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A Electronic Supplement A: Further description of the case1358

study1359

A.1 Sites and events considered1360

The locations of the four SMS sites and two earthquakes considered in this study are1361

illustrated in Figure A.1.1362

Figure A.1. Location of the strong-motion stations and events considered, and VS30 value of
each site.

Table A.1 describes the three events and Table A.2 indicates the geometric mean1363

horizontal PGA observed at each station during each earthquake.1364

Table A.1. Earthquakes considered.
Event Type Event ID Date Magnitude (Mw) Depth (km)

Low Intensity 3509905 09 May 2011 4.9 6.0
Low Intensity 2016p355041 11 May 2016 4.2 7.0
High Intensity 3468575 22 February 2011 6.2 4.0
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Table A.2. Geometric mean horizontal PGA observed at the four strong-motion stations
during the events considered.

Site Low-Intensity Event High-Intensity Event
Event ID Observed PGA (g) Event ID Observed PGA (g)

PRPC 3509905 0.048 3468575 0.62
CMHS 3509905 0.048 3468575 0.37
RHSC 2016p355041 0.020 3468575 0.28
CACS 3509905 0.031 3468575 0.19

A.2 Site-characterization data1365

A.2.1 Site PRPC - Pages Road Pumping Station The site-characterization data used1366

in this study to characterize the site PRPC was obtained from Wotherspoon et al. (2015).1367

Figure A.2 shows the location of the site-characterization data available (including VS,1368

HVSR, CPT, SPT, and borehole data) relative to the strong-motion station (represented1369

by a yellow circle).1370

Figure A.2. Location of the site-characterization data at the site PRPC (Wotherspoon et al.
2015).

Figure A.3 shows the site-specific Vs profile and CPT data used to characterize the site1371

PRPC. The VS profile used corresponds to the linear array SW1 and the CPT utilized is1372

CPT1, which is the closest to the station and the deepest one available. CPT1 reached1373

refusal at a depth of 28 m, which is consistent with the increase of VS at that depth and1374

suggests the start of the Riccarton Gravel Formation. Figure A.3 also presents the VS1375
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profiles derived by two different CPT-VS correlations (Robertson 2009; McGann et al.1376

2015), showing that the Christchurch-specific correlation developed by McGann et al.1377

(2015) is fairly consistent with the geophysical estimate. The water table measured at1378

borehole BH1 was 2.1 m and the value estimated from the CPT tests varied from 1.8 to1379

6.0 m. Regional maps (Van Ballegooy et al., 2014; Westerhoff et al., 2018) suggest a long-1380

term average value between 0.0 and 2.5 m. A value of 2.2 m was chosen as representative1381

for this site.1382

Figure A.3. VS and CPT data used to characterize the site PRPC.

Table A.3 provides an interpreted stratigraphy of the site PRPC down to 30 m depth,1383

based on the site-characterization data available.1384

Table A.3. PRPC stratigraphy down to 30 m depth.

Depth (m) Description Vs (m/s)

0.0 - 20.0 Sand and silty sand 121 to 240
20.0 - 22.0 Silty clay 160
22.0 - 25.0 Sand and silty sand 270
25.0 - 28.0 Silty sand to silty clay 170
28.0 - 30.0 Riccarton Gravels 400

A.2.2 Site CMHS - Cashmere High School Two sites investigations are available for1385

the site CMHS and their locations are presented in Figure A.4 and Figure A.5. A site1386

investigation performed within the close vicinity of the strong-motion station is provided1387
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by Wotherspoon et al. (2015) (including VS, HVSR, CPT, SPT, and borehole data), and1388

a wider geophysical exploration performed with the purpose of deriving a deep shear-1389

wave velocity profile is provided by Teague et al. (2018). According to Wotherspoon1390

et al. (2015), this site is characterized by significant lateral variability.1391

Figure A.4. Location of the site-characterization data at the site CMHS provided by
Wotherspoon et al. (2015).

Figure A.5. Location of geophyisical investigation at the site CMHS provided by Teague et al.
(2018).
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Figure A.6 shows the VS profile SW1 obtained by Wotherspoon et al. (2015) and the1392

median VS profile obtained by Teague et al. (2018). As observed, these two profiles1393

present differences in the first 30 m. As shown in Figure A.4, the profile SW1 was1394

obtained from an array located fairly close to the strong-motion station (represented1395

by a yellow circle). This VS profile shows a VS contrast at the depth of 13.8 m, which1396

is coincident with the depth at which the Riccaron Gravels were found in the borehole1397

BH1. Given that this profile seems to better represent the surficial stratigraphy of the site1398

in the close proximity of the strong-motion station, and the median profile obtained by1399

Teague et al. (2018) better contrains the deep velocity structure, a best-estimate VS profile1400

is derived here as the combination of both. Figure A.6 presents this VS profile, which is1401

used in this study as the representative profile for this site.1402

Figure A.6. Site characterization data at the strong-motion station CMHS.

Figure A.7 shows the site-specific VS profile and CPT data used to characterize the site1403

CMHS in this study. The CPT corresponding to CPT1, which is relatively close to the1404

station and is the deepest one available. The water table measured at borehole BH1 was1405

2.0 m and the value estimated from the CPT tests varied from 1.8 to 3.6 m. Regional1406

maps (Van Ballegooy et al., 2014; Westerhoff et al., 2018) suggest a long-term average1407

value between 0.5 and 5.0 m. A value of 2.0 m was chosen as representative for this site.1408

Table A.4 provides an interpreted stratigraphy of the site CMHS down to 30 m depth,1409

based on the available site-characterization data.1410
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Figure A.7. VS and CPT data used to characterize the site CMHS.

Table A.4. CMHS stratigraphy down to 30 m depth.

Depth (m) Description Vs (m/s)

0.0 - 13.8 Interbedded layers of sands and silts 99 - 180
13.8 - 30.0 Riccarton Gravels 220 - 480

A.2.3 Site RHSC - Riccarton High School Similar to the case of CMHS, two sites1411

investigations are available for the site RHSC, and their locations are presented in1412

Figure A.8 (including VS, HVSR, SPT, and borehole data) and Figure A.9. A site1413

investigation performed within the close vicinity of the strong-motion station is provided1414

by Wotherspoon et al. (2015), and a more global geophysical exploration performed with1415

the purpose of deriving a deep shear-wave velocity profile is provided by Teague et al.1416

(2018).1417

Figure A.10 shows the VS profile SW1 obtained by Wotherspoon et al. (2015) and1418

the median VS profile obtained by Teague et al. (2018). As observed, these two profiles1419

present differences in the first 30 m. As shown in Figure A.8, the profile SW1 was1420

obtained from an array located fairly close to the station. This VS profile shows a VS1421

contrast at the depth of 6.5 m, which is coincident with the depth at which the Riccaron1422

Gravels were found in the borehole BH1. Also, borehole BH1 shows very low values of1423

SPT in the first 6.5 m, which is consistent with the low values of VS observed in the VS1424

profile SW1. Given that this profile seems to better represent the surficial stratigraphy1425

of the site in the close proximity of the strong-motion station, and the median profile1426
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Figure A.8. Location of site investigations at the site RHSC provided by Wotherspoon et al.
(2015).

Figure A.9. Location of site investigations at the site RHSC provided by Teague et al. (2018).

obtained by Teague et al. (2018) better contrains the deep velocity structure, a best-1427

estimate VS profile is derived here as the combination of both. Figure A.10 presents this1428

VS profile, which is used in this study as the representative profile for this site.1429

The water table measured at borehole BH1 was 6.4 m and regional maps (Van1430

Ballegooy et al., 2014; Westerhoff et al., 2018) suggest a long-term average value1431

between 0.0 and 7.0 m. A value of 6.45 m was chosen as representative for this site.1432

Prepared using sagej.cls



ix

Figure A.10. Site characterization data at the strong-motion station RHSC.

Table A.5 provides an interpreted stratigraphy of the site RHSC down to 30 m depth,1433

based on the all the available site-characterization data.1434

Table A.5. RHSC stratigraphy down to 30 m depth.

Depth (m) Description Vs (m/s)

0.0 - 6.5 Mainly silty sands 170
6.5 - 30.0 Riccarton Gravels 280 - 584

A.2.4 Site CACS - Christchurch Canterbury Aero Club The site-characterization1435

data used in this study to characterize the site CACS was obtained from Wotherspoon1436

et al. (2015). Figure A.11 shows the location of the site-characterization data available1437

(including VS, HVSR, SPT, and borehole data) relative to the strong-motion station1438

(represented by a yellow circle). In particular, the VS profile used in this study corresponds1439

to the linear array SW1. Borehole BH1 (which had a depth of 15.2 m) shows gravels1440

from the surface to the bottom. Groundwater was not encountered in borehole BH1 and1441

regional maps (Van Ballegooy et al., 2014; Westerhoff et al., 2018) suggest a long-term1442

average water table between 0.5 to 7.0 m. A value of 7.0 m was chosen as representative1443

for this site.1444

Table A.6 provides an interpreted stratigraphy of the site CACS down to 30 m depth,1445

based on the available site-characterization data.1446
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Figure A.11. Location of the site investigation at the site CACS (Wotherspoon et al. 2015).

Table A.6. CACS stratigraphy down to 30 m depth.

Depth (m) Description Vs (m/s)

0.0 - 30.0 Gravels 282 - 600
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A.3 Simulation profiles1447

Figures A.12, A.13, A.14, and A.15 show the LF and HF simulation VS, the NZVM1448

VS, and the site-specific VS profiles, for the sites PRPC, CMHS, RHSC, and CACS,1449

respectively.1450

Figure A.12. Site-specific, NZVM, and LF and HF simulation VS profiles at PRPC. The
horizontal gray lines in the LF profile represent the grid distribution considered in the LF
simulation.
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Figure A.13. Site-specific, NZVM, and LF and HF simulation VS profiles at CMHS. The
horizontal gray lines in the LF profile represent the grid distribution considered in the LF
simulation.

Figure A.14. Site-specific, NZVM, and LF and HF simulation VS profiles at RHSC. The
horizontal gray lines in the LF profile represent the grid distribution considered in the LF
simulation.
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Figure A.15. Site-specific, NZVM, and LF and HF simulation VS profiles at CACS. The
horizontal gray lines in the LF profile represent the grid distribution considered in the LF
simulation.
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B Electronic Supplement B: Further description of1451

methodological aspects1452

B.1 Application of the site factor1453

Figure B.1 describes the workflow for applying the site factor to the LF and HF1454

simulation components and the subsequent filtering and merging in the time domain to1455

produce the adjusted broadband acceleration time series, which accounts for shallow site1456

effects.1457

HF Simulated Acceleration Time Series 
𝑎𝐻𝐹𝑠𝑖𝑚 𝑡

HF Simulated Fourier Transform
𝑎𝐻𝐹𝑠𝑖𝑚 𝑓 = 𝐹𝐹𝑇 𝑎𝐻𝐹𝑠𝑖𝑚 𝑡

High-Frequency (HF) Simulation 
𝑓 > 1 𝐻𝑧

LF Simulated Acceleration Time Series 
𝑎𝐿𝐹𝑠𝑖𝑚 𝑡

Low-Frequency (LF) Simulation 
𝑓 ≤ 1 𝐻𝑧

HF Adjusted Fourier Transform
𝑎𝐻𝐹𝑎𝑑𝑗 𝑓 =  𝑆𝐹𝐻𝐹 𝑓 ∙ 𝑎𝐻𝐹𝑠𝑖𝑚 𝑓

BB Adjusted Acceleration Time Series

 𝑎𝐵𝐵𝑎𝑑𝑗 𝑡 = 𝐿𝑃𝐹 𝑎𝐿𝐹𝑎𝑑𝑗 𝑡 + 𝐻𝑃𝐹 𝑎𝐻𝐹𝑎𝑑𝑗 𝑡

HF Adjusted Acceleration Time Series

𝑎𝐻𝐹,𝑎𝑑𝑗 𝑡 = 𝐼𝐹𝐹𝑇 𝑎𝐻𝐹𝑎𝑑𝑗 𝑓

Filtered HF Adjusted Acc. Time Series

𝐻𝑃𝐹 𝑎𝐻𝐹𝑎𝑑𝑗 𝑡

Simulation site 
conditions, without 
shallow site effects

Site factor adjusts for 
actual site conditions

High-pass
filter (HPF)

Filtered LF Adjusted Acc. Time Series

𝐿𝑃𝐹 𝑎𝐿𝐹𝑎𝑑𝑗 𝑡
Low-pass

filter (LPF)

Broadband (BB) ground 
motion, which incorporates 
shallow site effects

SITE FACTOR APPLICATION TO LF AND HF COMPONENTS

LF Simulated Fourier Transform
𝑎𝐿𝐹𝑠𝑖𝑚 𝑓 = 𝐹𝐹𝑇 𝑎𝐿𝐹𝑠𝑖𝑚 𝑡

LF Adjusted Fourier Transform
𝑎𝐿𝐹𝑎𝑑𝑗 𝑓 =  𝑆𝐹𝐿𝐹 𝑓 ∙ 𝑎𝐿𝐹𝑠𝑖𝑚 𝑓

LF Adjusted Acceleration Time Series

𝑎𝐿𝐹𝑎𝑑𝑗 𝑡 = 𝐼𝐹𝐹𝑇 𝑎𝐿𝐹𝑎𝑑𝑗 𝑓

Fast Fourier 
Transform (FFT)

Inverse Fast Fourier 
Transform (IFFT)

Figure B.1. Application of the site factor to the LF and HF simulation components.

Figure B.2 illustrates a modification of the previous workflow, where the site factor1458

is only applied to the HF simulation component. This is the workflow used for applying1459

Methods 1 and 2 in the “Comparison of the site amplification obtained with the five1460

methods” section.1461
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HF Simulated Acceleration Time Series 
𝑎𝐻𝐹𝑠𝑖𝑚 𝑡

HF Simulated Fourier Transform
𝑎𝐻𝐹𝑠𝑖𝑚 𝑓 = 𝐹𝐹𝑇 𝑎𝐻𝐹𝑠𝑖𝑚 𝑡

High-Frequency (HF) Simulation 
𝑓 > 1 𝐻𝑧

LF Simulated Acceleration Time Series 
𝑎𝐿𝐹𝑠𝑖𝑚 𝑡

Low-Frequency (LF) Simulation 
𝑓 ≤ 1 𝐻𝑧

HF Adjusted Fourier Transform
𝑎𝐻𝐹𝑎𝑑𝑗 𝑓 =  𝑆𝐹𝐻𝐹 𝑓 ∙ 𝑎𝐻𝐹𝑠𝑖𝑚 𝑓

BB Adjusted Acceleration Time Series

 𝑎𝐵𝐵𝑎𝑑𝑗 𝑡 = 𝐿𝑃𝐹 𝑎𝐿𝐹𝑠𝑖𝑚 𝑡 + 𝐻𝑃𝐹 𝑎𝐻𝐹𝑎𝑑𝑗 𝑡

HF Adjusted Acceleration Time Series

𝑎𝐻𝐹,𝑎𝑑𝑗 𝑡 = 𝐼𝐹𝐹𝑇 𝑎𝐻𝐹𝑎𝑑𝑗 𝑓

Filtered HF Adjusted Acc. Time Series

𝐻𝑃𝐹 𝑎𝐻𝐹𝑎𝑑𝑗 𝑡

Simulation site 
conditions, without 
shallow site effects

Site factor adjusts for 
actual site conditions

High-pass
filter (HPF)

Filtered LF Adjusted Acc. Time Series
𝐿𝑃𝐹 𝑎𝐿𝐹𝑠𝑖𝑚 𝑡

Low-pass
filter (LPF)

Broadband (BB) ground 
motion, which incorporates 
shallow site effects

SITE FACTOR APPLICATION TO HF COMPONENT

Fast Fourier 
Transform (FFT)

Inverse Fast Fourier 
Transform (IFFT)

No site adjustment

Figure B.2. Application of the site factor to the HF simulation component only.
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B.2 GMMs used and considerations1462

This paper utilizes the ground-motion models CB14 (Campbell and Bozorgnia 2014),1463

BSSA14 (Boore et al. 2014), BA18 (Bayless and Abrahamson 2019), and BCS19 (Bora1464

et al. 2019), in addition to the site-response model SAG19 (Shi 2019, Ch. 4). Table B.11465

indicates the limits of applicability of these models, in terms of VS30 range, and maximum1466

Z2.5 and Z1.0 values. It should be noted that for the site PRPC, the VS30,actual value is1467

slightly lower than the lower limit of the BCS19 model. In this case, a modified value of1468

VS30,actual = 200 was considered.1469

Table B.1. Limits of applicability of the different ground-motion and site-response models
considered.

Model
VS30
(m/s)

Z2.5,max
(m)

Z1.0,max
(m)

CB14 150-1500 10000 -
BSSA14 150-1500 - 3000
BA18 180-1500 - 2000
BCS19 200-1000 - -
SAG19 175-950 - 900

In addition, the SAG19 model has a range of PGA values that can be considered1470

(0.01g < PGA < 1.5g), and a set of valid combination of VS30 and Z1.0, which are1471

indicated in Table B.21472

Table B.2. Valid combinations of VS30 and Z1.0 for the SAG19 model. For VS30 values greater
than VS30,min, a maximum value of Z1.0 = Z1.0,max is valid.

VS30,min

(m/s)
Z1.0,max

(m)

400 750

450 600

550 450

600 300

650 150

750 75

800 36

850 16

All the models consider a different reference VS30 condition for computing the site1473

response. These values are presented in Table B.3.1474

The specific models considered to capture soil nonlinearity are referenced and1475

described in Table B.4.1476
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Table B.3. Reference VS30 associated with the models considered.

Model Reference VS30 (m/s)

CB14
Variable with vibration period

400 ≤VS30 ≤ 1086
BSSA14 760

BA18 1000
BCS19 800
SAG19 1046

Table B.4. Nonlinear models considered in Method 1.

GMM Nonlinear model Type of nonlinear model
Site reponse

analysis method
considered

Spectral domain

CB14 Walling et al. (2008) Analytical
1D equivalent

linear Response spectra

BSSA14 Seyhan and Stewart (2014)
Semi-empirical

[Analytical component:
Kamai et al. (2014)]

1D equivalent
linear Response spectra

BA18 Hashash et al. (2018) Analytical 1D nonlinear Fourier spectra
- SAG19 Analytical 1D nonlinear Fourier spectra

Each of the models considered use a different input IMrock to compute the level of1477

induced soil nonlinearity for a given ground motion:1478

- The CB14 model uses the PGA at a reference condition of VS30 = 1100 m/s.1479

- The BSSA14 model uses the PGA at a reference condition of VS30 = 760 m/s.1480

- The BA18 model uses the parameter IR, which represents the PGA at rock1481

outcrop. Since the model was developed in the Fourier spectral domain, Bayless and1482

Abrahamson (2019) provide the following equation to estimate it: ln(IR) = 1.238 +1483

0.846 · ln(EASre f ( f = 5Hz)), where EASre f is the orientation-independent horizontal-1484

component Fourier amplitude spectrum for a reference condition VS30 = 760 m/s.1485

- The SAG19 model uses the PGA at a reference condition of VS30 = 1046 m/s.1486

Given that the regional ground-motion simulation is performed for a reference1487

condition different from that used by the different models for IMrock, an adjustment has to1488

be performed. In this study, the PGA from the HF ground-motion simulation (PGAHF ),1489

which is produced for a reference condition VS30 = 500 m/s, is adjusted to estimate IMrock1490

for the different models. In the case of the CB14, BSSA14 and SAG19 models, IMrock is1491

obtained according to1492

IMrock = PGAHF ·
exp( fL(T = 0s,VS30,re f NLmodel))

exp( fL(T = 0s,VS30,simHF))
(B.1)
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which represents a linear adjustment, where VS30,simHF = 500 m/s and VS30,re f NLmodel1493

is equal to 1100 m/s for the CB14 model, 760 m/s for the BSSA14 model, and 10461494

m/s for the SAG19 model. Even though the SAG19 model used in this paper for the1495

computation of the site factor SF1 was developed in the Fourier spectral domain, there is1496

a version of this model derived in the response spectral domain, which is used for this1497

linear adjustment. Since the maximum VS30 value that this model can manage is 950 m/s,1498

the linear adjustment is performed for this reference condition instead of 1046 m/s. Also,1499

since the minimum PGA that this model can use is 0.01 g, this value is considered for1500

estimating fL.1501

Since the BA18 model was developed in the Fourier spectral domain, the linear1502

adjustment is slightly different. From the definition of IR, it can be shown that the linear1503

adjustment required is1504

IMrock = PGAHF ·
[

exp( fL( f = 5Hz,VS30,re f NLmodel))

exp( fL( f = 5Hz,VS30,simHF))

]0.846

(B.2)

where VS30,re f NLmodel = 760 m/s.1505

Tables B.5 and B.6 show the PGAHF directly obtained from the HF simulations, and1506

the resulting IMrock values for the different models, for the low- and high-amplitude1507

motions, respectively. Given that VS30,re f NLmodel >VS30,simHF , the IMrock values are lower1508

than PGAHF as a result of removing the linear site effects produced between these two1509

conditions.1510

Table B.5. HF PGA and associated IMrock values for the different models considered, for the
low-amplitude motion.

Site
IMrock (g)

PGAHF (g) CB14 BSSA14 BA18 SAG19
VS30=500 m/s PGA(VS30=1100 m/s) PGA(VS30=760 m/s) IR PGA(VS30=950 m/s)

PRPC 0.024 0.019 0.019 0.021 0.016
CMHS 0.036 0.028 0.028 0.030 0.023
RHSC 0.011 0.008 0.008 0.009 0.010
CACS 0.023 0.018 0.018 0.020 0.015

B.3 Definition of the reference condition in Method 41511

This supplemental section provides further clarification on the selection of the reference1512

condition in Method 4, particularly regarding the definition of the reference soil density.1513

As explained in the “Method 4 - 1D transfer function-based amplification” section,1514

Method 4 involves performing two linear site response analyses (using two different1515
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Table B.6. HF PGA and associated IMrock values for the different models considered, for the
high-amplitude motion.

Site
IMrock (g)

PGAHF (g) CB14 BSSA14 BA18 SAG19
VS30 = 500 m/s PGA(VS30=1100 m/s) PGA(VS30=760 m/s) IR PGA(VS30=950 m/s)

PRPC 0.46 0.36 0.36 0.39 0.30
CMHS 0.69 0.54 0.54 0.58 0.46
RHSC 0.30 0.23 0.23 0.25 0.20
CACS 0.25 0.20 0.19 0.21 0.16

approaches) relative to a common reference condition. This is illustrated in Equation 131516

(rewritten below), where the numerator represents the linear analysis using the actual site1517

properties and the theoretical 1D transfer function (T FSH1D,actual), and the denominator1518

represents the linear analysis using the simulation site properties and the SRI method1519

(T FSRI,sim).1520

SF4,L( f ) =
|T FSH1D,actual(VS,actual ,ρactual ,Dmin,actual)|√

ρRVS,R
ρ̄simV̄S,sim

· exp[−π f ∆κ0,sim]

(B.3)

As shown in Figure 7(a), the reference condition (elastic half-space) is defined at1521

a certain depth where the actual and simulation VS values match. The reference soil1522

density, ρR, used in the denominator of the above equation, is obtained from the ρ model1523

utilized in the regional simulations at the reference depth of 100 m considered in this1524

study (e.g., ρR=1.81 T/m3 for the HF simulation). This is done for consistency with1525

the simulation methodology, since the purpose of this SRI-based transfer function is to1526

remove the shallow site effects introduced by the simulation. Regarding the ρactual values1527

considered in the numerator of the above equation, these were estimated using a VS-based1528

correlation (Rix et al. 2019), which results in a different value at the reference depth (e.g.,1529

2.19 T/m3 for the site PRPC) from that considered in the simulation. This raises the1530

question of which of the two ρ values should be considered at the half-space of the site-1531

response model representative of the actual site condition (T FSH1D,actual). Considering1532

that the two previously described site response analyses are performed using different1533

approaches, in this study the VS-based ρ value (e.g., 2.19 T/m3 for the site PRPC) was1534

chosen as reference for T FSH1D,actual , for internal consistency within this approach.1535
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C Electronic Supplement C: Additional results1536

C.1 Method 11537

Figures C.1 to C.8 illustrate the determination of the linear and (full) site factors in1538

Method 1, for the four sites considered. In addition to the CB14, BSSA14, and BA181539

models, this section also provides results for the BCS19 and SAG19 models. In the1540

case of the BCS19 model, only SF1,L is presented since the model does not include1541

a nonlinear term. Unlike the other models, SAG19 was developed purely analytically1542

through multiple 1D site-response analyses. This model, available in the Python library1543

PySeismoSoil (Jsh9 2023), provides the site response amplification up to 20 Hz, thus, the1544

site factor is extrapolated for f>20 Hz using a constant value (similar to Shi 2019).1545

Figure C.1. Determination of the linear site factor in Method 1 for the site PRPC, for the
GMMs (a) CB14, (b) BSSA14, (c) BA18, and (d) BCS19.
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Figure C.2. Site factors obtained for the site PRPC using Method 1 and different models. (a)
and (b) show the linear and nonlinear components for the low-amplitude and high-amplitude
motion, respectively; (c) and (d) present the resulting site factors without any truncations; and
(e) and (f) show the site factors with LF and HF truncations.
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Figure C.3. Determination of the linear site factor in Method 1 for the site CMHS, for the
GMMs (a) CB14, (b) BSSA14, (c) BA18, and (d) BCS19.
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Figure C.4. Site factors obtained for the site CMHS using Method 1 and different models. (a)
and (b) show the linear and nonlinear components for the low-amplitude and high-amplitude
motion, respectively; (c) and (d) present the resulting site factors without any truncations; and
(e) and (f) show the site factors with LF and HF truncations.
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Figure C.5. Determination of the linear site factor in Method 1 for the site RHSC, for the
GMMs (a) CB14, (b) BSSA14, (c) BA18, and (d) BCS19.
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Figure C.6. Site factors obtained for the site RHSC using Method 1 and different models. (a)
and (b) show the linear and nonlinear components for the low-amplitude and high-amplitude
motion, respectively; (c) and (d) present the resulting site factors without any truncations; and
(e) and (f) show the site factors with LF and HF truncations.
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Figure C.7. Determination of the linear site factor in Method 1 for the site CACS, for the
GMMs (a) CB14, (b) BSSA14, (c) BA18, and (d) BCS19.
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Figure C.8. Site factors obtained for the site CACS using Method 1 and different models. (a)
and (b) show the linear and nonlinear components for the low-amplitude and high-amplitude
motion, respectively; (c) and (d) present the resulting site factors without any truncations; and
(e) and (f) show the site factors with LF and HF truncations.
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C.2 Effect of fsed on SF1,L1546

As observed in Figures C.1, C.3, C.5, and C.7, the linear site factor SF1,L is modified1547

when the fsed terms ( fsed,actual and fsed,sim) are included (in the case of the BA18 and1548

BSSA14 models). In the following, this modification is explained and discussed, using1549

the BSSA14 model (Boore et al. 2014) as reference.1550

The fsed term in the BSSA14 model, which is called Fδ z1 in Boore et al. (2014),1551

only affects vibration periods T ≥ 0.65 s, or equivalently, frequencies f ≤ 1.54 Hz1552

(i.e., mainly the LF range is affected). This term is included in the BSSA14 model to1553

account for the effect of basin depth on the ground-motion amplitude. For a given VS301554

value, a representative Z1.0 in the region of interest can be estimated through empirical1555

correlations. Then, the difference (δZ1.0) between the site-specific Z1.0 value and the1556

VS30-based Z1.0 estimate is used to compute fsed . In other words, fsed is an adjustment1557

that depends on how much the site-specific Z1.0 value departs from the expected value1558

for a certain region given a VS30. This procedure is illustrated in Figure C.9 for the site1559

PRPC, for both the actual and LF simulation conditions.1560

Figure C.9. Illustration of the Z1.0-based fsed adjustment in the BSSA14 model for the site
PRPC. (a) Empirical VS30 −Z1.0 relationship for California and Japan. (b) δ z1 for the actual
and LF simulation site conditions, using the California relationship. (c) fsed values for different
frequencies, and resulting amplification for f = 0.5 Hz.

Figure C.9(a) shows the empirical Z1.0 −VS30 relationships used in the BSSA141561

model for California and Japan, along with the actual and simulation values for PRPC.1562

Figure C.9(b) presents the δZ1.0 values for the actual and simulation conditions, based on1563
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the relationship for California. In this case, the actual δZ1.0 is very close to zero (δZ1.0 =1564

-0.038 km), which indicates that for the VS30,actual value associated with PRPC, Z1.0,actual1565

is very similar to the expected value in California. On the other hand, the simulation δZ1.01566

is considerably higher (δZ1.0 = 0.27 km) than the expected value in California for VS30,sim1567

= 500 m/s, which can be understood in light of the issue discussed in the “Host-to-target1568

correction issue” section (i.e., the average VS profile for California for VS30 = 500 m/s1569

tends to be stiffer at depth than the simulation VS profile, resulting in a higher Z1.0 value1570

for the simulation profile). Figure C.9(c) shows how δZ1.0 is mapped into exp( fsed) for1571

different frequencies. In the case of f = 0.50 Hz, it is shown that exp( fsed) is very close1572

to 1 (i.e., no adjustment) for the actual condition [exp( fsed,actual)]. For the simulation1573

condition, however, exp( fsed,sim) = 1.27, meaning that the ground-motion needs to be1574

amplified at f = 0.50 Hz to account for the fact that the simulation profile is characterized1575

by a higher value of Z1.0 than expected.1576

The effect of exp( fsed,actual) and exp( fsed,sim) on SF1,L is a multiplicative factor1577

computed as exp( fsed,actual − fsed,sim). As shown in Figure C.9(c), in the case of PRPC,1578

this results in a factor of 0.78, meaning that the net effect of including the fsed terms is1579

a reduction in SF1,L at f = 0.50 Hz. As it can be appreciated from Figure C.9(c), this1580

adjustment is less significant for higher frequencies (e.g., 1 Hz).1581

Figure C.10 presents the fsed terms for the four sites considered. The figure shows1582

that the site CMHS is the only case where δZ1.0 is lower than zero for the simulation1583

condition, and where δZ1.0 is significantly lower than zero for the actual condition,1584

illustrating that this is a particularly shallow site.1585
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Figure C.10. Illustration of the Z1.0-based fsed adjustment in the BSSA14 model for the four
sites considered. (a) Empirical VS30 −Z1.0 relationship for California and Japan. (b) δ z1 for the
actual and LF simulation site conditions, using the California relationship. (c) Resulting fsed
values for different frequencies.
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C.3 Method 21586

Figure C.11 shows the reference adjustment proposed in Method 2 for the site PRPC1587

and two GMMs: CB14 and BSSA14. As shown in Figure C.11a, the reference host1588

profiles of the two GMMs are considerably different, resulting in different merging1589

depths. Figure C.12 presents the corresponding site factor (SF2), and compares them1590

with those obtained with Method 1 (SF1). For the CB14 model, the fsed terms are not1591

included in the computation of SF1, and in the case of BSSA14, SF1 is computed with1592

and without the fsed terms. When Method 2 is applied using the BSSA14 model, SF1 is1593

computed including fsed,actual , but not fsed,sim, as explained later. The results are shown1594

with and without the LF and HF truncations previously considered in the “Method 1 -1595

VS30-based amplification” section. As illustrated in Figure C.12, once the HF truncation1596

is applied, the net effect of the reference correction factor introduced by Method 2 is a1597

significant reduction in the amplification implied by SF1, mainly for f<3 Hz. However, at1598

very low frequencies ( f<0.3 Hz) the reduction in amplification generated by the simple1599

application of the LF truncation to SF1 is greater than that obtained by Method 2 (SF2).1600

Figure C.11. Reference adjustment in Method 2 for the site PRPC. (a) LF and HF profiles,
from 0 to 5000 m. (b) HF profiles from 0 to 220 m. (c) Resulting reference correction factors.
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Figure C.12. Comparison between site factors obtained by Method 1 and Method 2 for the
site PRPC. (a) CB14 model; for the low-amplitude motion and (b) the high-amplitude motion,
(c) BSSA14 model; for the low-amplitude motion and (d) the high-amplitude motion.

In the case of the BSSA14 model, the application of Method 2 has a similar effect to1601

the incorporation of the fsed terms in Method 1 (Figures C.12c and C.12d). Supplemental1602

Figure C.1 shows that the reduction of amplification in the latter case is driven by an1603

increase in exp[ fsite,sim] when fsed,sim is included. Conceptually, this adjustment is similar1604

to that performed with the reference correction factor (RC) in Method 2. The fsed term in1605

the BSSA14 model accounts for differences between the site Z1.0 and the average (host)1606

Z1.0 value implicit in the model for a given VS30. In this case, the simulation profile is1607

characterized by a Z1.0,sim value that is larger than that implicit in the BSSA14 model for1608

VS30,sim, which results in an increase in exp[ fsite,sim] when fsed,sim is incorporated. This1609

is further explained in the “Effect of fsed on SF1,L” section of Electronic Supplement C.1610

The advantage of Method 2 is that the adjustment is site-specific (i.e., conducted for the1611

particular simulation profile considered, instead of for its associated Z1.0 value), resulting1612

in lower amplification in the frequency range f =1-3 Hz for the site PRPC. However, the1613

adjustment performed by Method 2 is only related to the simulation site response ( fS,sim)1614

and does not have any influence in the actual site response ( fS,actual), which is the reason1615

why the fsed,actual term was included in the computation of SF2. Including this term is1616

particularly relevant in the case of sites characterized by a Z1.0,actual value that departs1617

significantly from the host Z1.0 value for VS30,actual , which is the case of the site CMHS,1618
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as shown in the Supplemental Figure C.10 of the Electronic Supplement C. Another1619

advantage of Method 2 is that it can be applied along with any GMM, whereas the type1620

of VS30-based fsed adjustment described before is only available in some GMMs (e.g.,1621

BSSA14, BA18).1622

The following figures show the reference adjustment and the resulting site factors, for1623

the the other three sites considered.1624

As observed in Figure C.14, in the case of the site CMHS, Method 2 along with the1625

CB14 model produces an unrealistically large linear site factor in the LF range. This1626

situation illustrates an issue that can occur at sites characterized by a Z1.0,actual value1627

that significantly departs from the average Z1.0 for a given VS30,actual (see Supplemental1628

Figure C.10 in Electronic Supplement C). Since the correction introduced in Method 21629

only acts over the simulation condition (represented by VS30,sim), in these cases, the use of1630

a GMM such as BSSA14, which allows for a correction of the actual condition (through1631

a VS30,actual-based fsed,actual adjustment) is preferred over a model like CB14, that does1632

not have this feature.1633
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Figure C.13. Reference adjustment in Method 2 for the site CMHS. (a) LF and HF profiles,
from 0 to 5000 m. (b) HF profiles from 0 to 220 m. (c) Resulting reference correction factors.

Figure C.14. Comparison between site factors obtained by Method 1 and Method 2 for the
site CMHS. (a) CB14 model; for the low-amplitude motion and (b) the high-amplitude motion,
(c) BSSA14 model; for the low-amplitude motion and (d) the high-amplitude motion.

Prepared using sagej.cls



xvi Journal Title XX(X)

Figure C.15. Reference adjustment in Method 2 for the site RHSC. (a) LF and HF profiles,
from 0 to 5000 m. (b) HF profiles from 0 to 220 m. (c) Resulting reference correction factors.

Figure C.16. Comparison between site factors obtained by Method 1 and Method 2 for the
site RHSC. (a) CB14 model; for the low-amplitude motion and (b) the high-amplitude motion,
(c) BSSA14 model; for the low-amplitude motion and (d) the high-amplitude motion.
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Figure C.17. Reference adjustment in Method 2 for the site CACS. (a) LF and HF profiles,
from 0 to 5000 m. (b) HF profiles from 0 to 220 m. (c) Resulting reference correction factors.

Figure C.18. Comparison between site factors obtained by Method 1 and Method 2 for the
site CACS. (a) CB14 model; for the low-amplitude motion and (b) the high-amplitude motion,
(c) BSSA14 model; for the low-amplitude motion and (d) the high-amplitude motion.
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C.4 Method 31634

Figures C.19 to C.26 show the VS profiles used in Method 3 (and subsequently, in Method1635

4), and the resulting site factors, for the four sites considered.1636

Figure C.19. (a) VS profiles used in Methods 3 (and subsequently, in Method 4), for the site
PRPC. (b) Resulting linear site factor.

Figure C.20. (a) Site-response operators of Method 3 for the site PRPC considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplifude motion and (d) high-amplitude motion.
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Figure C.21. (a) VS profiles used in Methods 3 (and subsequently, in Method 4), for the site
CMHS. (b) Resulting linear site factor.

Figure C.22. (a) Site-response operators of Method 3 for the site CMHS considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplifude motion and (d) high-amplitude motion.
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Figure C.23. (a) VS profiles used in Methods 3 (and subsequently, in Method 4), for the site
RHSC. (b) Resulting linear site factor.

Figure C.24. (a) Site-response operators of Method 3 for the site RHSC considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplifude motion and (d) high-amplitude motion.
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Figure C.25. (a) VS profiles used in Methods 3 (and subsequently, in Method 4), for the site
CACS. (b) Resulting linear site factor.

Figure C.26. (a) Site-response operators of Method 3 for the site CACS considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplifude motion and (d) high-amplitude motion.
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C.5 Method 41637

Figures C.27 to C.34 show the Dmin profiles used in Method 4, and the resulting site1638

factors, for the four sites considered.1639

Figure C.27. (a) Dmin profiles used in Method 4 for the site PRPC. (b) Resulting linear site
factor from Method 4 for the site PPRC.

Figure C.28. (a) Site-response operators of Method 4 for the site PRPC considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplitude motion and (d) high-amplitude motion.

Prepared using sagej.cls



xxiii

Figure C.29. (a) Dmin profiles used in Method 4 for the site CMHS. (b) Resulting linear site
factor from Method 4 for the site CMHS.

Figure C.30. (a) Site-response operators of Method 4 for the site CMHS considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplitude motion and (d) high-amplitude motion.
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Figure C.31. (a) Dmin profiles used in Method 4 for the site RHSC. (b) Resulting linear site
factor from Method 4 for the site RHSC.

Figure C.32. (a) Site-response operators of Method 4 for the site RHSC considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplitude motion and (d) high-amplitude motion.
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Figure C.33. (a) Dmin profiles used in Method 4 for the site CACS. (b) Resulting linear site
factor from Method 4 for the site CACS.

Figure C.34. (a) Site-response operators of Method 4 for the site CACS considering the
low-amplitude motion and (b) the high-amplitude motion. (c) Resulting site factors for the
low-amplitude motion and (d) high-amplitude motion.
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C.6 Method 51640

Figures C.35 to C.38 show the VS profiles utilized in Method 5 and the resulting linear1641

site factor SFL,5 for the four sites considered.1642

Figure C.35. (a) VS profiles used in Methods 5 for the site PRPC, and (b) resulting linear site
factor.

Figure C.36. (a) VS profiles used in Methods 5 for the site CMHS, and (b) resulting linear site
factor.

To investigate the impact of using different codes and models for 1D time-domain1643

nonlinear site-response analysis in Method 5, four different analyses are performed1644

(see Table C.1). As indicated in the table, three programs are considered: OpenSees1645

(McKenna, 2011), DEEPSOIL (Hashash et al., 2020), and PySeismoSoil (Jsh9, 2023;1646
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Figure C.37. (a) VS profiles used in Methods 5 for the site RHSC, and (b) resulting linear site
factor.

Figure C.38. (a) VS profiles used in Methods 5 for the site CACS, and (b) resulting linear site
factor.

Asimaki and Shi, 2017). OpenSees allows for the use of elastoplastic constitutive1647

models, whereas DEEPSOIL and PySeismoSoil utilize cyclic stress-strain relationships,1648

which are defined by a backbone curve and a series of rules that describe the1649

hysteretic behavior of the soil. In OpenSees, the PressureDependMultiYield02 and1650

PressureIndependMultiYield models (Yang et al., 2003, 2008) are used for granular1651

and cohesive materials, respectively, and two different approaches to define the soil1652

backbone curve are considered: (1) in Analysis 1, the octahedral shear strength of1653
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the soil is prescribed through the input of friction angle or cohesion defined in1654

octahedral space (Khosravifar, 2012; Khosravifar et al., 2018), which results in a code-1655

generated hyperbolic backbone curve (Yang et al., 2003); (2) in Analysis 2, a user-1656

defined modulus reduction (MR) curve is prescribed for each layer. Analysis 3 uses1657

the General Quadratic/Hyperbolic (GQ/H) model (Groholski et al. 2016), implemented1658

in DEEPSOIL, and Analysis 4 utilizes the Hybrid Hyperbolic (HH) model (Shi and1659

Asimaki, 2017), implemented in PySeismoSoil.1660

Table C.1. Different software programs and constitutive models investigated for 1D
time-domain nonlinear site-response analysis in Method 5.

Analysis Program Constitutive model

1
OpenSees

(McKenna 2011)

PressureDependMultiYield02 (PDMY02) Model
for granular materials (Yang et al., 2008)

PressureIndependMultiYield (PIMY) Model
for cohesive materials (Yang et al., 2008)

Code-generated
hyperbolic backbone

curves

2 User-defined MR curves

3
DEEPSOIL

(Hashash et al. 2020)
General Quadratic/Hyperbolic (GQ/H) model

(Groholski et al. 2016)

4
PySeismoSoil

(Jsh9 2023; Asimaki and Shi 2017)
Hybrid Hyperbolic (HH) Model

(Shi and Asimaki 2017)

For Analyses 2 to 4, the backbone curve (or, equivalently, the MR curve) of each layer1661

for the small-to-moderate strain range was defined based on the Darendeli (2001) model,1662

and in the large strain range this relationship was adjusted for consistency with the shear1663

strength of the soil, although using different procedures in each case (Yee et al. 2013;1664

Groholski et al. 2016; Shi and Asimaki 2017, respectively). This ensures consistency1665

between the backbone curves used in Analyses 2 to 4, particularly in the small- and large-1666

strain ranges, although some considerable differences can be produced in the transition1667

strain range, due to the use of different procedures. On the other hand, Analysis 1 is based1668

on the hyperbolic model, and therefore, significant differences with the other analyses are1669

expected.1670

Regarding the small-strain damping implementation, Rayleigh damping was adopted1671

in OpenSees and DEEPSOIL, using an average value of the Dmin,actual profile, and1672

selecting the target frequencies according to Kwok et al. (2007), whereas the Liu1673

and Archuleta (2006) formulation was used in PySeismoSoil, which utilizes the entire1674

Dmin,actual profile as input. For both the simulation and actual profiles, Dmin was estimated1675

using Dlab
min with a multiplicative factor of 3 (Pretell et al. 2023).1676
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Figures C.39 to C.42 compare the resulting amplification factors for the four analyses1677

and four sites considered. Figure C.39 shows that for PRPC the amplification factors1678

obtained by Analyses 2 to 4 are very similar, and they depart significantly from Analysis1679

1 in some cases, illustrating how the variability between codes and models can be1680

significantly reduced when consistent backbone curves are considered.1681

Figure C.39. Amplification factors of different IMs resulting from applying Method 5 to the
sites PRPC, for different site-response analysis codes and constitutive models.

Figure C.40. Amplification factors of different IMs resulting from applying Method 5 to the
sites CMHS, for different site-response analysis codes and constitutive models.
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Figure C.41. Amplification factors of different IMs resulting from applying Method 5 to the
sites RHSC, for different site-response analysis codes and constitutive models.

Figure C.42. Amplification factors of different IMs resulting from applying Method 5 to the
sites CACS, for different site-response analysis codes and constitutive models.
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C.7 Comparison between methods1682

Figure C.43 and C.44 superimpose the SA amplification factors (AFs) and the site factors1683

(SFs), for the low- and high-amplitude motion, respectively, for Methods 1 to 4. In the1684

case of the AFs the x-axis represents the oscillator vibration periods, whereas for the SFs1685

this axis represents the periods of the ground motion in the Fourier domain. These figures1686

illustrates how the SF at a given period impact the AF at the equivalent oscillator period.1687

Figure C.43. Comparison between the SA amplification factors (continuous lines) and the
site factors (dashed lines) for Methods 1 to 4, for the low-amplitude motion. Results for the
sites (a) PRPC, (b) CMHS, (c) RHSC, and (d) CACS. Site factors of Methods 1 and 2 are
plotted up to a vibration period of 1 s to illustrate that their applications was limited to the HF
range.
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Figure C.44. Comparison between the SA amplification factors (continuous lines) and the
site factors (dashed lines) for Methods 1 to 4, for the high-amplitude motion. Results for the
sites (a) PRPC, (b) CMHS, (c) RHSC, and (d) CACS. Site factors of Methods 1 and 2 are
plotted up to a vibration period of 1 s to illustrate that their applications was limited to the HF
range.
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C.8 Additional References in the Electronic Supplements1688

The following are the additional references cited in the Electronic Supplements, which1689

complement the main references of the paper.1690
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University of California, Davis.1694

Khosravifar A, Elgamal A, Lu J and Li J (2018) A 3D model for earthquake-induced1695

liquefaction triggering and post-liquefaction response. Soil Dynamics and Earthquake1696
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(2007) Use of Exact Solutions of Wave Propagation Problems to Guide Implementation1699
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