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Abstract

On January 24, 2020, Sivrice-Elazig-Turkey earthquake occurred along the East Anato-
lian Fault Zone. The moment magnitude of the event was reported as 6.8. This paper docu-
ments reconnaissance findings performed immediately after the event. Investigated sites
namely, Lake Hazar shores, Karakaya Dam Reservoir—Euphrates River shores, Malatya—
Battalgazi district and its villages, and Elazig Downtown are predicted to be shaken by
rock peak ground acceleration, PGAygs0_1109 s> 1€Vels of 0.12-0.42 g, 0.05-0.11 g, 0.05 g,
and 0.08 g respectively. The documented geotechnical field performances vary from
widespread liquefaction-induced sand boils and lateral spreading, to no signs of surface
manifestations of permanent ground deformations or soil liquefaction. In Battalgazi dis-
trict and Elazig Downtown, the foundation performances vary from no signs of permanent
ground deformations to 1-3 cm settlements, and 1-2 cm lateral movements. Additionally,
the hydraulic structures inspected are estimated to be shaken by PGAyg30-1100 mss l€vels of
0.03-0.23 g. Other than a minor longitudinal cracking along a limited section along the
crest of a homogeneous earthfill dam, no apparent signs of permanent ground deformations
were reported. Last but not least, a number of rock falls were mapped, based on back analy-
ses of which probable peak ground velocities at these rockfall sites were speculated.

Keywords Reconnaissance - Sivrice earthquake - Liquefaction - Hydraulic structures -
Foundations - Seismic performance
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Cc Coefficient of curvature

Cg Correction factor for hammer energy ratio

C, Recompression index

Cr Correction factor for rod lenght

Cy Correction factor for overburden pressure

Cq Correction factor for sampling method

Cy Coefficient of uniformity

CRR.. Cyclic resistance ratio adjusted to ¢’, =1 atm, M=7.5,
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CSRG’V:I atm, M=7.5

PGAys30=1100 mvs
Iy

S

@ Springer

o'v=1 atm, M=7.5, PL=50%

PL=50%

Cyclic stress ratio at a given vertical effective stres and
moment magnitude

Cyclic stress ratio normalized to 1 atm vertical effective stress
for a M7.5 event

Critical depth

Paticle size corresponding to 10% finer on the cumulative
particle size distribution curve

Paticle size corresponding to 30% finer on the cumulative
particle size distribution curve

Paticle size corresponding to 60% finer on the cumulative
particle size distribution curve

Fines content

Factor of safety

Magnitude scaling factors

Overburden correction factor

Moment magnitude of the earthquake

Measured standard penetration test blow counts
Normalized (overburden, equipment and procedure corrected)
standard penetration test blow counts

Equivalent clean sand normalized standard penetration test
blow counts

Probability of liquefaction triggering

PGA for 475-year return period

PGA for 72-year return period

Median PGA for Vg3,=1100 m/s

Stress reduction factor (aka: non-linear shear mass
participation)

Coefficient factor for spectral acceleration at 1 s period
Coefficient factor for design spectral acceleration at 1 s period
Coefficient factor for design spectral acceleration at short
period

Coefficient factor for spectral acceleration at short period
Shear wave velocity of the upper 12 m

Shear wave velocity of the upper 30 m

Vertical total stress

Vertical effective stress

Preconsolidation pressure
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1 Introduction and seismological setting

On January 24, 2020 at 17:55 (UTC) (20:55 local time), a moment magnitude (M) of 6.8
(according to AFAD, Disaster and Emergency Management Presidency; https://deprem.
afad.gov.tr/depremdokumanlari/1831) or 6.7 (according to USGS; https://earthquake.usgs.
gov/earthquakes/eventpage/us60007ewc/executive) earthquake occurred along the East
Anatolian Fault Zone (EAFZ) of Turkey. EAFZ is a NE-SW striking, left-lateral intra-
continental strike slip fault system, which extends between Karliova junction and Antakya
at the NE corner of Mediterranean Sea (Saroglu et al. 1992). This system had been seis-
mically quiet in the twentieth century. The 2020 Elazig—Sivrice earthquake is the largest
magnitude event recorded on EAFZ in the last two centuries; therefore, the seismotectonic
data complied after this earthquake may provide valuable input in fault segmentation and
rupture forecast models (Pousse-Beltran et al. 2020). The mainshock of Elazig—Sivrice
earthquake was followed by 206 aftershocks with M >3 within 30 days after the event, as
shown in Fig. 1. The aftershocks are distributed along a 70-80 km-long fault plane over
EAFZ, specifically between Sivrice and Puturge towns. As revealed by MTA (2020), the
surface deformations were observed for approximately 48 km along EAFZ, starting from
Lake Hazar down to Puturge. Figure 1 indicates that the extent of these surface deforma-
tions is consistent with the spatial distribution of aftershocks.

Duman and Emre (2013) defined two segments for EAFZ separated by releasing bend of
Lake Hazar: Palu segment lying in between Palu and Lake Hazar (blue line in Fig. 1) and
the Puturge segment located between Lake Hazar and Sincik (green line in Fig. 1) (Gul-
erce et al. 2017). The epicenter of the mainshock is located on the Puturge segment, which
was subjected to elevated stress levels due to 2010 Elazig—Kovancilar earthquake (M =6.1)
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Fig. 1 Rupture plane of 2020 Elazig—Sivrice earthquake assessed by Pousse-Beltran et al. (2020) (solid red
line), approximate location of the observed surface deformations at the field (dark blue dashed line) and the
aftershocks with M >3 occurred on the first 30 days after the mainshock, color-coded according to mag-
nitude. Locations of the five strong motion stations with PGA >0.05 g are shown with red pins. Blue and
green lines are Palu and Puturge segments which are slightly modified for their termination points by Gul-
erce et al. (2017). Ry values for stations given in Table 1 are shown with black arrows
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occurred on the Palu segment (Akkar et al. 2011). Pousse-Beltran et al. (2020) divided
Puturge segment into two sub-segments with a small left step-over between Doganyol
and Puturge, based on the analysis of Interferometric Synthetic Aperture Radar (InSAR)
and optical satellite imagery, tele-seismic back-projections, regional moment tensors, and
calibrated hypocentral relocations. It was argued that the 2020 Elazig—Sivrice earthquake
was “not characteristic”: larger ruptures on Puturge segment are possible, which should
be taken into account in future seismic hazard assessment studies. Segmentation model
and characteristic magnitude estimations of Gulerce et al. (2017) were consistent with
this argument: the characteristic magnitude of the Puturge segment was estimated to vary
between M=7.19-7.23 due to different magnitude scaling relations and implemented in
probabilistic seismic hazard assessment (PSHA).

The mainshock is recorded by 243 strong motion stations operated by AFAD; however,
only seven stations have recorded peak ground accelerations (PGA) with engineering sig-
nificance (PGA>0.05 g), and only five stations are located within 50 km of the rupture
plane (https://tadas.afad.gov.tr/, last accessed on October 7, 2020). Table 1 presents the
horizontal component PGA values recorded at these five stations. The shear wave veloc-
ity profiles for selected stations were measured. The time-averaged shear wave velocity at
the first 30 m (Vg3() for Puturge (ID#4404), Elazig Center (ID#2301), and Malatya Center
(ID#4401) stations were documented by Sandikkaya et al. (2010). Similarly, the Vg3, val-
ues of Sivrice (ID#2308) and Gerger (ID# 0204) stations were measured by Kurtulus et al.
(2019). The rupture (Ryp) and Joyner—Boore (R;z) distances provided in Table 1 are cal-
culated by using the rupture plane dimensions shown in Fig. 1 with the assumption that
depth to the top of the rupture is equal to 0.5 km. It should be noted that the R,z values
estimated by Cheloni and Akinci (2020) are significantly different for Sivrice and Elazig
Center stations, due to the uncertainty in the extent of the rupture plane through Lake
Hazar. The 5%-damped elastic horizontal response spectra recorded at the selected stations
are presented in Fig. 2.

The Turkish Seismic Hazard Map (TSHM) was updated in 2018 (Akkar et al. 2018),
and it is being enforced as part of updated Turkish Building Earthquake Code (TBDY
2019) for assessing design-basis spectra of regular buildings since the beginning of 2019.
The short period (Sg) and 1 s (S;) ground motions in TSHM with 20% and 10% chance of
exceedance in 50 years (corresponding to 72- and 475-year return periods, respectively)
at the station locations are presented in Table 1 (https://tdth.afad.gov.tr, last accessed in
February 11, 2020). To calculate the Spg and Sy, values, the site amplification coefficients
given in TBDY (2019) are taken into account, and the PGA values for both hazard levels
are estimated as 40% of the corresponding Spg values. Figure 2 shows that the recorded
PGA values at Elazig Center, Puturge and Sivrice stations are approximately equal to the
72-year PGA values given in TSHM; while, the short period spectral accelerations are
smaller than 72-year design spectra for all stations. Spectral accelerations at mid-long peri-
ods (T>0.5 s) in Elazig Center and Gerger stations are very close to the 72-year design
spectrum; however, the recorded mid-long period ground motions exceed the 72-year spec-
trum and reach up to the 475-year design spectrum in Puturge and Sivrice stations.

A recent study by Kale (2019) has utilized several ranking methods for comparing the
predictive performance of ground motion models (GMMs) for shallow crustal and active
tectonic regions with the Turkish strong motion database. Analysis results indicated that
the regional Kale et al. (2015) model, the Turkey (TR)-adjusted version of the Boore and
Atkinson (2008) model (Gulerce et al. 2016), and the global Chiou and Youngs (2014)
model have better predictive performances when compared to other alternatives. To com-
pare the distance attenuation of the recorded strong motions with the distance scaling of
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Fig.2 Recorded 5% damped elastic response spectra and the 72-years and 475-years design spectra accord-
ing to TBDY (2019) for a Elazig Center station (ID#2301), b Puturge station (ID#4404), ¢ Sivrice station
(ID#2308), d Gerger station (ID#0204), e Malatya Center station (ID#4401)

abovementioned GMMs, the recorded values are normalized to Vg;,=400 m/s by using
the site amplification scaling utilized in each GMM. Normalized PGA values from selected
stations are compared with the median + 1o predictions of TR-adjusted Boore and Atkin-
son (2008), TR-adjusted Chiou and Youngs (2008), Boore et al. (2014), Chiou and Youngs
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(2014) and Kale et al. (2015) models in Fig. 3a. According to Fig. 3a, the PGAs recorded
in Puturge, Gerger and Elazig Center stations are equal to or very close to the median esti-
mations of the tested GMMs. The PGA value recorded at the closest location to the epi-
center, the Sivrice station, is closer to the lower bound of the range (median — 1o) for all
GMMs. This observation is consistent with the results of ground motion simulations for
this event: simulated ground motion intensities for Sivrice station in Cheloni and Akinci
(2020) are significantly higher than the recorded ones, especially at high frequencies. The
PGA value recorded at Malatya Center station is also lower than the median estimations of
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Fig.3 a Median estimation of selected GMMs for Vg3;,=400 m/s and recorded PGA values normal-
ized to V3,=400 m/s at selected strong motion stations. Dashed lines show the lower and upper bound
of median+ o range for selected GMMs, b recorded and predicted PGA values at visited sites along with
median estimations of ASK14 model for Vg3,=200-1100 m/s
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GMMs. The distance attenuation plots given in Akkar et al. (2011) for 2010 Elazig—Kovan-
cilar event and in Cheloni and Akinci (2020) for this earthquake indicated faster atten-
uation beyond 50 km in the recorded ground motions. Figure 3b compares the recorded
rotation independent average horizontal (GMRotD50) PGA values with the median predic-
tions of Abrahamson et al. (2014) (ASK14) GMM for various Vg, values. The fit between
recorded data and median predictions of the ASK14 model is satisfactory for Rgyp> 10 km
and similar to the other GMMs; therefore, ASK14 model is used to estimate the intensity
of ground shaking levels at visited soil, rock, earthfill and rockfill dam sites, which will be
presented later in the manuscript.

After the event, Middle East Technical University (METU) Civil Engineering Depart-
ment Geotechnical Reconnaissance team arrived the city of Elazig on the 31st of January
to collect and document perishable data in the form of permanent ground deformations
due to strong ground shaking, soil liquefaction or slope instability. Additionally, the seis-
mic performances of earthfill and rockfill dams, tunnels and residential building foundation
systems were documented. The reconnaissance route was mostly concentrated on soil sites,
which are composed of young alluvial deposits. Hence, as shown in Fig. 4, Lake Hazar,
Karakaya Reservoir and Euphrates River shores were visited and investigated. Although
there are free field soil sites with high potential for liquefaction triggering in the vicinity of
the shores of Lake Hazar and Euphrates River, due to lack of urbanization in these areas,
the contribution of liquefaction triggering to observed structural damage is judged to be
none, except for Sivrice Dock site, which will be presented next. The discussions of our
findings will be presented separately under the performance of (a) potentially liquefiable

194(

Fig.4 A summary of ground failure observations along the shores of Lake Hazar, the shores of Karakaya
Dam Reservoir and Euphrates River and Malatya—Elazig Route (Green pins indicate potentially liquefiable
(alluvial), but non-liquefied sites, Red pins indicate sites with surface manifestation or soil liquefaction,
RF rockfall, LS liquefaction-induced lateral spread, VS volumetric settlement, SB sand Boil), Google Earth,
2018
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sites, (b) soil and rock slopes, (c) hydraulic structures, and (d) foundations in the next sec-
tions. These reconnaissance findings are hoped to contribute to the development of case
history-based predictive models, which establish the basis of engineering assessments in
seismic soil liquefaction triggering (e.g.: Seed et al. 1985; Cetin et al. 2018; Boulanger
and Idriss 2012; Brandenberg et al. 2020), seismic performance assessments of soil slopes
(e.g.: Saygili and Rathje 2008); and earth structures (Makdisi and Seed 1977).

2 Performance of potentially liquefiable soil sites

With the intent of identifying liquefied soil sites, the shores of Lake Hazar, Karakaya Dam
Reservoir, and Euphrates River were visited. Seismically-induced soil liquefaction surface
manifestations in the form of sand boils, excessive settlements and lateral spreading defor-
mations were observed along the shores of the lake. At other potentially liquefiable alluvial
sites, these surface manifestations were not evident. Table 2 presents a summary of these
field performances. In this table, in addition to the coordinates of the sites, site specific
PGA values were listed. In the estimation of site specific PGA values, event compatible
ASK14 model is used along with the Ry, of the sites, as presented in Fig. 3b. Moreover, a
summary of the field performances including: (1) triggering of liquefaction or not, (2) the
magnitude of ground deformations, if any, (3) availability of site specific site investigation
data in the form of borelogs is presented. Representative borelogs were identified consider-
ing the proximity of boreholes and site locations along with the similarities in the geologi-
cal settings. Due to plastic nature of cohesive soil layers dominating the alluvial geological
setting of Elazig and Malatya Downtown districts, only a limited number of potentially
liquefiable sites and soil layers exist at these districts, and they did not liquefy during this
event. The documentation of sites with surface manifestations of soil liquefaction and/or
permanent ground deformations are presented in a more complete manner; whereas, for the
ones lacking, no further discussion are given due to page limitations. However, readers are
referred to Cetin et al. (2020) for accessing to a complete documentation and discussion of
all these sites.

2.1 Surface manifestations of soil liquefaction

Seismically-induced lateral spreading and volumetric settlements were observed at par-
tially inundated Sivrice Dock and its immediate neighboring beach. Observed ground fail-
ures were mapped as presented in Fig. 5, a more detailed discussion of which is presented
in Cetin et al. (2020). The dock is underlain by gravelly fill, and due to lateral spreading
and volumetric densification of the gravelly fill layer, both lateral and vertical displace-
ments were observed and mapped, the magnitude of which varied in the range of 3-5.5 cm,
and 2.5-7 cm. respectively.

Similarly, liquefaction-induced lateral spreading deformations, presented in Fig. 6, were
mapped along a 90 m by 24 m shoreline neighboring to Sivrice Dock, with induced crack
widths varying from 3 to 5 cm. The total maximum lateral deformation at the most critical
section was mapped as 10-14 cm. Immediately in the south-east of this local beach, there
is another beach, where no signs of permanent ground deformations or liquefaction mani-
festations were evident, as shown in Fig. 7. This beach was observed to have a milder slope
when compared to the lateral spreading site.
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@ into to the page

[ (©  outofthe page

Fig.5 Seismically-induced volumetric settlement in the dock of Lake Hazar (38°28'10.0"N
39°17'03.6"E/31.01.2020/12:11 & 38°26'53.2"N 39°18'53.4"E/31.01.2020/12:14)

Fig.6 Seismically-induced lateral spreading on the beach of Lake Hazar (38°26'50.7"N
39°18'56.9"E/31.01.2020/12:21)
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Fig.7 A sketch of lateral spread deformations (38°28'10.0"N 39°17'03.6"E/31.01.2020/12:11), Google
Maps, 2020

Seismically-induced liquefaction manifestations in the form of sand boils were
observed at Site 8, Site 12, and Site 15, as shown in Figs. 8, 9 and 10. Soil samples
were retrieved to perform sieve analysis at Middle East Technical University Soil
Mechanics Laboratory. The resulting gradation curves for the samples collected from
sand boils are presented later in this manuscript.

Sivrice-Elazig event also shook Malatya Downtown and its surrounding towns.
Toygar Neighborhood of Battalgazi District was visited during the reconnaissance
study. Although this site is composed of alluvial deposits with potential for ground
failure, no signs of it were observed. Surficial soils, observed to be of high plastic-
ity clays, and to be frozen are listed as the two factors, which might have impeded
the development of permanent ground deformations or cyclic mobility manifestations.
Seismically-induced liquefaction manifestations were observed at Kale District shore,
in the form of sand boils. Figures 11 and 12 illustrate a view of the site and sand boils
documented. Soil samples were collected for sieve analysis.
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Samples were
retrieved from the

wide soil zone

Fig.8 Sand boils observed at Site 8 (38°27'49.7"N 39°24'01.1"E/31.01.2020/14:38 & 38°27'49.8"N
39°24'03.0"E/31.01.2020/14:14)

Fig.9 Sand boils observed at Site 12 (38°29'58.5"N 39°30'24.6"E/31.01.2020/15:29 & 38°29'57.7"N
39°3024.0"E/31.01.2020/15:30)
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Fig. 10 Seismic  soil  liquefaction-induced  sand  boils at  Site 15 (38°29'32.3"N
39°21'03.8"E/31.01.2020/16:57 & 38°29'34.5"N 39°21'03.6"E/31.01.2020/17:11)

+038.422829° / +038.761371° 1 2272ft

01.02:20 - 12:17:40

= ~

308" N52W 5476mil

Fig. 11 View of Kale shore (38°25'22.2"N 38°45'40.9"E/01.02.2020/12:17)

2.2 Preliminary liquefaction triggering assessments

In this section, on the basis of available sand ejecta samples, liquefaction susceptibil-
ity assessments of liquefied soil layers will be discussed. When representative in-situ
field test results are available, in the form of SPT (standard penetration test), CPT (cone
penetration test) or V (shear wave velocity), liquefaction triggering assessments on the
basis of simplified procedures were performed, which will be discussed next.

@ Springer



3430 Bulletin of Earthquake Engineering (2021) 19:3415-3459

Fig.12 Seismic  soil  liquefaction-induced sand boils at Kale shore (38°25'15.2"N
38°45'32.2"E/01.02.2020/12:32 & 38°25'15.2"N 38°45'23.9"E/01.02.2020/12:45)

2.2.1 Liquefaction susceptibility assessments

As stated earlier, disturbed samples were retrieved from soil ejecta at various sites.
These samples were tested in conformance with ASTM D7928-17 and ASTM D6913/
D6319M-17 standards to assess grain size distribution characteristics, and to classify
them. The locations of sites, and grain size distribution characteristics are summarized
in Table 3. In Fig. 13, grain size distribution curves are also comparatively presented
with the range of potentially liquefiable soils (Tsuchida 1970). Based on Unified Soil
Classification System (USCS) (ASTM D2487-17el), most of the sand ejecta samples
were classified as SP (poorly graded sand) and SM (silty sand) and fall in the range of
potentially liquefiable soils. Consistent with available literature, ejecta materials were
classified as non-plastic with fines less than 30%.

2.2.2 Likelihood of liquefaction triggering

Due to reconnaissance nature of the studies and lack of site-specific investigation
results, available nearby borelogs from local site investigation database catalogs (M.
Gor, personal communication, 2020) of Elazig and Malatya were compiled and assessed
to perform preliminary liquefaction triggering analysis. As discussed earlier, plas-
tic cohesive soil layers dominate the alluvial geological setting of Elazig and Malatya
Downtowns. Figure 14 represents the consistency limits of samples taken from Elazig
and Malatya Downtown, and Lake Hazar. Therefore, the number of potentially liquefia-
ble sites and soil layers are limited; and they did not liquefy during this event. Figure 15

@ Springer



3431

Bulletin of Earthquake Engineering (2021) 19:3415-3459

a « " a= 'afa="o.

dS S0 0St A S0 €0 0°€ 80L 797 (9T-9NS) TYL'8E—HTH 8E
INS-dS 60 +9°€ 160 LY'0 ST0 TS 06 vy (9T-9NS) LGL'8E-TTH 8E
dS SI'T €IT 670 9¢°0 €20 €1 ¥'S6 v'e  (9T-9NS) 65L°8€-TTH8E
INS-dS  ST'0  TTE 67 T0 600 9 SLS v9€  (97-9MS) TYL'SE—TH'E  2I0US PLISI e
WS ILT LIV ST0 91°0 90°0 61 901 STl ce8 I'v (ST-9NS) 16€°65-T6V'8E
dS 8L0 IS L'l $9'0 €0 0°€ 0°L8 00T (ST-9US) SE'6£-T67'8E
NS 989 012 wo Y0 200 8¢ 11 671 608 Ty (TI-NS) 905 66-661'8E
NS 65T L9S LT°0 600 €0°0 Se 961 1'€T LTL T¥  (8-9US) 00V 6E-€9'SE
NS  L¥0 00€ 90 SLO'O 200 ST 9°LT 1°0€ I'ly 887  (8-9US) LOOY 6E-€9¥°8E
ds 10T 1971 €50 wo €€°0 A 9°L8 01T (8-9S) 6007 6E-€91'SE TezeH oye]
adiypros  ®lp vl (ww)Pq (wu) g (ww) g () KeD (%) IS (%) suLd (%) pues (%) [9ABID (A—x) sojeurpioo) uoi3oy

©103[0 pues Jo uonnqLIsIp 9ZIs Ureln) ¢ ajqel

pringer

As



3432

Bulletin of Earthquake Engineering (2021) 19:3415-3459

100

80

60

\.\

Passing (%)

Rang? of /
Soils /
y 1
/
!
/
7
|

0.1 1
Grain size (mm)

100

Eadsdddddl

38.4630-39.4002 (Site-8)
38.4920-39.3510 (Site-15)
38.4990-39.5060 (Site-12)
38.4210-38.7590 (Site-26)
38.4210-38.7570 (Site-26)
38.4630-39.4009 (Site-8)
38.4920-39.3500 (Site-15)
38.4630-39.4007 (Site-8)
38.4240-38.7620 (Site-26)
38.4240-38.7620 (Site-26)
Upper Limit

Lower Limit

Fig. 13 Particles size distribution curves of the sand ejecta retrieved from liquefied sites
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Fig. 14 Local fine grained soil on the plasticity chart (ASTM D2487-17el)

presents representative borelogs with potentially liquefiable critical soil layers. In the
same figure, the coordinates of the borelogs were given with available soil stratigraphy
and overburden, equipment and procedure corrected SPT N, ¢, values. Potentially lique-
fiable soil layers are defined as sand layers and/or non-plastic to low plasticity (less than
7%) fine soil layers.

CSR values were estimated closely following the simplified procedures (Seed and Idriss
1971) along with the protocols defined by Cetin et al. (2018). The site specific PGA values
were estimated as 0.09-0.10, 0.13, 0.27 g for Malatya and Elazig Downtown, and Lake
Hazar sites, respectively. Table 4 presents a summary of liquefaction assessment results.

Figure 16 presents the findings shown on Cetin et al. (2018) liquefaction triggering
correlations. The site performances were observed to be consistent with the predictions
of triggering relationships. Elazig and Malatya—Battalgazi cases were judged to be non-
informative non-liquefaction cases (i.e.: cases where liquefaction triggering probabilities
P; are very low; i.e.: <1%) whereas Lake Hazar cases fall within the boundary of liquefied
and non-liquefied zones, in conformance with the overall marginal liquefaction responses
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observed along the coast of the lake. Hence, these cases will be valuable in the develop-
ment of future case-history based liquefaction triggering relationships.

3 Performance of slopes

A number of natural and engineered soil and rock slopes was also visited, the performance
of which were documented in Table 5. Figures 17, 18 and 19 present sample views of soil
and rock slopes with and without failure.

Rock falls were mapped at a site located near northern shores of Lake Hazar, as shown
in Fig. 20. At this site, the surface geology is composed of Phyllites with schistocity tex-
ture. The cross section is estimated as 15 m—high with a slope of 50°. The dimensions of
the some fallen rock blocks and the distance of these blocks to the toe of the upper bench
were measured in the field, as summarized in Table 6. No fallen blocks were observed on
the lower, second bench of the highway cut. Slope angle, length and height of different sec-
tions of the upper and lower benches, and possible heights where rock falls were initiated
from, were also mapped in the field.

A series of rockfall analysis was performed. Rocscience-RocFall 2019 software
was used to estimate the initial velocity of the fallen rock blocks. Figure 21 presents a
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(a) (b)
Figure 17 a Side view of Site 14 the slope 65° (38°30'11.7"N 39°23'33.4"E/31.01.2020/16:34), and b
interlayering at rock formation (38°30'11.8"N 39°23'33.3"E/31.01.2020/16:34)
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Fig. 18 Rock falls at Site 14 (38°30'11.4"N 39°23'34.9"E/31.01.2020/16:37 & 38°30'11.3"N
39°23"34.7"E/31.01.2020/16:37)

sample of these back analyses. These simulations suggested a peak ground velocity of
4-6 m/s at the site to produce comparable rock fall paths. Comparably, the peak ground
velocity (PGV) at this site was estimated to fall in the range of 5-19 m/s by ASK14.
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Fig. 19 Fallen rock blocks on the
highway bench (38°26'19.8"N
38°49'38.8"E/01.02.2020/7:23)

4 Performance of hydraulic structures

Immediately after the event, two reconnaissance teams from General Directorate of
State Hydraulics Works (DSI) and METU-Civil Engineering Department inspected six
of the hydraulic dams, which were constructed for energy generation and irrigation pur-
poses along Euphrates basin. Figure 4 presents the locations of these dams and strong
ground motion stations.

The major characteristics of these dams are summarized in Table 7, along with a
summary of their seismic performance. The field reconnaissance observations are
merely descriptive in nature, and discussions (and assessments) regarding the mecha-
nisms of seismically-induced ground deformations (or lack of these deformations) are
excluded from the scope of this manuscript due to reconnaissance nature of the field
studies.

4.1 Dedeyolu Dam
Dedeyolu Dam is a 35.7-m-high, earthfill dam, built on Kumardi River within the bor-

ders of Elazig province. The construction of the dam was completed in between the years
of 1999-2006. The dam serves to fulfill the irrigation needs of 0.41 ha croplands. It is
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(a) o . o

Fig.20 Rockfalls site a general view (38°31'40.3"N 39°28'02.9"E/31.01.2020/16:20), b fallen rocks
(38°31'41.0"N 39°27'59.6"E/31.01.2020/16:13)

Table 6 Dimensions of fallen

rock blocks at Site 13 Length (cm) Height (cm) Width (cm) Distance of the rock

blocks to the toe of the

slope (m)
60 30 35 3.9
32 15 30 5
55 30 28 32

founded on mostly Pliocene-age stiff clay underlain by cretaceous diabase. General layout
and typical cross section of the dam are presented in Fig. 22a, b, respectively.

Dedeyolu Dam is located approximately 19.3 km north-east of Sivrice earthquake epi-
center. Peak rock ground acceleration (PGAyg30=1100 mss) 1 €stimated as~0.23 g. The PGA
on a nearby stiff clayey soil site with an approximate Vs, value of 350 m/s is estimated
as~0.32 g (Fig. 3b).

DSI reconnaissance team has investigated the dam and documented 3-8 mm wide,
minor longitudinal surface cracks along the crest road, as shown in Fig. 22c. A few test
pits were opened, which confirmed the limited extent of crack to clay core. Even though
Dedeyolu Dam was tested by higher levels than the design basis event (PGAy;,, ~ 0.2 g),
the performance of it was observed to be satisfactory.

With the intent of comparatively assessing the measured permanent deformations with
the ones predicted by Makdisi and Seed (1977), the recommended procedure is closely fol-
lowed as illustrated in Fig. 23. The critical failure surfaces were estimated separately for
upstream and downstream sections, through series of limit equilibrium assessments, which
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59°

———9.0m —m]

Fig.21 A sample back analysis of rockfall cases with RocFall 2019 software

were determined to pass through the toes of the dam. The shear strength parameters for the
clay core (high plasticity clay, CH) and semi-pervious zone (silty—clayey sand, SM—SC)
were preliminarily used as ¢'=15 kPa & ¢'=24° and ¢'=5 kPa & ¢'=28°, respectively,
consistent with available field and laboratory test results. The natural period of the dam
and crest accelerations were estimated as 0.27 s and 0.62 g on the basis of relationships
proposed by Dakoulas and Gazetas (1985) and Kavruk (2003). As shown in Fig. 23, the
permanent deformations by Makdisi and Seed (1977) procedure were estimated approxi-
mately 1 and 5 mm for the slip surfaces passing through the upstream and downstream
toes, respectively, which were concluded to be in good agreement with the width of cracks
observed in the crest. It should be noted that these assessments are preliminary in nature
and more refined analyses are to be performed for improved evaluations.

4.2 Kapikaya Turgut Ozal Dam

Kapikaya Turgut Ozal Dam is an 89.5-m-high, rockfill dam with a central clay core, built
on Mamikhan Stream within the borders of Malatya province. The construction of the dam
was completed in between the years of 1998-2012. The dam was put into operation in
2012, and since then 3,662 ha land has been irrigated. The dam is founded on diabase.
General layout and typical cross section of the dam are presented in Fig. 24a, b, respec-
tively. Kapikaya Turgut Ozal Dam is located approximately 39.8 km west of Sivrice earth-
quake epicenter. Peak rock ground acceleration (PGAyg30=1100 mss) 18 €Stimated as~0.10 g
(Fig. 3b). Design basis peak ground acceleration at the dam site was reported as 0.15 g.
Reconnaissance team has investigated the dam and documented no signs of seismically
induced permanent deformations along the dam crest. During site visit, the water level was
measured at+854.70 m elevation. Both the upstream and downstream slopes along with
the dam axis itself were documented to be unaffected from the shaking. Also, no damage
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Fig.22 a General layout of Dedeyolu Dam (Courtesy of DSI), b Typical cross section of Dedeyolu Dam
(after DSI), ¢ minor, 3-8 mm wide, longitudinal cracks along the crest of Dedeyolu Dam (Courtesy of DSI)

of water in-take and spillway were observed. Pictures taken at the dam site during the field
study of METU reconnaissance team are given in Fig. 25a, b.

4.3 Karakaya Dam

Karakaya Dam is a 173-m-high, concrete arch dam, built on Euphrates River within the
borders of Diyarbakir—-Malatya provinces. The construction of the dam was completed in
between the years of 1976-1987. The dam was put into operation in 1987, and since then
annually 7354 GWh. hydro-electric power has been produced. The dam is founded on horn-
blende-gneiss massive rock complex. Therefore, the location of the dam site benefits from
the advantages of favorable topography and hard and massive foundation rock type. Gen-
eral layout and typical cross section of the dam are presented in Fig. 26a, b, respectively.
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Fig. 23 a Limit equilibrium-based slope stability models for Dedeyolu Dam, b maximum acceleration ratio
of Dedeyolu Dam, ¢ normalized permanent displacement estimated for Dedeyolu Dam
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KAPIKAYA TURGUT OZAL DAM TYPICAL CROSS-SECTION
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KAPIKAYA TURGUT GZAL
DAM GENERAL LAYOUT

@ IMPERVIOUS CLAY ZONE € FINE (SAND) FILTER ZONE
& SMALL ROCK FILTER ZONE € COARSE (GRAVEL) FILTER ZONE
@ ROCKFILL ZONE @ ALL-IN AGGRAGATE ZONE
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Fig. 24 a General layout of Kapikaya Turgut Ozal Dam (Courtesy of DSI), b typical cross section of Kapi-
kaya Turgut Ozal Dam (after DSI)
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(b)

Fig.25 a Side and crest view of Kapikaya Turgut Ozal Dam, b water in-take structure and spillway of
Kapikaya Turgut Ozal Dam

Karakaya Dam is located approximately 16 km south of Sivrice Earthquake epicenter. Peak
rock ground acceleration (PGAyg30-1100 ms) 1S €stimated as~0.15 g (Fig. 3b).

DSI reconnaissance team documented no signs of seismically induced permanent defor-
mations along the dam crest and inside the galleries. Spillway gates were opened and
closed with no problem, which have confirmed their elastic response during and after the
event. A slight increase in water discharge from drainage holes at+ 528 m elevation gal-
lery. The discharge was reported as 127.4 It/min. measured after the event. Additionally,
MTA (General Directorate of Mineral Research and Exploration) reconnaissance team
observations from Karakaya Dam reservoir revealed some traces of surface rupture and
lines of water or gas extrusions crossing the dam reservoir. Figure 27 presents a view of the
water or gas bubbles. Also, Karakaya Dam hydropower plant staff has reported that dam
reservoir was observed to be muddy, following the few days of the main event.
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Fig.26 a The general layout of Karakaya Dam (Courtesy of DSI), b Typical cross-section of Karakaya

Dam (Courtesy of DSI)

Fig. 27 Gas and water bubles along the fault trace observed crossing Karakaya Dam reservoir (Courtesy of

Anadolu Agency)

4.4 Keban Dam

Keban Dam is a 207 m-high, combined rockfill and concrete gravity dam with a central
clay core, built on Euphrates River within the borders of Elazig province. The construc-
tion of the dam was completed in between the years of 1965-1974. The dam was put into
operation in 1974, and since then annually 6,000 GWh. hydro-electric power has been
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L KEBAN DAM TYPICAL CROSS-SECTION
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Fig. 28 a General layout of Keban Dam (Courtesy of DSI), b Typical cross section of Keban Dam (after
DSI)

produced. The dam is founded on medium to thick, bedded limestone and dolomite which
are grey, black and riverbed beige in color, massive and hard in texture. General layout and
typical cross section of the dam are presented in Fig. 28a, b, respectively. Keban Dam is
located approximately 56.6 km north-west of the epicenter. Peak rock ground acceleration
(PGAyg30-1100 mys) 18 estimated as~0.04 g (Fig. 3b).

Consistent with the low level of shaking, DSI reconnaissance team has documented no
signs of seismically induced permanent deformations along the dam crest and inside the
cut-off galleries. No surface manifestation of ground deformations was detected; however,
magnetic extensometers installed in the clay core, suggested a maximum of 2 cm vertical
deformations (settlements) after the earthquake. Spillway gates were opened and closed
with no problem, which have confirmed their elastic response and functionality during and
after the event. Keban Dam has demonstrated a satisfactory response during and after this
event.

5 Performance of residential building foundations

Field investigation studies have also covered heavily affected Elazig and Malatya city cent-
ers. Damages on a number of non-engineered masonry, and reinforced concrete structures
were observed. Some of these structures suffered from intensive cracking, partial collapse,
whereas some others experienced no evident damage. The discussion of these non-geo-
technical issues is not within the scope of this manuscript, and readers are referred to Cetin
et al. (2020) and METU EERC (2020) for in depth discussion of these structural damages.
However, foundation performances of these buildings will be briefly discussed for docu-
mentation purposes in Table 8.

5.1 Battalgazi/Malatya

Plio-Quaternary aged lake sediments dominate the soil profile in Battalgazi. The upper
surficial layers up to depth range of 8—12 m, are classified as gravelly sandy clay, which
are underlain by green marl. Groundwater table is located in between depth range of 4 to
10 m. A representative lithology is presented in Fig. 29a. Vg, for the area is measured in
the range of 300—400 m/s by Multi-Channel Surface Wave Analysis Method (MASW). As
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Fig.29 a Typical borelog for Malatya-Battalgazi (M. Gor, personal communication 2020), b An exam-
ple of no foundation displacements observed at a residential R/C building in Battalgazi (38°2520.7"N
38°21'59.3"E/01.02.2020/8:31)

shown in Fig. 29b, no signs of permanent foundation displacements of R/C buildings were
mapped in Battalgazi. The foundation systems are reported to be shallow individual foot-
ings combined with strap beams.

5.2 Abdullah Pasa District/Elazig

Abdullah Pasa District is one of the oldest residential districts of Elazig, where in the
north limestone outcrops and dominates the rock profile with groundwater table to be
located below 20 m depths. In this northern section Vg3, is estimated to be greater than
800-1100 m/s. In other parts of the District, Plio-Quaternary aged young sediments domi-
nate soil profiles. The upper surficial layers are classified as brown fine-gravelly, sandy
silty clay. Gravels are reported to be magmatic origin. Groundwater table is located in the
depth range of 10-14 m. A representative lithology is presented in Fig. 30. Vg, for the
region is measured as 300-375 m/s by MASW.

A number of structurally damaged residential buildings was documented in Abdullah
Pasa District of Elazig city center. The level of damage varies in a wide scale: from no
damage to heavy damage. As shown in Figs. 31 and S1-S3 (given as part of the electronic
supplement), foundation performances documented in this district vary from 1 to 2 cm set-
tlements, and cracking of the residential buildings’ entrance stairs, to no signs of perma-
nent foundation deformations.
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Fig.30 Typical borelogs for Elazig-Abdullah Pasa District: a northern part, b other parts (M. Gor, personal
communication 2020)

5.3 Sursuru District/Elazig

In the city of Elazig, most of the structural damage had been concentrated in Sursuru Dis-
trict, where Plio-Quaternary young sediments dominate soil profiles. The upper surficial
layers are classified as brown gravelly sandy clay. A representative lithology is presented
in Fig. 32. Vg, for the region was measured as 350—400 m/s by MASW. During the site
visit, a field investigation study including borehole drilling, undisturbed and disturbed soil
sampling with SPT measurements, was witnessed as shown in Fig. 33a. The borelog is
retrieved by personal communication and is presented in Fig. 33b. A relatively undisturbed
soil sample was taken from the borehole for further laboratory testing.

Oedometer tests were performed on this undisturbed sample retrieved at 9.5 m depth
following ASTM D2435/D2435M-11 standards. The results are given in Fig. 34, confirm-
ing slightly overconsolidated (OCR=2-3) and compressible nature of Sursuru District
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Fig.31 Cracking of entrance pavement due to seismically-induced lateral displacements observed at the
entrance of the of a residential building (38°3921.9"N 39°09'10.4"E/01.02.2020/14:50)
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Fig.33 a Drilling efforts (38°40'03.9"N  39°11'14.8"E/01.02.2020/15:18 &  38°40'03.1"N
39°11'16.1"E/01.02.2020/15:18), b the borelog of the witnessed site investigation at Sursuru District
(38°40'03.9"N 39°11'14.8"E)
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Fig. 34 Oedometer test results

clayey soils. Pre-consolidation pressure (¢’,), recompression index (C,) and compression
index (C,) were calculated as 360 kPa 0.038 and 0.156, respectively.

As shown in Figs. 35 and S4-S5 (given as part of the electronic supplement), the
reconnaissance studies documented none to 1-13 cm foundation settlements. In Fig. 35,
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pre-earthquake as well as additional seismically-induced fresher settlements were identi-
fied and documented separately.
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5.4 Mustafa Pasa District/Elazig

Mustafa Pasa District consists of Plio-Quaternary aged young sediments. Typical soil pro-
files are composed of brown gravelly sandy clay. Groundwater table is typically observed
at 15-m depth. A representative lithology is presented in Fig. 36. Vs, for the region was
measured as 300-350 m/s by MASW. Note that the borelog given in Fig. 36 reflects ideal-
ized soil conditions, which may not be representative for the whole district. A few structur-
ally damaged residential buildings were documented in Mustafa Pasa District of Elazig
Downtown. These had suffered from intensive cracking to partial collapse.

6 Performance of other structures

Field investigation work by the reconnaissance team was finalized with the inspection of
various other structures including railway tracks, railway tunnels and water canals. Three
structure were selected as representative examples of the performance of these other struc-
tures and summarized in Table 9. Figures 37, 38, 39 and 40 present the discussed sites’
views.

7 Summary and conclusions

The M =6.8 Elazig-Sivrice earthquake had occurred on the EAFZ, which was quite in
terms of large magnitude events for the last century, on January 24, 2020 and resulted in
50, 155 and 8 collapsed buildings in the cities of Elazig, Malatya, and Diyarbakir, respec-
tively. METU-Geotechnical reconnaissance team had arrived in the site within one week
of the mainshock to collect and document perishable geotechnical engineering data in the
form of permanent ground deformations, soil liquefaction or slope instability, etc. In addi-
tion, the seismic performance of earthfill and rockfill dams, tunnels and residential build-
ing foundation systems were documented, the recorded ground motions were analyzed and
compared with the design-basis ground motions given in TSHM. Recorded ground motions
for Rgyp <50 km were lower than or equal to the design spectra with 72-year return period
at short periods; while, the mid-long period (T >0.5 s) ground motions were reached up to
the design spectrum with 475-year return period at Puturge and Sivrice.

The reconnaissance route mostly concentrated on soil sites, which are composed of
young alluvial deposits. These sites along Lake Hazar shores, Karakaya Dam Reservoir-
Euphrates River shores, Malatya-Battalgazi and Elazig Downtown are predicted to be
shaken by PGA ( levels of 0.12-0.42 g, 0.05-0.11 g, 0.05 g, and 0.08 g respectively. The
documented geotechnical field performances vary from widespread liquefaction-induced
sand boils and lateral spreading to no signs of surface manifestations of permanent ground
deformations or soil liquefaction. Samples were taken from the field to assess site soil con-
ditions and liquefaction susceptibility. Sieve analyses performed on the sand ejecta con-
firmed their susceptibility to soil liquefaction. Available nearby borelogs from local site
investigation database catalogs of Elazig and Malatya were compiled and assessed to
perform preliminary liquefaction triggering analysis. Due to plastic cohesive soil layers
dominating the alluvial geological setting of Elazig and Malatya Downtowns, the num-
ber of potentially liquefiable non-plastic saturated soil layers were assessed to be limited
which were predicted not to have liquefied during the event, consistent with reconnaissance
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Fig.37 A view of railway

tracks without any dam-

age at Sivrice (38°26'49.5"N
39°18'33.4"E/31.01.2020/13:29)

Fig.38 A view of the tunnel and Guney Kurtalan Express Train passing by (38°26'43.7"N
39°20'40.8"E/31.01.2020/13:54 & 38°26'56.9"N 39°21'16.7"E/31.01.2020/13:59)

findings. Lake Hazar liquefaction cases were assessed on the basis of simplified proce-
dures and Cetin et al. (2018) liquefaction triggering predictive model. Consistent with field
observations, these case history sites were concluded to be liquefied during the event.
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No deformation on the slopes
adjacent to the tl\mnel
s

Fig.39 A railway tunnel and rails exhibiting no damage (38°28'52.8"N 39°27'18.2"E/31.01.2020/15:08 &
38°28'53.2"N 39°27'18.4"E/31.01.2020/15:09)

1/ e ’ e 03
1 The cracks on the water
canal are not fresh

Fig.40 Water canal in Dolamantepe Neighborhood of Battalgazi Village (38°26'00.4"N
38°21'44.1"E/01.02.2020/9:25)

A number of rock falls was mapped, based on back analyses of which probable peak
ground velocities at the rockfall sites were speculated to vary in the range of 4-6 m/s. Con-
sistently, the peak ground velocity (PGV) at this site was estimated to fall in the range of
5-19 m/s by ASK14.
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There exist six hydraulic dams in Euphrates basin, namely Karakaya, Dedeyolu, Cip,
Kapikaya Turgut Ozal, Keban and Boztepe Recai Kutan Dam, which are predicted to
be shaken by peak ground acceleration (PGAyg30-;100 mss) Values to vary in the range of
0.03-0.23 g. The dams were inspected after the event by a group of engineers from the DSI
and METU reconnaissance teams. No signs of seismically induced permanent deforma-
tions were observed, except 3-8 mm wide, longitudinal surface cracks observed along the
crest of Dedeyolu Dam. The permanent deformations by Makdisi and Seed (1977) pro-
cedure were estimated to vary in the range of 1-5 mm, which were concluded to be in
good agreement with the observed width of cracks in the crest. Additionally, despite lack
of surface manifestations, a maximum of 2 cm settlement was recorded by magnetic exten-
someters installed in the clay core of Keban Dam. To test their functionality, Karakaya and
Keban Dams’ spillway gates were opened and closed, after which their elastic responses
during and after the event were confirmed.

Damages on a number of non-engineered masonry, and reinforced concrete structures
was also observed. Some of these structures suffered from intensive cracking, partial col-
lapse, whereas some others experienced no evident damage. Readers are referred to Cetin
et al. (2020) and METU EERC (2020) for in depth discussion of these structural damages.
The documented foundation performances vary from no signs of permanent ground defor-
mations to 1-3 cm settlement and 1-2 cm lateral movements.

As the concluding remark, these reconnaissance findings are presented with the inten-
tion of future more in-depth follow-ups, the findings of which are hoped to produce valu-
able case histories with potential use in the development of new predictive models or in the
calibration of existing ones.

Supplementary Information The online version contains supplementary material available at https://doi.
org/10.1007/s10518-021-01112-1.
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