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Table 1. Ground motion models used in the ranking analysis

Ground Motion Model Abbreviation ~ Region Magnitude
Ranges
Ambraseys et al., 2005 Aetal05 Global 5.0-7.6
Abrahamson et al., 2014 Aetallda Global 3.0-7.9
Akkar & Bommer, 2010 AB10 Europe & Middle East 5.0-7.6
Akkar et al., 2014 Aetall4b Europe & Middle East 4.0-7.6
Ameri et al., 2017 Aetall7 Europe & Middle East 3.0-7.6
Ameur et al., 2018 Aetall8 Global 3.2-7.9
Berge-Thierry et al., 2003 Betal03a Europe & Middle East 4.0-7.9
Bindi et al., 2014 Betall4a Europe & Middle East 4.0-7.6
Bommer et al., 2003 Betal03b Europe & Middle East 4.0-7.9
Boore et al., 2014 Betal14b Global 3.0-7.9
Campbell, 1997 Cc97 Global 4.7-8.1
Campbell & Bozorgnia, 2014 CB14 Global 3.0-7.9
Cauzzi et al., 2015 Cetall5 Global 45-7.9
Chiou & Youngs, 2014 CY14 Global 3.1-7.9
Darzi et al., 2019 Detal19 Iran 45-74
Ghasemi et al., 2009 Getal09 Iran 5.0-7.4
Hamzehloo &_Mabood, 2012 HM12 Iran 4.9-74
Idriss, 2014 114 Global 4.5-79
Kale et al., 2015 Ketal15 Iran & Turkey 4.0-7.6
Khademi., 2002 K02 Iran 3.4-74
Kotha et al., 2016 Ketal16 Europe & Middle East 4.0-7.6
Kuehn & Scherbaum., 2015 KS15 Europe & Middle East 4.0-7.6
Saffari et al., 2012 Setall12 Iran 5.0-7.4
Sedaghati & Pezeshk, 2017 SP17 Iran 4.7-7.4
Segou & Voulgaris, 2013 SV13 Europe & Middle East 4.1-74
Shahidzadeh & Yazdani, 2017 SY17 Iran 5.0-7.4
Sharma et al., 2009 Setal09 Himalaya & Zagros 5.5-6.8
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Sigbjornsson & Elnashai, 2006 SE06 Europe & Middle East 4.0-7.9
Takahashi et al., 2004 Tetal04 Japan, United States & Iran ~ 4.9-8.3
Zafarani et al., 2018 Zetal18 Iran 4.0-7.3
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Table 2. The rank of ground motion models for spectral acceleration values in different periods using DIC,
EDR and LLH methods

2 T=0.05 sec T=0.1 sec T=0.2 sec T=0.3 sec T=0.5 sec T=1.0 sec T=2.0 sec
s [ES88E88E88E88E5823[E883EE8 S
HM12 1 13 1|30 30 30|18 24 20|15 18 16|16 19 16|15 20 15|21 19 21
ZETAL18 2 14 2 1 8 1 1 17 1 1 15 1 1 14 1 2 13 2 3 7 3
Ketal15 3 17 4 2 14 3 6 19 4 |16 20 13|19 22 18|19 19 17|16 16 15
Getal09 4 19 3 3 18 2 2 18 2 2 14 2 2 13 2 3 10 3 2 10 2
Aetal05 5 8 6 5 6 6 | 4 13 6 7 17 8 |15 18 15|16 15 16|22 21 22
Betal03b 6 21 5|4 19 4 3 20 3 3 19 3 3 21 3 |10 23 10|24 26 24
KS15 7 7 7 8 7 8 |11 14 12| 6 6 |10 16 10|11 17 11|13 17 13
Betal14b 8 9 819 13 9|8 7 8|8 7 4 8 9 8|6 6
SP17 9 9 6 5 5 7 7 5 4 5| 4 4 1 11 1 1 9 1
Detal19 10 4 10| 7 7114 4 14|18 10 18|18 11 19|14 5 14| 7 7
114 11 16 12|10 16 10|13 16 13|12 16 12| 6 12 6 4 12 4 13 4
Aetallda 12 5 11|13 10 14|16 10 16| 13 14114 6 14 3 8 12 8
Aetall4b 13 18 15|16 17 18 (17 9 18| 14 15 | 12 12 | 6 1 6 9 2 9
Aetall8 14 10 1311 11 11|15 11 15|19 13 21|21 15 21|20 14 20|15 14 16
Ketal16 15 3 14112 4 12| 9 2 9 9 1 9 5 2 5 5 6 5 5 6 5
CY14 16 12 16|14 12 17| 12 1111 8 10|13 5 2 10 10
Betall4a 17 15 17|17 15 15|24 12 24 (24 12 23|23 10 22|17 4 18|14 14
CB14 18 11 18| 15 13| 20 19121 11 20| 17 17 (12 7 12|11 11
AB10 19 2 19118 3 16| 10 10 | 10 11 | 11 11 |13 8 13|12 11 12
Cco97 20 1 20123 2 23|19 1 17(20 2 19|20 9 20|25 16 24|26 22 26
Setal12 21 20 21 (20 20 20|23 21 23|26 22 26|25 23 25|22 18 22|17 15 17
SE06 22 22 22|22 21 22|27 22 27| 4 23 4 |22 24 23|23 22 23|23 23 23
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Betal03a 23 23 23|21 22 21|25 23 25|25 25 25|24 25 24|21 24 21|20 24
Tetal04 24 25 24126 26 26|22 25 22|17 21 179 20 9 |28 29 28|30 30
Aetall7 25 24 25|27 24 27|29 27 29|30 26 30|30 28 30|29 28 29|27 27
Setal09 26 26 26|25 25 25|26 26 26|27 29 27|27 27 27|18 25 19|19 25
K02 27 28 27|19 28 19|21 28 21|22 30 22|26 30 26|27 27 27|25 20
SY17 28 27 28|28 27 28|28 29 28|29 28 29|28 26 28|24 21 25|18 18
Cetal15 29 29 29124 23 24| 5 15 5 |23 24 24129 29 29|30 30 30|29 29
SV13 30 30 3029 29 29|30 30 30|28 27 28| 8 17 13|26 26 26|28 28

20
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19
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18
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28
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Table 3. Results of hydrochemical analysis

No. DMU 0" No. DMU 6"
1 AB10 0.9537 16  Getal09 1.0000
2 Aetal05  0.9421 17 HM12  1.0000
3 Aetalld4a 0.9685 18 114 0.9743
4 Aetall4b  1.0000 19 K02 0.8085
5 Aetall7  0.6659 20  Ketall5 0.9718
6 Aetall8  0.9300 21  Ketall6 0.9981
7 Betal03a 0.8076 22 KS15 0.9772
Betalo3b  0.9928 23 SEO06 0.9208
9 Betall4a 0.9167 24 Setal09 0.8025
10  Betalldb 0.9779 25  Setall2 0.8304
11 Co97 0.9374 26  SP17 1.0000
12 CBl4 0.9295 27 SV13 0.8912
13 Cetall5  0.9368 28  SY17 0.7576
14 CY14 0.9706 29  Tetalo4 0.8945
15  Detall9  0.9906 30  Zetall8 1.0000

Ot (05 Dz 4 5 1y sl pe g o] SWS @ g (o0 a5 el opl ool iy JLlos g sblie 5 (S
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Table 4. Results of hydrochemical analysis

GMPE 0s weight

Aetall4b 0.0279 0.066923
Getal09 0.0422 0.101223
HM12 0.0435 0.104342
SP17 0.1327 0.318302
Zetall8 0.1706 0.409211
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Table P1. Calculated LLH values for spectral acceleration values in different periods

T=0.05 T=0.1 T=0.2 T=0.3 T=0.5 T=1.0 T=2.0

GMPE sec sec sec sec sec sec sec

AB10 2.7491 2.69001 243549 2.24468 2.15701 2.13476 2.11979
Aetal05 24119 236822 230851 2.16495 2.20436 2.24554 3.01243
Aetallda 255723 2.64856 2.55829 2.30594 2.19814 2.03156 2.01918
Aetalldb 258685 2.66412 2.61146 2.33031 2.16861 2.00244 2.02187
Aetall7  3.49577 4.03583 5.03034 5.06086 6.47944 9.20103 7.64571
Aetall8  2.60374 257466 250731 2.46039 2.48941 2.34652 2.30478
Betal03a 3.45733 2.80313 3.02769 2.88175 2.64614 2.43562 2.78779
BetalO3b 2.42871 2.34244 217468 1.96999 1.93546 2.07389 3.18989
Betall4a 2.70505 2.67699 2.95865 2.83513 2.62653 2.28733 2.24076
Betalldb 2.53246 2.54861 2.39684 2.16948 2.09987 2.03768 1.97708
Cco7 2.81353 29564 2.65097 2.48683 2.43974 2.63674 3.84927
CB14 2.73149  2.6573 2.65479 250392 2.32466 2.10466 2.11925
Cetal15 8.4254 3.48065 2.32246 2.77887 4.83097 10.5234 22.8489
CY14 2.63923 2.65708 2.47172 2.25542 2.18581 2.06902 2.11017
Detall9  2.54522 2.48387  2.4973 240503 2.36035 2.17421 1.99355
Cetal09  2.29823 2.24674 2.17427 196517 1.88795 1.88622  1.8585
HM12 221831 108.275 2.62078 2.34858  2.2616 2.20734 2.83756
114 2.55137 255376 2.47219 2.26578 2.08754 1.95224 1.91109
K02 3.64959 2.72782 2.84717 2.76348 2.73252 4.72219 3.55707
Ketall5  2.28685  2.2438 2.32793 2.35999 2.42053 231812 2.33242
Ketall6  2.61934 258041 2.42424 217872 2.07973 197044 1.95717
KS15 250092 2.52991 2.46657 2.14463 2.14599 2.08472 2.18315
SEQ6 3.45522 2.86521 3.05114 2.12408 2.61268  2.4759 3.06454
Setal09 3.54198 3.61131 3.02958 3.55642 2.94692 2.30689 2.55671
Setal12 294212 2.78697 2.90036 2.96041 2.68464 2.47338 2.42542
SP17 2.53715 2.43302 2.35688 2.13627 1.97849 1.85127 1.84645
SV13 38.697 21.0403 9.46834 4.33018 2.14071 3.16388 9.68414
SY17 5.24811 5.32043 4.83875 4.64582 3.42503 2.61629 2.50834
Tetal04  3.46418 3.81997 2.85537 2.40386 2.14539 7.25489 24.4448
Zetall8  2.26815 2.20541 2.08796 1.95577 1.88687 1.86337 1.87227

s
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Table P2. Calculated EDR values for spectral acceleration values in different periods

GMPE  T=0.05sec T=0.1sec T=0.2 sec T=0.3 sec T=0.5 sec T=1.0 sec T=2.0 sec
AB10 1.34598 1.36024 1.30601 1.20713 1.19582 1.15954 1.18406
Aetal05 1.37756 1.38849 1.38212 1.32848 1.34003 1.28006 1.66203
Aetall4a 1.35553 1.42264 1.3643 1.23772 1.19381 1.14513 1.18435
Aetall4b 1.45401 1.46474 1.36235 1.22221 1.15293 1.08346 1.11825
Aetall?7 2.03798 2.29987 2.59568 2.46193 3.02178 3.87269 3.60343
Aetall8 139184 1.42354 1.36836 1.30041 1.26156 1.22071 1.26745
Betal03a 1.82452 1.60874 1.73926 1.8 1.79167 1.69567 2.10493
Betal03b 158131 1.51993 153717 1.41588 1.41035 1.6102 2.89356
Betall4a 1.43099 1.44787 1.37604 1.27184 1.22224 1.14681 1.13287
Betal14b 1.38722 1.43785 1.34658 1.2243 1.18838 1.16067 1.1603
Cc97 13441 13559 1.2516 1.20407 1.19686 1.2833 1.7701
CB14 1.40415 1.41822 1.33095 1.25056 1.19547 1.15401 1.13397
Cetal15 483279 2.26962 1.41343 1.70874 3.0987 6.33126 11.5661
CY14 141006 1.42823 1.34987 1.2323 1.19318 1.12174 1.1199
Detal19 1.35236 1.35091 1.31906 1.24816 1.22583 1.14802 1.09357
Getal09 1.47733 1.49967 1.45781 1.30418 1.24282 1.19539 1.16845
HM12 1.42092 14.4635 1.78608 1.39173 1.35477 1.44908 1.50557
114 143873 1.45566 1.42095 1.32558 1.24231 1.21428 1.22528
K02 3.27596 3.71316 3.10684 3.63954 3.7174 2.48953 1.56127
Ketal15 144672 1.43989 1.52533 1.46549 1.44997 1.38735 1.38241
Ketal16 1.34844 1.36395 1.30126 1.19495 1.17626 1.15152 1.15159
KS15 1.36808 1.40155 1.39693 1.22567 1.27391 1.3007 1.47175
SE06 1.7586 1.5578 1.62626 1.66055 1.61088 1.55194 2.07277
Setal09 257594 2.65308 2.33638 2.97891 2.59097 1.93607 2.19952
Setal12 153681 15531 1.59465 1.58178 1.488 1.35568 1.3751
SP17 1.3654 1.37695 1.34424 1.21934 1.18811 1.19819 1.16601
SV13 12.6755 8.52919 4.53828 2.47045 1.32444 2.10262 5.17502
SY17 3.00405 3.34692 3.29544 2.76736 2.10876 1.52435 1.50079
Tetal04 2.23878  2.66078 1.90878 1.54897 1.3654 4.41905 11.6354
ZETAL18 1.42439 1.40632 1.42396 1.31886 1.25678 1.21926 1.15619
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Table P3. Calculated DIC values for spectral acceleration values in different periods

T=0.05 T=0.1 T=0.2 T=0.3 T=0.5 T=1.0 T=2.0

GMPE sec sec sec sec sec sec sec

AB10 590.714 578.017 523.327 482.327 463.488 458.708 455.491
Aetal05  534.882 526.958 499.956 467.797 472551 482511 647.298
Aetallda 549.486 569.112 549.714 495491 472326 436.534 433.873
Aetalldb 564.169 580.567 559.291 499.351 463.865 430.571 434.081
Aetall7  751.155 867.202 1080.9 1087.46 1392.27 1977.08 1642.88
Aetall8  559.479 553.231 538.759 528.677 534.913 504.209 495.242
Betal03a 742.896 602.324 650.577 619.218 568.591 523.355 599.028
Betal03b 521.871 503.333 467.286 423.303 415.884 445.629  685.43
Betall4a 576.632 573.128 624.019 595,502 556.11 490.322 481.036
Betal14b 544.165 547.633 515.023 466.168 451.212 437.847 424.826
C97 591.509 619.091 558.696 521.617 512.234 552.649 814.279
CB14 585.412 568524 562.191 525.358 493916 451.322 455.322
Cetall5  1810.41 747.907 499.041 597.112 1038.06 2261.21 4909.68
CY14 573.716 579.404 528.138 476.759 460.053 440.972 450.889
Detall9  546.905 533.723 536.609 516.783 507.182 467.185 428.365
Getal09  493.834  482.77 467.197 422.267 405.674 405.303 399.347
HM12 476.661 23265.6 563.142 504.652 485.962 474.304 609.721
114 551.383 551.414 530.463 485.827 447.303 419.863 411.352
K02 784.196 586.122 611.615 593.091 585.254 1013.59 764.286
Ketall5  501.508 494.625 490.12 492.719 494.147 482.902 490.501
Ketall6 ~ 562.833 554.468 520.91 468.153 446.883 423.399 420.548
KS15 537.387 543.617 530.005 460.829 461.122 447.956 469.105
SE06 742442 615.663 655.615 456.413 561.401 532.011 658.495
Setal09  761.085 775.982 650.982 764.187 633.222 495.694 549.376
Setal12 632.19 598.851 623.216 636.12 576.864 531.47 521.163
SP17 545173 522.797 506.436 459.032  425.13 397.792 396.758
SV13 8273.84 4469.06  2048.1 948.5 469.12 615.65 1965.38
SY17 1127.69 114323 1039.73 998.273 735.956 562.178 538.981
Tetal04 744367 820.818 613.549 516.53 460.993 15589 5252.59
Zetal18 487371  473.89 448.651 420.247 405.443 400.394 402.305
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Abstract

In the variability of earthquake hazard analysis results, ground motion prediction equations play
an important role. Selection of appropriate prediction relationships for the region can lead to
stability and accuracy of earthquake hazard analysis results. In this study, different prediction
relationships were investigated and analyzed for earthquake hazard analysis in Ahvaz city. These
relationships were ranked based on the criteria of logarithmic probability, Euclidean distance and
deviation information in different periods. Then the most efficient relationships were selected by
data envelopment analysis (DEA) method on the basis of differences in the obtained results. Out
of 67 possible relationships, 5 were identified as suitable relationships for earthquake hazard
analysis in the Ahvaz urban area. Then, a special efficiency criterion was used to determine the
weight of these relationships. The results of this study can help to reduce to a large extent the
uncertainties involved in analyzing the seismic hazard of the area studied.

Keywords: Probabilistic seismic hazard analysis, Ground motion prediction equations,
Uncertainty, Ranking.

Introduction
Probabilistic seismic hazard analysis (PSHA) is known as the most common method for estimating
the engineering parameters of strong ground motions. The main goal of such an analysis is to estimate
the probability of exceeding an earthquake intensity measure in the future time windows (Cornell,
1968). One of the most important inputs required in PSHA is ground motion prediction equations
(GMPEs). These relationships, also known as "attenuation relationships"”, estimate an intensity
measure of the earthquake as a function of magnitude, distance, and other parameters. Previous
research has shown that even for well-studied seismic regions, the epistemic uncertainty associated
with GMPEs can significantly affect the results of PSHA.
In recent years, various statistical approaches have been developed to select appropriate and
consistent GMPEs with an earthquake record data set. It has been observed that ranking methods can
provide different results in different spectral periods. In this condition, decision-making about the
results of the ranking analysis is problematic. To overcome this problem, Eftekhari et al. (Eftekhari
et al., 2020) suggested the use of the data envelopment analysis method, which facilitates decision-
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making in the selection of GMPEs. This article presents all the valid GMPEs that can be used in the
PSHA of the city of Ahvaz. In the initial review, some of these relationships that were found to have
deficiencies were removed. Then, the ranking of the relationships was done by three methods: log-
likelihood (LLH), Euclidean distance-based ranking (EDR), and deviation information criterion
(DIC), and the data envelopment analysis (DEA) method was used to select the best relationships and
weight them.

Study area

The Zagros region is the most seismogenic region in Iran due to the presence of active and Quaternary
faults. The city of Ahvaz, the capital of Khuzestan Province, has always been of interest due to its
economic and natural attractions. Historical studies show that a devastating earthquake occurred in
the Zagros in 840 AD (225 AH), which destroyed many houses and the Grand Mosque in Ahvaz and
caused people to leave the city. The city of Ahvaz lies on the Ahvaz fault. This fault is of reverse type
(in some areas it is trust) and it is about 111 kilometers long, with a northeast-southwest trend.

Methodology

The methodology used in this article consists of four steps: (1) initial selection of GMPEs; (2)
refinement of GMPEs and removal of inappropriate relationships; (3) ranking using statistical-
mathematical criteria; and (4) final decision and selection of the most appropriate GMPESs based on
data envelopment analysis.

Results and discussion

The analysis considers the spectral acceleration values in periods T = [0.05; 0.1; 0.2; 0.3; 0.5; 1.0; 2]
seconds as the earthquake intensity measure. Analyses require a recorded data set in the region. In
this study, the earthquake dataset collected by Farajpour et al. (Farajpour et al., 2018) was used. This
dataset contains 26 earthquakes in an area with a radius of 300 km around the city of Ahvaz. The
earthquakes used have a magnitude range from 5 to 4.6 ML. The epicentres of the recorded
earthquakes range from 11 to 120 km. In this data set, spectral acceleration values for 5% attenuation
are presented in the interval 0.01 to 10 seconds.

In the next step, the values of LLH, EDR and DIC are calculated for each GMPE at different intervals.
The GMPE of Zafarani et al. (2018) was found to have a good performance in the LLH and DIC
ranking methods. However, this model is not ranked well in the EDR method. Therefore, a decision
has to be made.Based on the obtained results, the use of five GMPEs Akkar et al. (2014), Ghasemi et
al. (2009), Hamzehloo and_Mabood (2012), Sedaghati and Pezeshk (2017) and Zafarani et al. (2018)
with weights of 0.07, 0.1, 0.1, 0.32 and 0.41 respectively in the logical tree for analysis the hazard of
the central areas of Zagros and especially the city of Ahvaz is suggested. Considering that in the
process of choosing these relations, different ranking methods and also measuring different
earthquake intensity measures have been considered, it is expected that the use of these relations will
lead to a significant reduction of the uncertainty caused by the GMPEs.
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Conclusions
In this study, three ranking methods LLH, EDR, and DIC were evaluated for the data collected in the
Ahvaz region and its surroundings for different GMPEs. The results showed significant differences
between the quantitative ranks obtained from different methods. Based on these results, the Data
Envelopment Analysis approach was used to make the final decision regarding the selection of
appropriate GMPEs. The results of this study can greatly help to reduce the uncertainty in the seismic
hazard analysis process of the study area.
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