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Abstract. On 06 FEB 2023, two earthquakes occurred southeast of Trkiye;
Kahramanmarag-Pazarcik (Mw=7.8) and Kahramanmaras-Elbistan (Mw=7.6).
These earthquakes caused devastating effects in 11 cities in eastern Turkey and
northern Syria. This study presents the post-earthquake discoveries in three lig-
uefied areas during earthquakes and four buildings in these liquefied areas in
the Golbast District of Adiyaman City. First, an important role of post-
earthquake piezocone penetration test (CPTu) in the characterization of subsur-
face conditions and assessment of liquefaction hazard is presented. Then, the ef-
fect of soil liquefaction on the performance of the buildings in these regions
during the earthquake was investigated. These structures consist of 3- to 6-
storys on raft foundations and exhibited various structural performances. Based
on the interim findings from these areas, potential factors that cause moderate to
severe damage to buildings were examined, and preliminary information on the
relationship between soil properties, and the performance of buildings with
shallow foundations in liquefied soil is presented.
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1 Introduction

On 6% February 2023, at 04:17 a.m., local time, at the epicenter, a Kahramanmaras-
Pazarcik earthquake (Mw=7.8) followed by Kahramanmaras-Elbistan earthquake
(My=7.6) at 01:24 p.m. in Tiirkiye. The Kahramanmarag-Pazarcik and Elbistan earth-
quakes’ main shocks were at a focal depth of 8.6 km and 7 km, respectively [1]. After
the main two shocks (Figure 1a), there were more than 400 aftershocks with magni-
tudes (M) greater than 4 (Figure 1b). Intensive damages were observed in buildings,
transportation systems, earth structures, harbors, gas, water, and electricity lifelines.
While a total of 11 nearby cities in Tlrkiye were heavily affected by the earthquakes,
a localized-to-widespread, and minor-to-severe seismic liquefaction was observed in
Hatay-iskenderun, Kahramanmaras-Tiirkoglu, and Adiyaman-Gélbast regions (high-
lighted areas in Figure 1c). These liquefaction case history sites provide insight into
the post-Tirkiye earthquake sequence liquefaction observations.

71% of the Goélbasi District's critical infrastructure is damaged or completely dev-
astated. Most buildings have suffered damage due to liquefaction as indicated by the
yellow shaded zone in Figure 1d. In this area, a significant scale of the devastation
became evident, with more than 1,350 buildings (1-8 stories) collapsed, and the rest
of the buildings were significantly impacted by soil liquefaction. This paper explicitly
presents the post-earthquake investigations at 3 liquefied sites and 4 buildings that
were not damaged, moderately, and extensively damaged within the liquefied sites in
Adiyaman-Golbast during the 06 FEB 2023 earthquakes. The post-earthquake survey
was performed on 17-22 JUNE 2023. First, the CPTu tests were conducted to deter-
mine the thickness and depth of the clay-like and sand-like layers. Soil strata that
dominated the liquefaction-triggered conditions were examined from the soil behavior
type index (lI¢). By the soil type index, it is possible to predict if the soil behavior is
controlled mainly by fines or sand since the cone responds to the in-situ mechanical
behavior of the particular soil [2].
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Fig 1. The 06 FEB 2023 earthquakes, Mw>7 () epicenters, (b) aftershocks with Mw>4, (c)
the areas where the liquefaction occurred (highlighted in yellow), (d) the area where liquefac-
tion was observed in the City of Golbasi (painted in yellow), and (e) spectral acceleration of
station for E-W and N-S directions and calculated geometric mean



In inspected sites, a total of four 3 to 6-story buildings that are expected to respond
in an approximately similar manner to earthquakes were emphasized to explain the
damages detected due to seismic liquefaction and structural instability. The compari-
son between the measured differential settlements of structures and calculated post-
liquefaction free-field settlements was investigated at each site. The basement floor
elevations were measured from every corner of the buildings to find differential set-
tlements of the structures. Also, the free-field level-ground settlement due to the lig-
uefaction was estimated by using the post-liquefaction CPTu data proposed by [3].
Zhang et al. (2002) suggested a method between normalized tip resistance of CPT for
clean sands (qgcin)cs and volumetric strain (gy) for varying safety factors against the
liquefaction (FS.= CRR/ CSR). Robertson and Wride (1998) recommended a method
that CRR is the cyclic resistance ratio of clean sands directly related to (gein)cs and I,
and CSR is the estimated cyclic stress ratio caused by an earthquake [4,5].

2 Earthquake shaking and seismic soil liquefaction
investigation in Adiyaman-Golbasi

Kahramanmarag-Pazarcik and Elbistan earthquakes’ source-to-site distances (R)
were 77 and 46 km, respectively. The earthquake records were gathered at the closest
available station AFAD-4611 (Figure 1b), on a soil profile with shear wave velocity
(Vs) of 730m/s. The distance between the station and Golbasi is nearly 46km. Instead
of using both directions separately, the GMRotD50 method suggested by [6] was used
to estimate the geometric mean ground motion of the Kahramanmaras-Pazarcik earth-
quake. The spectral acceleration of the station for E-W and N-S directions and the
calculated geometric mean of them are given in Figure 1e.

The soil around the lake contains 36% high plastic clay (CH), 24% low plastic clay
(CL), 19% clayey sand (SC), 9% silty gravel (GM), and 7% silty sand (SM) [7]. The
groundwater table (GWT) before the earthquakes was generally within 0.3 to 3.5m of
the ground surface at the yellow area highlighted in Figure 1d. Outside of the zone of
ground failure (in the southeast of the district, over the G6lbasi-Adiyaman highway),
clayey material with a very stiff structure and high plasticity is found below the GWT,
which is about 7m.

The signs of seismic soil liquefaction in free-field, near the Golbasi lake zone,
were observed in the form of sand/silt boiling (Figure 2a) and lateral spreading (Fig-
ure 2b). Earthquake-induced liquefaction can also severely damage infrastructures
and buried pipelines in susceptible zones [8,9]. During the event, an embedded fuel
tank of a gas station uplifted about 25cm due to liquefaction, as seen in Figure 2c. The
street pavement cracking symptoms due to lateral spreading were also commonly
observed.
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Fig 2. Some of the seismic liquefaction symptoms (a) sand/silt volcanoes, (b) lateral spread-
ing near the Golbasi Lake, and (c) fuel tank uplift in Gélbasi City Center

In addition to the free-field areas, great damage to buildings has been caused by
liquefaction. The types of evidence due to liquefaction observed at the edges of resi-
dential buildings were sand volcanoes and lateral spreading. Many building founda-
tions have also been subjected to excessive settlements (Figure 3a) and bearing capac-
ity failures such as punching failure (Figure 3b) and overturning of the buildings due
to seismic soil liquefaction. An extreme example of the overturning of a residential
building in Golbasi-Adiyaman, as a result of exceeding the bearing capacity due to
liquefaction, is shown in Figure 3c. The raft foundation thickness of this building was
measured as 80cm. This building, which was lying on its side at the order of 15-20°
in the first earthquake, was subjected to rotation above the order of 35° after the sec-
ond earthquake and leaned on the structure behind it.
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Fig 3. (a) Lateral spreading and excessive settlement, (b) punching failure, and (c) overturning
of buildings in Golbas1

3 Field survey in Adiyaman-Gélbasi

In this study, the field survey in three sites—Site A, Site B, and Site C—as satellite
images are shown in Figure 4a. There were 3- to 6-story buildings on shallow founda-
tions at these sites, including structures that performed satisfactorily to extensively
damaged during the events. The response of buildings A-1 (at Site A), B-1, B-2 (at
Site B), and C-1 (at Site C) to liquefied soil was investigated. The investigated struc-
tures (Table 1) were reinforced concrete (RC) structures on shallow/raft foundations
without a basement and displayed interesting engineering performance characteristics.
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Fig 4. (a) Locations of 3 investigated sites, (b) acceleration, and (c) velocity response spec-
tra at sites A, B, and C.

Within these three zones, the site soil was characterized after the earthquake with
CPTu tests, which were performed near the buildings. The CPTu probe used had a 60°
tip angle and 10 cm? tip area. The measured parameters were cone penetration re-
sistance qc, friction resistance fs, and pore water pressures above the cone face (u:
position) with a constant penetration speed of 2 cm/sec [10]. The soil behavior type
index (Ic) was estimated by using the empirical relationship suggested by [11]:
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where P, =1atm and oy, and 6. is the total and effective vertical stress, respectively.
1:=2.6 is used to separate sandy and silty soils from clayey soils. Also, the free-field
level-ground settlements due to the liquefaction were calculated using the post-
liquefaction CPTu data suggested by [3].



To estimate the Peak Ground Acceleration (PGA) and Velocity (PGV) at the sites,
GMRotl50 data shown in Figure 1c were firstly converted to usable data suggested by
the Turkish Building Earthquake Code, TBEC [12] for Vs of 730m/s soil zone, then it
was used for the 1D seismic response of the soil profile for each site. The elastic ac-
celeration response spectra on the ground surface at each site are shown in Figures 4b
and c. The maximum PGV value of Station 4611 is about 40 cm/sec. The PGV values
are estimated to be 118, 120, and 108cm/sec for Sites A, B, and C, respectively. It
indicates that even though the PGA values tend to drop for Site A, PGV values of all
sites are comparable, and there is a heavy damage potential of the ground motions in
all sites.

Table 1 Some information and measured properties of the three studied areas and structures

Site A B c
Location coordinates 37.79196° N 31T872° N 37 78037°N
37.64886° E T 6421°E 37 6284° E

Building Name A-1 B-1 B-2 C-1
Number of storey 4 3 6 6
Height of the building, H (m) 105 95 185 20.5
Construction year 2022 2022 2022 2022
Fundemental period of building in sec i .

" 0.43 0.37 0.62 0.67
(TBEC 2018), (T=0.07H"™)
Soil improvement Jet grout No No Groufing
Lateral load resisting system 733 AlS A15 15

(TBDY, 2018)
Geotechnical damage type

No fitand Onlylocal  [Tik and Tikt and
setie ment sefflement  |seffement  |seflement

Calculated differential settlementsat  |5.95 855 8.55 2.5
free-field (cm)
[+] o 0
Structure tilt (Degree) - 034°(E-W 0'?5°[N_S] 0'250 (N-5)
3.03%(E-W) [0.95° (E-W)
Measured differential settiements at 0 2(N-8) 16 (N-5) 8 (N-§ )
structure (cm) 10 (E-W) 100.5 (E-W) (23 (EEW)

3.1 SiteA

The A-1 building (at Site A) is a 4-story, 10.5-m high structure, which is 16m wide
(E-W) and 31.35m long (N-S) (Figure 5). It is known that it was started to construct
in 2022. The foundation consists of a 0.6-m thick raft foundation and is embedded
1.4-m deep. The jet grout columns with a diameter of 100cm, length of 30m, and grid
value of 1.50m were applied before construction. No significant building movement,
structural or geotechnical damage is noted after the events.

The soil profile was examined in the upper 7.5m below-ground surface with the g,
fs, and Auy profiles (Figures 6a—b—c). Site A's GWT was about 0.21m below the
ground surface. Figure 6d shows the soil stratigraphy accomplished by the charts that
linked cone parameters to soil type. Based on CPT-based soil type, the sand-like soils
written in red (shown in Figure 6d), tend to have 1.<2.61, which is believed to be



liquefiable [5]. The shallow liquefiable clean sand to SM layer (I from 1.31 to 2.05)
as well as the thin stratified SM to sandy silt layers (I from 2.05 to 2.6) are the criti-
cal layers that may liquefy [5].

Fig 5. Building A-1 right after the 06 FEB 2023 earthquakes (37.79198°N, 37.64886°E)
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Fig 6. (a) Cone penetration resistance, (b) friction resistance, (c) pore water pressure versus
depth, (d) soil behavior type index based on interpretation from CPTu, e) calculated free-field
settlement according to [3], and f) Pl and soil type according to [11] at Site A.

Moreover, the post-liquefaction volumetric reconsolidation settlement at the free
field up to 2m depth was calculated [3] and plotted in Figure 6e. The settlement at the
ground surface was calculated to be 69.5mm. No liquefaction manifestation was ob-
served at Site A. According to the laboratory tests before the earthquake, from 1.5m
to 2.5m, the average plasticity index (P1) was determined as 32. From 5.0 to 7.5m, the
average Pl is determined as 20 (Figure 6f). There was no settlement measured at
building A-1 (Table 1). The improvement of the foundation soil below the building by
jet grout columns can be the reason for having no manifestation of liquefaction failure
at the building.



32 SiteB

At site B, the geotechnical investigation and building construction design of two
separate structures, B-1 and B-2, were investigated. The buildings were approximate-
ly 830m away from the lake. Before the events, the construction of the B-1 building
had progressed up to the third-floor level, and the B-2 structure (freshly completed in
2023) consisted of a ground floor, five stories, and a roof. Notably, even though the
structural frames are separated by an expansion joint, the B-1 and B-2 structures were
established upon a unified 0.7m thick raft foundation (Figure 7a). The ground floor
slab is 150mm thick. There were no applied soil improvements before the earthquakes
below the buildings. After the earthquakes, severe liquefaction signs were observed
throughout Site B, especially along the side of the B-2 building.

The soil profile was examined in the upper 5.2m below-ground surface with the g,
fs, and u profiles (Figures 8a—b—c). The GWT depth at Site B was 0.15m. Based on
the lc—depth shown in Figure 8d, this site had a highly stratified profile. The sand-like
soils written in red, tend to have 1.<2.61, which is believed to be liquefiable [5].
Moreover, the post-liquefaction volumetric reconsolidation settlement at the free field
up to 3.3m depth was calculated [3] (Figure 8e). The settlement at the ground surface
was calculated to be 85.5mm. The liquefaction manifestation as bulging and settle-
ment of the soil was observed at Site B. The S-E and S-W corners of the B-2 structure
settled 116cm and 15cm, respectively, relative to the structure’s N-W corner. The
structure settled differentially about 116cm toward the S-E edge. The building tilted
3.03° to the east (Figure 7a) and 0.75° to the south (Figure 7b). The Pl was measured
35 at SM to the sandy silt layer. This shows that the soils with high P1>10% can also

liquefy.

N-S Building B-2
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Fig 7. Photo and schematic view of liquefaction-induced displacement mechanism (a) B-1 and
B-2 buildings, E-W direction, and (b) B-2 through N-S direction (37.7872°, 287 37.6421°)

Notwithstanding the substantial geotechnical damages, such as notable total and
differential settlements and tilt in the B-2 building, structural damage was not readily
visible within the context of the structure. However, structural damages in building B-
1 at the neighboring span to building B-2 were observed. Noticeable indications of
substantial geotechnical damage were not witnessed within the B-1 structure. The
observed damage in the building supports that due to the dynamic motion and rota-



tional response of the B-2 building during the seismic event, considerable damage
was created at the adjacent B-1 structure. The structural damage in the B-1 building
indicates a major downward movement on the east side of the building (Figure 7a).
The localization of the damage to a limited area and with the defined mechanism at
the boundary with the B-2 building shows that this damage is not due to the ground
motion demands. The remarkable rotation of B-2 and shear failure of soil caused a tilt
of 0.34° between B-1 and B-2 frames (Table 1).
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Fig 8. (a) Cone penetration resistance, (b) friction resistance, (c) pore water pressure versus
depth, (d) soil behavior type index based on interpretation from CPTu, e) calculated free-field
settlement according to [3], and f) Pl and soil type according to [11] at Site B.

33 SiteC

At Site C, the geotechnical investigation and building construction design of one 6-
story residential building, C-1 (Figure 9a), which was freshly constructed and moder-
ately damaged, was investigated. Building C-1 was approximately 1700m southwest
of the lake, with a GWT depth of about 0.1m. The structure was supported on a raft
foundation with a thickness of 160cm. In the vicinity of the site, there were two more
similar six-story buildings. Grouting with a height of 6m and grid value of 2.5m was
performed below the foundation.

The soil profile was examined by 6.2m deep CPTu test results (Figures 10a—b—c).
Based on the I shown in Figure 10d, this site had the same soil profile from 2.5 to
6.2m. The sand-like soils which are believed to be liquefiable were written in red [5].
Moreover, the post-liquefaction volumetric reconsolidation settlement at the free-field
up to 6m depth was calculated [3] (Figure 10e). The settlement at the ground surface
was calculated to be 25mm. The liquefaction manifestation as bulging, settlement,
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and sand boiling was observed at Site C. The Pl was measured 9 at SM to sandy silt
layer.

Bulging at
| Sideway

Sand
Boiling

R
Layer  foundation ru(:ltion-j/

. Liquefiabl Tilt due to
b Layered Soil

Fig 9. Building C-1 after the 06 FEB 2023 earthquakes, a) photo and b) schematic view of
tilt in N-S direction due to geotechnical and structural damages (37.78037°, 37.6284°)
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Fig 10. (a) Cone penetration resistance, (b) friction resistance, (c) pore water pressure versus
depth, (d) soil behavior type index based on interpretation from CPTu, e) calculated free-field
settlement according to [3], and f) PI and soil type according to [11] at Site C.

Following the events, severe liquefaction of the foundation soils induced signifi-
cant total and differential settlements of the building, leading to structural distortions
and cracking. The differential settlement of 8cm was observed at the S-E corner of the
structure relative to its N-W corner. Furthermore, this building experienced displace-
ment towards the north (23mm). The building tilt obtained from the differential set-
tlement at the foundation corners was reported as 0.95° (toward west) and 0.25° (to-
ward south) (Table 1). Severe levels of liquefaction-induced sand/silt ejecta were
observed around the structure. Additionally, lateral spreading phenomena were de-
tected on the vacant land on the southern side of the building.
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4 Findings and Conclusions

Significant liquefaction-prone ground failures and building damages were observed
in the Adiyaman-Golbagi District after the Kahramanmaras-Pazarcik and Elbistan
earthquakes. The findings and conclusions after the field survey are given below:

1. The post-liquefaction volumetric reconsolidation settlement at the ground
surface at sites A, B, and C was calculated to be 69.5mm, 85.5mm, and
25mm, respectively [3]. This estimation shows that one can expect more lig-
uefaction manifestation at Site A and B than Site C. However, liquefaction
manifestations observed at sites B and C were not observed at Site A.

2. Based on the interim findings from the sites, the shallow liquefiable gravelly
sand, and SM to sandy silt layers at the sites was the critical layer in the ob-
served liquefaction. Moreover, Sites A and B are determined as highly strati-
fied soils that are the critical layers that may liquefy [5]. The settlement ob-
served at the free-field can be attributed to the coefficient of consolidation
(cv) and the thickness of the non-liquefiable soil layers, which are too thick
to reduce the change in pore-water-pressure generation by time [14].

3. For a constant relative density, Dy, and FC, cone penetration resistance alone
is insufficient to evaluate the liquefaction resistance due to the plasticity
characteristics of fines [16] and the ¢y of the soil [17]. FC affects the drain-
age, compressibility, and coefficient of consolidation of soil and, therefore,
influences the u, and g that occur around the CPTu probe [17]. At each site,
the PI values of the soils are very high. This case study shows that the soil
layers with high PI can also liquefy [16].

4. The A-1 building, whose construction site had been improved using jet grout
columns, showed almost no structural damage. Building B-1 is not damaged
directly due to liquefaction and ground motion demands on its frame. How-
ever, the shared raft foundation with the neighboring B-2 building caused
transmission of strong vertical movements and bending effects from one
building to another, leading to localized extensive structural damage in one
of its frames. C-1 that were supported on shallow foundations were affected
by the liguefaction.
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