 SU 632  9.842  -83.805 ROCK 66 |

Table 2.2. Cont. ...

Central Amnerican Atichuation Page 6
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Elat Elon Dt Edist  Slat Slon
Yer M D H m o deg) xm B G ey (dew 0P Me
1962 3 07 0L 5% 10030 -84350 B850 SU 503 9866 -83922 son 66
1992 2 07 B1 53 10030  -B4330 B3D SU 208 9916 -B4000 SO g6
1992 3 07 01 5% 10030 -84350 830 U 204 9843 -8434 SO 4§56
1992 3 07 0l 33 1003 -84350 8.0 SU 450 0940 84751 SORL g6
1992 1L ™ 11 46 9920 -34.140 43 SC 140 10021  -84216  SOm 43
1992 11 03 11 48 9920 -&140 43 ¢ 45 001§  -84009 SO 43
1992 9 14 0B 34 10167 -84188 28 ¢ 190 10021 -B42i6  som 43
1987 7 15 11 36 9470 -84190 365 ¢ SU 545 9940  -84330 0L 52
1987 715 14 31 9540 -34160 404 SU 482 9940  -84330 SO 50
1987 7 15 1. 36 9470  -B41%0 365 SU 545 9940  -8433¢ ROCK 52
1987 7 15 14 31 9540 -BAIS0 404 SU 482 0945  -84330 ROCK 50
1987 8 27 & 32 9600 -84000 435 SU 246 9820 -34110 SO 46
1987 & 27 17 53 9420 84210 308 S 458 9820 -34il0 som 37
1987 (9 20 03 03 9690 84400 3550 SU 348 9820 84110 SOL 45
1988 1 31 23 31 9776 -83630 90 SC 529 980 -&110 sor 50
1988 1 31 23 40 9770  -33630 170 S 329 9820 34110 SOEL 4]
1988 3 i1 03 44 889  -83.110 513 sU 251 8950 83330 s0CK 60
1988 3 11 03 44 8890  -83.110 513 sU 1508 9820 -84l somL 69
1988 3 23 47 3% 5350  -84190 690 SY 94 9320 -24110 som 59
1986 2 26 12 21 9660 -3419¢C 280 SU 347 9043  -B4330 SO 54
1986 2 26 12 21 9660 -834190 280 SU 347 0040 -84330 ROCK 54
1990 4 28 01 23 - 8680 -33630 279 SU 446  BOSG  -83330  somL 64
1990 6 OL 03 28 9880 -84316 . 48 s 70 9846 84330  som 435
1990 6 08 00 31 9850 -34350 8% s 102 9940  -54.330 som 53
1996 6 08 06 31 9850 84350 90 SC 102 9340 -84330 ROCK 53
1990 6 08 13 46 9900 -B4280 70 ¢ 71 9540  -8433) ROCK 43
1993 6 09 00 34 0900 84310 95 sC 50 9545 34330 som 53
1990 6 08 00 34 9900 -34316 95 SC 30 9540 84330 ROGK 53
1990 6 16 (2 22 9870 84320 70 ¢ 79 9940 84330 ROCK 48
1990 6 18 09 (9 9880 -B4340 135 SC 48 9940 84330  ROCK 49
199¢ 6 30 14 51 9820 -84380 43 SC 144 9940 -3433¢ ROXCK 55
1996 3 25 13 22 9620 34928  i69 sC 1234 10700 8590 som 73
1996 3 25 i3 16 9550  -84950 162 SC  H06 9840 -84330  som 73
1996 3 25 i3 22 9620 -84928 169 SC 746 9940 -84330 som 73
199¢ 3 25 13 22 9620 34928 169 ¢ 1044 9470 83990 som. 73
1990 3 25 i3 22 9420 -84928 169 SC 974 10480 -34760 SO 73
1996 5 20 19 56 9860 -84260 150 sC 117 9%40 84330 som. 50
1990 5 30 23 05 9350 -84270 136 5C 120 9940  -34330 SO 51
1980 5 31 08 59 9880 84310 39 s¢ 70 6940 -34330 somL. 43
909G 12 22 17 27 8911 84313 48  SC 319 10250 84280 ROCK 6D
91 3 16 9 02 9720 -85665 300 SU 1033 10460 -85100 somL 63
1991 4 22 21 56 9633  -83.148 235 SC 1338 9940  -84330 som 74
1991 4 22 21 36 9633 83148 235  sC 1334 9540  -34330 RXK 76
1991 4 22 21 56 9633 -§3.148 235 SC 1417 10250 -84.280 ROCK 7§
1991 4 27 05 42 10060 -83320 222 SC 363 9040 83630 SOL 53
991 4 27 05 42 10060 -33320 222 8¢ 168 10040 -83500 som 53
1991 & 09 17 57 9810 84000 52 S€ 7% 9740 -84DI0 ROCK 47
1990 8 09 18 00 9760 -34000 70 ¢ 23 0740  -840l0 ROCK 4.8

Table 2.2. Cont. ..
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Elat Elon Dt Edist  Slat Slon
Yer M D H (deg)  (deg) G O (am) (de) (deg) P M
1981 11 160 08 20 9.870 -83420 119 SC 243 9940 83630 SOL 53
1991 11 16 08 20 9870 -83420 119 SC 208 10040 -33500 ROCK 53
1992 3 07 ¢ 53 10030 -84350 850 S¢ 1183 10700 -B5.190 SO 66
1992 3 07 01 53 10030 84350 850 S 493 9740  -840l0 ROCK 66
1992 3 07 01 53 10030 -84350 850 SU 102 9940  -34330 ROCK 66
1992 3 07 01 53 10030 -834350 850 SU 737 9470 83990 SO 4§
1992 3 07 01 53 10030 84350 350 U 950 10460 -85.100 SOL 66
1992 1L 03 1I 46 99520 -84140 43 sC 209 9940 -84330  somL 43
1993 7 08 25 18 9750 83690 136 SC 1 994 831630 0L 53
1993 7 10 20 40 9760 -83680 132 SC 205 9540 83630 soL 53
1993 7 10 21 11 9760 83660 133 SC 200 9940 83630 Som 39 |
1993 7 13 15 10 9720 -83660 144 SC 223 9940 -83630 somL 52
1991 4 2 21 56 9633 -83348 235 SC 355 10040 83500 SO 76
1990 12 22 17 27 9811 84313 48 5C 37 9940 84330 ROCK 60
1972 1 5 5 55 12280 86230 330 5S¢ 184 12140 -86320 SOL 45
1972 1 5 5 55 12280 -86230 330 sC 194 1211 8627  som. 43
1972 12 23 07 17 12130 86300 50 s¢ 24 12140 86320 soL 54
1972 12 23 06 29 12150 86270 50 SC 55 12140 86320 SOnL 64 |
1972 12 23 07 18 12160 86300 50 SC 31 12140 8630 somL 57
1967 11 18 22 43 13050 -89420 700 SU 741 13680 -89.198 UNKN 59 i
1968 0! 04 19 04 12100 -86300 50 ¢ g4 12150 86270  SOL 49 :
1973 03 31 26 13 12100 -86300 50 ¢ 34 12110  -86270 SOOI 46
1978 4 i2 1§ 5@ 12490 -87.895 . 582 SU 839 12330 -§7140 SO 55
1978 5 31 0r 07 12335 87610 555 SU 1628 1211¢ -86.130 SOL 65 ;
1978 5 31 0 07 12335 -876l0 555 SU 1469 12160 -8627¢ SOL 63 i
1978 5 31. 6L 07 1233 87610 555 SU 1625 11850 86200 SOL 65
1978 5 31 01 07 12335 87610 555 SU 780 12440 86900 SOL  §3
1978 5 31 0t 07 12335 -87610 555 SU  5E1 12330 -87.140 SORL 55
1978 5 31 01 Q7 12335 87610 555 SU 504 1248¢ -8TI70  So& 65
1980 6 06 20 35 12445 -87.882 460 SU 847 12610 87120 soL. 53
198¢ 7 I3 23 37 9.U86 8408 410 sU  3I55 11430 -8580 S0 47
1983 7 18 12 52 12270 87830 630 SU 1700 12160 %6270 SOL 65
1983 7 18 12 52 12270 -§7830 630 SU 1670 12130 -86300 SO 65
1978 7 20 09 34 11975 -868% 720 SU 844 12110 -86130 som. 55 _
1978 7 20 09 34 11975 -86.8%4 7i0 SU 709 12160 -86270 SOL 55 i
1978 7 20 09 34 11975 -88% 720 SU 768 1180 -86200 SOL 55 |
1978 7 20 09 34 11975 -868%4 720 SU 517 12440 -86900 OB 33 i
1978 7 20 09 34 11975 -868% 720 SU 477 12330 -87.140 soL 55 4
1978 7 20 09 34 11975 -868%4 720 sU 743 12610 87120 sOoL 55 :
1978 7 20 09 34 11975 -86894 720 SU (288 11430 -85850 som 55 ’
1978 7 20 09 34 11975 868% 720 SU 669 12130 -86300 OB 55 '
1978 7 20 09 34 11975 -86.894 720 SU 769 12150 -86210 SOL 55
1978 7 20 09 34 11975 86894 720 SU 716 12110 -86250 SO 55
1978 7 20 09 34 11975 -86804 7206 SU 703 12140 -86270 SOR 53
1978 7 20 09 34 11975 -868%4 720 SU 637 12480 87170 SOL 35
1980 8 Ol 08 16 12364 -87877 519 SU 801 12330 -87.140 SO 3§
1980 08 0L 08 16 12364 87877 519 sU 866 12610 7120 SOL 56
11977 09 03 22 33 12332 87729 512 SU §40 12330 87140 SO 57 4
Table 2.2. Cont. ... :
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Elat Elon Dt Fdist  Siat Slon
| Yew M D H Geg) (e Gm) T m) (deg) (deg) O Mu
1977 09 03 22 33 12332 -87.729 512 s 73.0 12630 -87.12¢ som 3.7
1977 0% 30 07 10 108% -86.150 700 sU 684 11430  -83.850 SOIL 5.8
197¢ 10 01 1z 14 11957 -26.063 4.9 8 4.0 1970 -36.100 Son 4.1
1981 10 l& 08 09 12384 -87.643 525 U 62.1 12610 -87.120 S0om 33
1983 10 18 09 33 12607 -87.734 920 sU 1828 12,110 -86.130 SO 53
1981 16 20 19 43 10%57 -85.294 25 3¢ 2018 12610 -87.120 SO 4.1
P 1981 10 14 08 09 12384 -87.643 525 sU 550 12330  -87.140 SO 53
1981 10 14 11 3G 12439 87869 316 sU 80.1 12.330  -87.140 SOIL 5.1
1986 10 16 17 49 13673 -39.203 80 5C 57 13.7:14  -83.171 SO 3.7
1986 ¢ 10 17 49 13673 -89.203 8.0 3C 43 13700 -88.175 S0B 57
1986 16 10 17 49 13673 -89.203 80 8C 53 13721 -89.206 SOIL 5.7
98¢ 10 10 17 49 13673 -390.203 8.0 5C 45 13712 -8391215 SO 57
1986 16 10 17 49 13673 -89203 8.0 s 38 i36831 89237 SOIL 57
1986 10 g 17 49 13673 -89.203 80 L 62 13713 -39.243 S0 5.7
199 3 12 91 09 12733 87999 530  S8U 636 13307 -87.838 ROCK 53
1988 11 04 Q2 43 13775 -9091s 860 sC 1163 13925  -89.850 SOIL 5.7
1992 7 (@ 1z 34 14050 -89.866 280 sC 146 33978  -89.753 o0 33
992 2 08 16 30 1396 -83.733 200 sC ] 13978 -89.753 SO 30
1987 11 7 03 40 122380 -87.580 300 SU 2346 13712 -89.170 SO 65
1992 6 06 15 51 12635 -BBS536 800 U 949 13486  -88.471 SO 56
1992 1 12 54 14140 91110 768 SU 1298 13901 -39.932 soiL 4.5
188 11 03 14 47 13.090 -90440 690 SU 1457 13677 -89236 SOIL 6.6
1976 2 D4 09 02 15279 -89193 300 ¢ 1756 13700 -89.130 SOIL 7.5
1979 13 27 14 36 13794  -90.391 500 sU 1851 13700 -R9.180 S0 6.8
1988 11 03 14 47 13090 -90440 620 SU 1126 13925 -89.850 SOIL 6.6
1983 3 13 23 28 12970 -89470 170 50 1055 13646 -83786 SoiL 53
1988 63 13 23 29 12876 -88470 300 SU  1&802 13721 -85.206 SOIL 53
1985 09 19 00 o0 18140 -102710 160 U 3943 19330 -99.183 ROCK 80
1985 (9 19 00 00 18140 -102710 160 sU 39635 19358 -92.171 SOIL 8.0
1885 (09 19 00 Q0 18140 -102710 160 SU 3959 19403 -99.1%4 SOIL 80
985 (@9 19 00 00 18140 -i02.710 160 SU 4846 19043 98212 SO 8.4
1985 09 19 00 Q0 13:i40 -102710 160 sU 8.8 184073 -102735 ROCK 80
1985 09 19 @0 (G 18140 -10271¢6 180 SU 566 18047 -10Z2.18 ROCK 540
1985 09 19 00 00 18340 -102710 180 U 973 17982 -101.805 ROCK 80
1985 08 19 ® & 18140 -[02710 160 SU 14546 [7603 -10i455 1NN 8
1985 09 19 G0 00 18140 -102710 1606 SU 1986 17328 -101040 ROCK 30
1985 09 19 00 00 18140 -102.710 160 sU 2415 17226 -100842 ROCK 3
1985 09 19 00 00 18140 -1027i0 164 SU 2626 17211 -100431 BOCK 80
1985 99 19 00 00 18140 -102710 180 sU 2862 17.045 -100266 SOIL 80
1985 09 19 00 00 18140 102710 160 SU 3054 16997 10009 ROCK 30
1985 99 19 $0 00 13140 -102710 160 s¢ 3358 16913 99316 ROCK 30
1985 09 19 00 00 18140 -102710 168 sU 3602 18769  -99.633 ROCK 80
1985 (09 19 00 00 18140 -102710 160 sU 3671 17007 -99457 ROCK 80
1985 09 19 00 00 18140 -102710 180 SU 33530 17250 99511 ROCK 30
1985 09 19 {0 00 18140 102710 160 SU 3478 18617 -99.453 ROCK 8.0
1985 09 21 D0 OO0 17620 -101.820 200 svU 387 17603 -101455 TUNKN 75
1985 09 21 D0 00 17620 -101.820 200 su 389 17323 101040 ROCK 76
1985 09 21 00 00 17620 -101.820 200 SU 1324 17226 -100642 RXK 7§

Table 2.2. Cont. ...
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Elat Elon Dt Edist Slat Slon
Year M D H B o ey am D ) (dep)  (deg) U M
1985 09 21 OO 00 17620 -101.820 200 suU 186.3 16997 -100.090 ROCK 7.6
1985 0% 21 DO 00 17620 -101.820 2048 SU 2308 15769 90835 ROCK 7.6
1985 G 21 00 00 17620 -101.820 200 K14 735 18617 99453 ROCK 76
1985 89 19 00 QG 1814 «102.71 160 sU 2624 17211 130433 ROCK 8.0
198 Q09 19 80 00 1814 -102.71 160 U 1447 17.608 -101462 ROCK 8.0
1985 09 ¢ OG0 00 1314 -102.71 i6.0 sU 9.0 18071 -i02.754 ROCK 8.0
1985 (9 19 OO0 OO 18.14 -102.71 16.0 su 286.1 17045 -100267 500, 80
985 09 19 G0 00 (814 -102.71 160 U 3026 16995 -100.120 ROCK 3.0
1985 99 19 G0 00 1314 -102.71 6.0 U 3596 16761 -96 644 ROCK 8.0
985 09 1 00 00 1814 -102.71 16.0 sU 1988 17328 -101.039 RKK 80
1985 (9 18 00 Q0 18.14 -102.71 160 sU 2419 17224 -100.639 ROCK 80
1985 G99 19 00 00 1814 -102.71 180 8U 56.8 17580 -101810 BROCK 80
198 0 19 00 00 1814 -102.71 160 SU '56.1 18.645 -102.189 ROCK 80
1985 0% 19 Op 00 1314 -102.71 160 SU 3355 16913 -0081% ROCK 8.0
1985 05 21 00 OO0 1762 -101.82 200 sy 1540 1721t -i00433 ROCR 756
1985 09 21 Q00 006 1762 -101.82 20.0 50 380 17608 -101462 ROCK 76
1985 09 21 00 00 1762 -141.82 20.0 St 1768 17045 100267 S0 76
1985 09 21 ¢ 00 1762 -101.82 200 s 1934 [6995 -100120 ROCK 78
1985 09 21 00 00 1762 -101.82 200 St 2501 18781 -00 644 ROCK 7.6
i%%s 09 21 00 00 1762 -101.82 200 sy 89.1 17325 -101039 ROCK 76
1985 09 21 OO0 OO 1782 -101.82 2090 sU 1328 17224  -10063%9 ROCK 76
1935 (9 21 O OO0 1762 -101.82 200 84 40.0 17980 -101810 ROCK 748
1985 09 21 06 00 1782 -10 .82 200 SU 2266 16813 S0 810 ROCK 7.6
1989 04 25 OO 00 1658 9948 170 s 1233 17211 -100433 ROCK 69
1986 04 25 0O 00 1658 -99.48 170 sy 934 17045 -100267 SOIL 6.9
198 04 25 0C 00 1658 -09.48 170 SC 2039 18.122 -ig0s20  ROCK 69
1980 04 25 0OC 00 1658 9948 170 S 334 16610 -9893%0 ROCK 89
1989 04 25 o0 0 1658 05048 170 517 323 16995  -100).120 ROCK 6.9
1989 04 25 QOC 00 1658 -99.48 170 su 26.7 16.761 -95 644 ROCK 6.9
1989 04 25 00 00 1658 9948 17.0 su 1230 17650 993840 ROCK 69
1989 G4 25 06 00 1658 0248 170 SU 1668 17344 -I00830 ROCK 65
1989 (4 25 00 00 1658 -99 .48 17.0 5u 1485 17387 -100.594 ROCK 6.9
1989 84 25 Q0 00 1658 9948 176 56 477 17.008 -99457 ROCK #9
1989 04 25 00 00 16.58 -99.48 17.0 5U 602 17038 -99.380 ROCK 69
1989 04 25 OO0 OO 16.58 09948 170 sy 741 17246 -99.507 ROCK 59
1989 04 25 00 00 1658 -09.48 170 U 1161 317343 100225 ROCK 6.9
1980 04 25 00 00 1658 -99.48 17.0 SU 218 16772 99439 ROCK 59
1980 (04 25 00 00 1658 -99.42 170 S 2262 18614 99453 ROCK 69
158¢ 04 25 00 OO0 1658 -99.48 170 U 332 8758 -99230 ROCK 59
1280 0G4 25 DG 00 1638 9943 17.0 L) 517 16913 -99 819 ROCK 69
1939 04 25 00 0 1658 99 48 17.0 U 62.6 17081 99726 ROCKE 69

Table 2.Z Records used in the regression of response spectral ordinates. M=month,
D=day, H=hour, m=minute, Elat=epicentral latitude, Elon=epicentral longitude,
Dt=depth of focus, Ev=event class (SU=subduction event, SC= shallow crustal
event), Edist=epicentral distance, Siat=station latitude, Slon=station longitude,
Stype=recording site classification (rock, soil or unknown), M=moment magni-
tude,

-
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Figure 2.1 Magnitude and distance distribution of the strong motion data used in the
regression of response spectral ordinates. The data points plotted correspond to
Table 2.2. Open squares represent Central American data, while the asterisks corre-
spond to the Guerrero, Mexico data.
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Figure 2.2. Epicenters and stations for the records in Table 2.2 used in the regression of
response spectral ordinates.
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Figure 2.3, Distribution of hypocentral distances for the 230 strong moticn records from
Central America and Guerrero, Mexico.
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Figure 2.4, Distribution of focal depth forthe 280 strong motion records from Central
America and Guerrero, Mexico.
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Figure 2.5. Distribution of moment magnitude for the 280 strong motion records from

Central America and Guerrero, Mexico.

Central American Aftenuation

August 1994

Page 14




A, Climent et al. August 1994

3  Data Analysis

The analysis of data is based on a simple one-step procedure incorporating a term that
accounts for soil amplification. This procedure requires a classification of recording sites
(rock or soil), which was performed as a part of the data base establishment (Taylor et. al.,
16G4).

3.1 Model formulation

The initial analytical approach taken to develop prediction equations for earthquake
ground motion was based on the general linearized form of the ground motion amplitude
formula; ‘

L4 | oo

G i ~J !
InA = ¢; + e, M+ G (r,ry) +¢4r+¢55 + Ine 2)

where M is moment magnitude, r is hypocentral distance, S is zero for rock sites and 1 for
soil sites and Ing is a normally distributed error term with zero mean and standard devia-
tion ¢ ie. Ing = N{0, o).

Theterm G{(r, rq) describing the geometrical spreading is a conventional Herrmann
and Kijko (1983) type of model which incorporates purely spherical spreading in the near
field below a certain critical distance ry and somewhat weaker spreading corresponding to
Airy phase (c3=5/6) beyond this distance in the time domain {which is the case for
response spectral estimates) and cylindrical spreading {c3=1/2) in the frequency domain
(Fourier spectral estimates). In the inversions the c3-parameter can then either be fixed at
these values or determined independently by the data:

{'r‘l r<r,
rgt (_,9] r>r0‘}
L rs

The distance ry was chosen here as 100 km, which is a commonly adopted value, and the
spreading model is fixed to spherical spreading below this distance, i.e. the only coeffi-
cient to be estimated for geometrical spreading is ¢5 applicable for distances above 100
km.

A simpler aliernative t¢is a model with one common geometrical spreading parameter
applicable for ali distances:

InA = ¢c;+c,M+ cylnr+c,r +cSS + Ine e

When performing the initial regressions using the Herrmann and Kijko type of model, we
obtained a poorer fit in terms of standard errors, compared with that derived using equa-
tion {4). ’

Using equation (3) we also derived results that were physically less realistic, and equation
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(4) was therefore eventually chosen as the preferred analytical model for the inversion.
The comparison of Hermann and Kijko model regression resuits with those obtained usmg
equation {4) is presented in more detail in Section 5.1.

3.2  Bayesian analysis

One of the basic problems in the estimation of prediction equations for earthquake ground
motion by ordinary least squares procedures, is that the resulting coefficients may not con-
form to the physics of wave propagation. In particular, those physical effects which are
dependent on distance (geometrical spreading, anelastic attenuation and dispersion) may
be difficult to resclve in terms of physically meaningful, predictive coefficients (see Sec-
tion 5).

The fact that seismological problems may be described by physical theory, presents some
important a priori expectations of the coefficients that represent different physical proper-
ties of the wave-field. Also, earlier empirical and analytical results pertaining to the same
problems, contribute directly to a better understanding of the distribution of the coefficient
values in equations (3) and (4). Bayesian analysis (Broemling, 1985) combines informa-
tion contained in the above mentioned background sources with the actual empirical data
being analyzed, resulting in predictive equations that are more in accord with the a priori
expectations, and avoid physically unrealistic coefficient values,

The bayesian approach to the determination of attenuation regression coefficients by equa-
tion (4) incorporates the prior information on the distribution of individual coefficients.
Following the requirements of the procedure and computer program of Ordaz et al.
(1994), we have assessed the 90% confidence interval for each of the parameters ¢;-c5 and
determined the standard deviation SD corresponding to half of this range divided by 1.7

(SD=RANGEgqq/3 4).

The coefficients ¢y, ¢4 and c5 may be frequency dependent and therefore require a some-
what more comprehensive estimation of prior distributions than do ¢; and c3. The prior
values for each of the coefficients are discussed in the following.

Coefficient ¢y

The coefficient ¢, relates to the earthquake source. In assessing the 90% confidence inter-
val for this coefficient, we have adopted the wide range approach used by Ordaz et al.
(1994) allowing for a variation in this parameter by 3 natural logarithmic units either way.
However, since we have included the term c4S to account for site effects in equation (2),
we have narrowed this interval by 0.5 natural logarithmic units on either side of the a pri-
ori center value. This corresponds to the average soil amplification of PGA found by
Boore et al. {1993) for Western North America. The center value was chosen as corre-
sponding to the least squares solution of ¢, for the daia set, but no frequency variation was
accounted for as the5 unit range of variation in natura] logarithm was considered wide
enough to allow this coefficient to be determined by the empirical data. Prior values of ¢
for the bayesian regression of spectral ordinates are given in Table 3.1.

-
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' Frea. mean 5% 95% x !
i (Hz) value confidence  confidence c? '
| all -5.3 2.8 -7.8 40 |

Table 3.1. Prior input values for ¢, applied in the bayesian regression of sirong motion
spectral ordinates.

Coefficient c;

The magnitude scaling coefficient ¢, was considered theoretically using the simple Brune
model for far-field displacement spectra (Fig. 3.1) and found to have a mean value around
1.2 for PGA (as derived from 40 Hz PSV}, increasing rapidly towards lower frequencies
and with a strong sensitivity to magnirude. This mean PGA value was also confirmed
empirically by considering the average of 11 PGA relations published by Campbell
(19835), 1t was not considered feasible at this stage to include a magnifude-dependent mag-
nitude scaling as indicated from Fig. 3.1.
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Figure 3.1. Theoretical mean values of ¢, as a function of frequency and magnitude.
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The mean value of ¢y at 0.25 Hz was chosen to be 2.0 (corresponding to the theoretical
value from Fig. 3.1 at a magnitude around 7), and for all frequencies 5% and 95% confi-
dence values were selected as corresponding to the mean 0.5 magnitude units respec-
tively. For frequencies between (.25 and 40 Hz, the prior values for the bayesian
regression were determined by linear interpolation between the low- and high-frequency
values as given in Table 3.2.

| Freq. mean 5% 95% 1
(Hz) value confidence  confidence o
0.25 2.00000 1.50000 2.50000 116
0.35 192857 142857 2.42857 ii6
0.50 1.85714 135714 235714 116
0.70 178571 1.28571 2.28571 116
1.00 171429 1.21429 221429 11.6
1.40 1.64286 1.143286 2.14286 11.6
2.0 1.57143 1.07143 207143 11.6
P32 1.50000 1.00000 2.00000 116
50 1.42857 0.92857 1.92857 116
7.0 1.35714 0.85714 1.85714 i1.6
10.0 1.28571 0.78571 1.78571 11.6
140 1.21429 0.71429 1.71429 i1.6
20.0 1.14286 0.64286 1.64286 i1.6
28.0 1.07143 0.57143 1.57143 116
40.0 1.00000 0.50000 1.50000 116

Table 3.2. Prior input values for ¢, applied in the bayesian regression of strong motion
spectral ordinates.

Coefficient C3

The ¢3 coefficient relating to geometrical spreading is constrained by theory between -0.5,
corresponding to non-dispersive propagation of cylindrical surface waves, to -1.0 corre-
sponding to spherical spreading of body waves. Int the time domain (which is the case for
response spectral ordinates) the spreading should be close to Airy-phase spreading with a
coefficient c3 of about 0.8. This figure was chosen as the center value, but with a wider
range for the 90% confidence interval (-0.3 to -1.3) than theory predicts, allowing for a
wide empirical variation of this parameter. Prior values of c¢3 input to the bayesian regres-
sion of speciral ordinates are given in Table 3.3.
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! Freq. mean 5% 95% L
| (Hz) value confidence  confidence ol
L al 0.8 0.3 .13 11.0

Table 3.3. Prior input values for cg applied in the bayesian regression of swong motion
spectral ordinates.

Coefficient ¢4

Anelastic attenuation is determined by the coefficient ¢4 through the formula:

=
%4 =35 )

where { is frequency, v is Lg wave velocity (around 3.5 kmy/s) and Q is the quality factor
often expressed as:

Q=0 Ofﬂ )
where Qg is a constant, f is frequency and 1) is a positive constant less than unity.

In this analysis we adopted 1 = (.66 as found for Mexico (Ordaz and Singh, 1992) while
we determined Qg using equations (5) and (6) from the least squares solution of ¢ for the
present response spectral data at 10 Hz (¢4=-0.00199), resuiting in Qg=986.

Mean values for prior estimates of ¢4 at all frequencies have thus been determined by
equations (5) and (6), using this value of Qg as determined by ieast the squares solution of
¢4 at 10 Hz. The bayesian inversion has been constrained by a relatively narrow, 90% con-
fidence interval for ¢4 in order to maintain a physically realistic anelastic attenuation, ie. a
¢4 coefficient less than zero. The 5% and 95% confidence values for ¢4 were chosen as the
mean value F0.0052 for all frequencies. The value 0.00052 corresponds to 0.9¢c4 at 0.25
Hz.

Table 3.4 shows the prior input values for ¢, entered in the bayesian regression for ali fre-
quencies analyzed.
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Freq. mean 5% 95% 1
(Hz) value confidence  confidence ol
0.25 -0.00057 -0.00005 -5.00108 10842130.0
(.35 -0.00064 -(.00012 000115 i0842130.0
0.50 -0.00072 -0.00020 -0.00124 10842130.0
0.70 -0.00081 -0.00029 -0.00132 10842130.0
1.0 -0.00091 -0.00039 -0.00143 108421300
1.4 -0.00102 -0.00050 -0.00154 108421300
2.0 -0.00115 -0.00064 -G.00167 10842130.0
32 -0.00135 -0.00083 -(3.00187 10842130.0
5.0 -0.00157 -0.00106 -0.00208 108421300
7.0 -0.00176 0.00125 ~(.00228 108421300
10.0 -0.00199 -0.00147 -0.00251 10842130.0
140 -0.00223 0.00172 -0.00275 10842130.0
20.0 -0.00252 -0.00200 -(3.00304 10842130.0
28.0 -0.00282 -0.00231 -0.00334 108421300
40.0 -0.00319 -0.00267 -0.00371 10842130.0

Table 3.4. Prior input values for ¢4 apphed 1n the bayesian regression of strong motion
spectrai ordinates.

Coefficient c;

For ¢, which factors the site response for average soil vs. rock, an average amplification
level has been selected from values obtained by Boore et al. {(1993) for Western NA,
which is about 0.2 log; o units (amplification of about 1.6). In terms of In-units, this corre-
sponds to about 0.5.

The soil amplification at low frequencies {0.23) is acrmaily much higher than for PGA
(where often none is found), and for the prior mean value at this frequency, we have
selected 1.0 as the appropriate mean value, corresponding to an amplification of about 2.7,

The 90% confidence interval (mean value £0.6) has been set wide in order to accommo-
date de-amplification which may also be observed for high frequencies (PGA) at certain
sites. The prior values between 0.25 and 40 Hz were determined as before by linear inter-
polation, and are shown in Table 3.5.
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 (Hz)
0.25
0.35
0.50
0.70
10
14
20
32
50
7.0
106
14.0
200
28.0
40.0

Freqg.

mean
value

1.00000
0.96429
0.92857
0.89286
0.85714
0.82143
0.78571
0.75000
0.71429
0.67857
0.64286
0.60714
0.57143
0.53571
0.50000

5%
confidence
0.40000
0.36429
0.32857
0.29286
0.25714
0.22143
0.18571
0.15000
0.11429
0.07857
0.04288
000714
-0.02857
-(3.06429
-0.10000

95%
confidence
1.60000
1.56425
1.52857
149286
1.45714
1.42143
1.38371
1.35000
1.3142%
1.27857
1.24285
1.20714
1.17143
1.13571
1.10006

=
o2
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
8.0
3.0
80
8.0

Table 3.5. Prior input values for c5 applied in the bayesian regression of strong motion

spectral ordinates,

Scatter coefficient &

In addition to ¢¢-cs there is also a need for assessing the 90% confidence interval for the
sigma parameter in equation (4). Sigma values are normally found in the range 0.4-0.9 for
most empirical regressions. Values outside the range 0.1-1.3 are unlikely, as noted also by
Ordaz et al. (1994}, and this wide range for sigma has therefore been used for determining
r’ and A, the proportionality coefficients used to establish the covariance matrix for the
bayesian estimation procedure (Ordaz et al., 1994). The 0.1-1.3 distribution of sigma cor-
responds tor’=2.05 and A’ = 0.644 , values that were used in the bayesian regression.
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4 Results

Regression coefficients and standard errors obtained by the bayesian least squares proce-
dure using equation (4) are given in Table 4.1 for response spectral PSV in m/s, and in
Table 4.2 for PGA in m/s?.

The relations are shown for PSV at 0.25 Hz (extreme low frequency), 1.0(1{2 {near top of
spectrum) and for PGA (high frequency asymptote) in Figs. 4.1-4.3.

The relations are tuncated for distances below 6 kin in accordance with the limitation of
the data set and the common assumption that the earthquake ground motion is constant In
the near field.

Scatter plots for the regression of PGA are shown in Figs. 4.4 and 4.5 for observed/pre-
dicted PGA versus distance and magnitude, respectively. These scatter plots are produced
by an ordinary least squares regression, which is equal to the bayesian procedure for dem-
onstrating the uniform scatter in distance and magnitude for the observed versus predicted
values, since the sigma value merely increases from 0.73 to 0.75 between the respective
procedures.

fHz) ¢ V) 3 c Cs Cbay  Yis
0.25 -7.441 1007 -0.601 -0.00040 (.49¢6 0.73 0.67
050 -7.348 1.128 -0.728 -0.00053 0.536 .79 0.75
100 -6744 1081 -0.756 -0.00077 0.588 0.82 0.79
200 -5862 0917 -0726 -0.00107 0566 082 081
500 -4876 0642 -0.642 -000156 0470 0.82 0.80
1000 4726 0483 -0.581 -000199 0.381 0.80 078
2000 -5.487 0447 0550 -0.00245 (.309 0.78 0.75
4000 -7.214 (553 0537 -0.00302 (0327 075 073

Table 4.1. Regression coefficients according to equation {4) for response spectral PSV 1n
m/s for the largest horizontal component of ground motion at 5% damping. The
sigma values are given for the bayesian regression (bay) and the least squares (is) for
comparison.

¢y o) c3 c4 ¢s Ty T

PGA -1.687 0553 -0.537 -0.00302 0327 0.75 0.73

Table 4.2. Regression coefficients according 0 equation {4) for response spectral PSV in
m/s? for the largest horizontal component of ground motion at 5% damping. The
sigma values are given for the bayesian regression (bay) and the least squares (Is) for
comparison. -
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Figure 4.1. Attenuation relations for PSV at 0.25 Hz for the largest horizontal component
of ground motion at 5% damping, for rock (solid line) and soil (dashed line).
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Figure 4.2. Attenuation relations for PSV a: 1.0 Hz for the largest horizontal component
of ground motion at 5% damping, for rock (solid line) and soil {dashed line).
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Figure 4.5. Ratio of observed to predicted PGA as function of moment magnitude in ordi-
nary LS fit. The dotted lines correspond to the sigma vaiue of 0.73 estimated for the
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inversion.

The coefficients in Table 4.1 (and 4.2) are smoothed values except for the 0.25 Hz and

PGA (40Hz) values. The smoothing was done {(as is evident from Section 3 describing the
prior information for the bayesian regression) on the basis of nearly twice the number of g
points in frequency as those shown in Table 4.1, using & conventional third order polyno- !

mial fit.

The un-smoothed coefficient values together with the smoothed curve (values) are shown
in Figs. 4.6 for c{-c4 and in Fig. 4.7 for c5 and ¢ . Predicted spectra for various combina-
tions of magnitude(s), distance (s) and site condition(s) are shown in Figs. 4.8-4.10.
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line) for coefficients ¢;-C4.
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Figure 4.8. Predicted spectra for 6 km (upper) and 80 km (lower) distance shown for soil

and rock site conditions.
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Figure 4.9. Predicted spectra for distances between 5-80 km shown for magnitude 5.5 and

7.5 for rock and site conditions.
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Figure 4.10. Predicted spectra for soil and 1-"ock site conditions a: 6 and 20 km distance for
magnitudes 5.5 and 7.5.
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5 Discussion and Conclusions

5.1 Validation of analytical modei

The initial regression analyses were performed with the Herrmann and Kijko type of
maodel {equations (2) and (3)) for a critical distance ry of 100 km. This resulted in a PGA
(in m/s*) relation for the largest horizontal component of ground motion at 5 % damping
with the following coefficient values conforming to equations {2) and (3) in g bayesian
regression: ¢;=-0.446, ¢;=0.629, c3=-0.394, c4=-0.001, c5=0.267 and sigma 0.84. This
relation was used in a hazard study for Panama by Camacho et al. (1994a), which was
later updated with the relations presented in Section 4 (Camacho et al., 1994b).

Ordinary least squares regressions were performed both with the Herrmann and Kijko
model (equations {2) and (3) and for the simpier model {equation {(4)). A comparison of
regression coefficients is given in Table 5.1, showing that:

1} The Herrmann and Kijko model (equation (2) and (3)) produces a larger variance
except for the very low frequency at 0.25 Hz.

2) The coefficients c3 and ¢4 are much closer to the physically acceptable values for the
simple model represented by equation (4).

In fact the simple model presented bin equation (4) gives physically realistic values for
geometrical spreading and anelastic attenuation for frequencies above 1 Hz, while the
Herrmann and Kijko model fails to do so for all frequencies. As a consequence, the simple
model {equation (4)) was preferred for the bayesian regression analysis.

It should be noted here that the Herrmann and Kijko model works well for Fourier spectra
of the Guerrero, Mexico data {(Ordaz and Singh, 1992).

5.2  The use of Guerrero data

One of the main concerns in merging Guerrero (Mexico) data with the Central American
data to strengthen the coverage at high magnitudes is the possible misfit of the two data
sets. This has been evaluated by plotting the observed PGA (derived from PSV at 40 Hz),
corrected to the nearest magnitude using the ¢, coefficient of Table 4.1, simultaneously for
both data sets, together with the mean curve for the ground motion relations.

Fig. 5.1 shows these comparative plots for soil site observations, while Fig. 5.2 shows the
same plots for rock site observations. It may be concluded that no difference is clearly vis-
ible in the data, neither for rock conditions nor soil conditions.

The numerical effect on the ground motion relations by including the Mexican data has
been studied by computing PGA and PSV (at 1 Hz) relations, with and without the Mexi-
can data. .

The prediction equation for PGA in m/s* for the largest horizontal component of ground
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motion at 5% damping using only Central American data was found to be:
InA = - 1348 + 0.492M - 0.564inr - 0.0031r +0.4398
and correspondingly for 1 Hz P3V in m/s:
InA = - 6816+ 1.091M - 0.785Inr - 5.0009r + 0.6318

The different curves are shown in Fig. 5.3 for rock site conditions (S=0}. The effect of
including the Guerrero, Mexico data is to increase slightly the predicted ground motion
ievels of PGA, most clearly expressed for large distances and high magnitudes. For PSV
at 1 Hz, the differences are minor,

5.3  Shallow crustal vs. subduction events

The data base of srong motion data (Taylor et al., 1994} classifies swong motion records
according to their inferred origin as shallow crustal or subduction zone events. In the
regression analysis, observations were compared in order to reveal potential differences
between subduction zone and shallow crustal events. Figs. 5.4 and 5.5 show subduction
and shallow crustal event observations plotted against the regression results for PGA and
1 Hz PSV, respectively. The observations are corrected to the nearest integer magnitude
using the magnitude scaling coefficient of Table 4.1.

As may be seen, no clear difference exists between the populations, and the distinction
between shallow crustal and subduction zone events was therefore disregarded in the final
analysis.

5.4 Comparison with other relations

Newly developed attenuation relations from the Western U.S. (Boore et 21.,1993) and
Japan (Fukushima and Tanaka, 1990) were chosen for comparison.

The comparison with Western U.S relations is shown in Fig. 5.6 for PGA and 1 Hz PSV
for rock site conditions. As may be seen, the Western U.S. relations are generally lower,
but the scaling with magnitude and the fall-off with distance are reasonably similar to the
Central American-Mexican data model.

The Japanese relation is available only for PGA, and it should be noted that this was
developed for Mg magnitude rather than M. The comparison is shown in Fig. 5.7 for rock
site conditions. The relations are fairly close for ground motion at the intermediate range
distances, but diverge significantly in the near and far fields.

The difference between rock and soil site ground meotion attenuation relations, expressed
by the coefficient ¢4 (c.f. Table 4.1), represents the soil amplification between rock and an
average soil site for the Central American and Guerrero (Mexico) data. The largest ampli-
fication is found at 1 Hz (a factor of 1.8) while the smaliest is experienced at 20 Hz (a fac-
tor of 1.4). The 1 Hz amplification value is close to the ‘oid’ difference between soil and

-

Cenwral American Attenuation Page 32




A. Climent et al. August 1994

rock found by Boore and Joyrer (1992) and consistent with the persistence of this differ-
ence (although not as large as in their new analysis) to kigh frequencies.

5.5 Sensitivity to extreme data values

Another important issue is the sensitivity of the anaiysis 10 individual extreme data values.
The Siquirres Dam site record of PGA from the Aprit 22, 1991, Limon earthquake is one
such example. This cbservation is shown in Fig. 5.8 in terms of PSV at 40 Hz, and is seen
to be much higher than other gbservations for earthquakes of similar magnitude, This
record was studied in detail by Laporte (1994), who found that a significant amount of this
high peak acceleration value could be explained by scil amplification.

The effect on the esiimated attenuation relations in removing the Siquirres Dam site obser-
vation has been tested for PGA and PSV at 1 Hz, and is shown in Fig. 5.9, The difference
is insignificant, indicating that the sample size of 280 observations is large enough to
present a robust estimate of the mean ground motion attenuation.

5.6 Conciusions

In conclusion, as a first approximation, the inversion by a simple one step Bayesian linear
regression procedure of strong ground motion spectral ordinates for the data set consisting
of 62 Guerrero, Mexico and 218 Central American largest horizontal component record-
ings present a relatively robust estimate of response spectral PSV and PGA for rock and
soil conditions. The attenuation of response spectral ground motion in Central America
seems to be characterized by geometrical spreading closer in form to cylindrical than
spherical spreading.

The effect of merging records of high magnitude earthquakes at large distance (Guerrero,
Mexico) into the inversion to sirengthen the data coverage, results in an increase of the
predicted ground motion levels, and represents a conservative prediction model at this
stage.

In the future, and particularly when additional strong motion data from Central America
may be available, the use of two-step regression procedures and the study of more local
differences in attenuation may be addressed. A separation between shallow crustal and
subduction zone events may also be interesting in this respect, as well as an evaluation of
possible differences related to faulting mechanisms and to the fauit dimensions and direc-
tivity effects for the larger earthquakes. When considering alternative parameterizations,
one of the main questions will be related to the possible use of a magnitude dependent,
magnitude scaling.
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Model

eq. (2)
eq. (4)
eq. (2)
eq. (4)
eqg. (2)
eq. (4)
eq. (2)
eq. (4)
eq. (2)
| e (4
Poeq.(2)
eq. (4)
eq. (2)
eq. (4)
eq. (2)
eq. (4)

Freq.
(Hz)
0.25
0.25
0.50
0.50
1.00
1.00
2.00
2.00
5.00
5.00

10.00
10.00

20.00

20.00

40.00

40.00

€]

-5.944
-6.595
-6.003
-6.022
-6.110
-6.303
-5.192
-5.743
-3.455
-4.507
-3.125
-4.312
-4.439
-5.192
-5.867
-6.616

¢z

0916
0927
1.021
1.034
1.060
1.060
0.938
0915
0.584
0.555
0.383
0.365
0.459
0.452
0.523

0514

3

-2.40806
-0.74293
-1.29283
-1.00370
-1.36213
-0.92132
-1.53601
-0.75446
-2.33455
-0.5443C
-2.7739%
-0.49746
-2.21952
-0.68528
-2.17630
-0.68552

C4

0.01045
0.00248
0.00483
0.00366
0.00449
0.00234
(.00380
-0.00051
0.00705
-0.00232
0.00958
-0.00199
0.00696
-0.00073
0.00715
-0.00036

Cq

0.38489
0.42464
0.34878
0.36744
0.56643
0.57437
0.63674
0.62501
0.38048
0.37959
0.24121
0.25879
0.17863
0.19631
0.31235
032744

(82

0.667
0.672
0.754
0.754
0.785
0.785
0.825
0.819
0.803
0.785
0.812
0.797
0.760
0.755
0.734
0.728

Table 5.1. Regression coefficients obtained by ordinary least squares for the Herrmann

and Kijko model (eq.(2) and (3)) and the simpie model (eq.(4)).
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Figure 5.1, Soil site observations of PGA (PSV at 40 Hz) corrected to the nearest integer
magnitude for magnitudes 5, 6, 7 and 8. Open squares represent Central American
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Figure 5.2. Rock site observations of PGA (P3SV at 40 Hz) corrected to the nearest integer
magnitude for magnitudes 5,6,7 and 8. Open squares represent Central American
observations while crosses represent Mexican data.
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Figure 5.4, Observations of PSV at 40 Hz for Centrai American and Guerrero (Mexico)
data for moment magnitudes 5,6,7 and 8. Subduction events {delta) and shallow
crustal events (plus).
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Figure 5.5. Observations of PSV at 1 Hz for Central American and Guerrero (Mexico)
data for moment magnitudes 5,6,7 and &. Subduction events (delta) and shallow
crustal events {plus).
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sent the largest horizontal component of ground motion at 5 % damping for rock site
conditions, for magnitudes 5,6,7 and 8. The Japanese relations are developed for Mg
magnitudes and no correction has been made for possible differences in type of mag-
nitude.
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Figure 5.8. Observations of PSV at 40 Hz for Central American and Mexican Data used
in the regression for obtaining ground motion relations. The Siquirres Dam site
observation of the April 22, 1991, Limon earthquake is indicated by an arrow.
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Figure 5.9. Effect on the ground motion relations of removing the Siquirres Dam site
observation from the data set. Dashed line represent the relation estimated when the
Siquirres Dam site observation of the April 22, 1991, Limon earthquake is removed.
PGA (upper) and PSV at 1 Hz (lower) are shown.
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