Natural Hazards (2024) 120:3429-3446
https://doi.org/10.1007/511069-023-06346-7

ORIGINAL PAPER

®

Check for
updates

Structural response of cable-stayed bridges exposed
to strong earthquakes during construction

Alemdar Bayraktar'® - Altok Kursun? - Arif Erdis® - Mehmet Akkose' - Yavuzhan Tas? -
TonyT.Y.Yang*

Received: 25 January 2023 / Accepted: 16 November 2023 / Published online: 6 December 2023
© The Author(s), under exclusive licence to Springer Nature B.V. 2023

Abstract

This paper investigates the earthquake response of the Komiirhan cable-stayed bridge
with a single pylon and steel deck, which was exposed to the Elazig-Sivrice earthquake
(Mw =6.8) on January 24, 2020, while it was under construction. The distance from the
epicenter to the bridge is approximately 23 km. 82% of the Komiirhan bridge deck was
completed during the Elazig-Sivrice earthquake in 2020. The spectral accelerations of the
Elaz1g-Sivrice earthquake are approximately 2.5 times greater than those of the design
earthquake (72-year) considered during the construction stage. This paper first presents
the characteristics of the Komiirhan cable-stayed bridge and the Elazig-Sivrice earthquake
(Mw =6.8). Subsequently, a 3D numerical finite model of the Komiirhan cable-stayed
bridge under construction is created. Modal and seismic responses of the deck, pylon and
cables of the bridge under construction are compared for the load combinations includ-
ing the design (72-year) and the Elazig-Sivrice earthquakes. The result shows that under
the 2020 Elazig-Sivrice earthquake, the maximum vertical displacements, axial forces,
and bending moments of the deck, as well as the cable forces, are three times greater than
the design values (72-year). Nevertheless, despite the significant increase in the structural
response, no visual damage was observed on the structural elements. This highlights the
conservative design of the Komiirhan cable-stayed bridge.

Keywords Cable-stayed bridge - Earthquake response during construction - Structural
evaluation - Elazig-Sivrice earthquake (24 January 2020 Mw =6.8)

1 Introduction

Cable-stayed bridges consist of three main structural components: the deck, pylons, and
inclined cables. They are generally constructed using the cantilever erection method, which
fully employs segmental balanced cantilever techniques to build on both sides of the pylon
simultaneously (Gimsing and Georgakis (14), Svensson (38)). Due to the complex geo-
metric nature, the positioning of contractor’s machinery and equipment on the deck, the
construction methods employed, and the dynamic properties of cable-stayed bridges, as
well as the characteristics of the excitations, internal forces, stresses, cable forces, and
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displacements undergo significant changes at each stage of construction. Thus, it becomes
imperative to comprehensively understand the system’s behavior at each construction
stage. Performing detailed analyses at each construction stage are essential in order to
preempt unforeseen issues.

Numerous studies concerning the responses of completed cable-stayed bridges under
various effects can be found in the references, including the literature survey (Li and Ou
(22), Camara (7), Martins et al. (24)). The numerical and experimental studies including
construction stage analyses of cable-stayed bridges under earthquake and the other effects
are presented below. Wang et al. (43) have investigated numerical responses of cable-
stayed bridge at different erection stages during construction using the cantilever method.
Su et al. (37) have implemented wind-induced vibration analysis of a cable-stayed bridge
during erection by a modified time-domain method. Wilson and Holmes (44) have exam-
ined seismic vulnerability and mitigation of cable-stayed bridges during construction. Mor-
genthal and Yamasaki (26) have explored aerodynamic behaviors of very long cable-stayed
bridges during construction. Pipinato et al. (31) have performed the analyses of cable-
stayed bridges at different erection stages during construction, assuming the full or the
partial cantilever method and performing multiple finite element computational procedure.
Atmaca and Ates (3) have investigated construction stage analysis of three-dimensional
cable-stayed bridges. Deng and Liu (12) have carried out the nonlinear stability analy-
sis of a composite girder cable-stayed bridge with three pylons during construction. Lee
et al. (21) have determined ultimate experimental and analytical behaviors of cable-stayed
bridges under construction. Chengfeng et al. (11) have investigated numerical behaviors of
long-span cable-stayed bridges in the construction phase. Park et al. (29) have performed
construction stage analysis of cable-stayed bridges using the unstrained element length
method. Purohit and Bage (32) have modeled and analyzed Nagpur cable-stayed bridge
under construction. Responses of cable-stayed bridges considering geometric nonlinearity,
construction stages and time dependent material properties have been searched by Patel
et al. (30). Kim et al. (17) have obtained the stability characteristics of steel cable-stayed
bridges during construction. Yadi et al. (45) have performed shake table tests of a float-
ing cable-stayed bridge under earthquake excitation during construction with the balanced
cantilever method. Granata et al. (16) have implemented construction sequence analyses
of long-span cable-stayed bridges. Kim et al. (18) have determined ultimate behavior of
steel cable-stayed bridges under construction using a three-step analysis consisting of ini-
tial shape analysis, construction stage analysis and external load analysis. Ma et al. (23)
have carried out the aerodynamic characteristics of a long-span cable-stayed bridge under
construction.

In addition to these, researchers have also investigated the real responses of completed
cable-stayed bridges during earthquakes. Filiatrauit et al. (13) have examined experimen-
tal and nonlinear numerical dynamic behavior of the cable-stayed Shipshaw bridge dur-
ing 1988 Saguenay earthquake. Chang et al. (10) have determined the dynamic behavior
of the Chi-Lu cable-stayed bridge during the 1999 Taiwan earthquake. Dynamic behav-
ior of Yokohama-Bay Bridge under six earthquakes has been evaluated by Siringoringo
and Fujino (34). Siringoringo and Fujino (35) have identified the dynamic characteristics
of a curved cable-stayed bridge from strong ground motion records. Seismic response of
the Yokohama Bay cable-stayed bridge during the 2011 great east Japan earthquake has
been investigated by Siringoringo et al. (36). Bayraktar et al. (4) have monitored struc-
tural performance of Nissibi cable-stayed bridge during the main and aftershocks of
Adiyaman-Samsat earthquake on March 2, 2017. Yi and Li (48) have determined seismic
response of inclined tower legs of cable-stayed bridges during earthquakes.
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However, there have been very few investigations into the real earthquake effects on
the long-span bridges under construction (Tada et al. (39), Nasu and Tatsumi (27), Yama-
gata et al. (46), Goto et al. (15), Yasuda et al. (47), Okuda et al. (28). These studies are
related to the Akashi Kaikyo long-span suspension bridge. During its construction, the
Akashi Kaikyo long-span suspension bridge faced the significant Hyogoken-Nanbu (Kobe)
earthquake on January 17, 1995, with a magnitude of 7.2. The earthquake’s epicenter was
close to the Akashi Kaikyo Bridge. At the time of the earthquake, the tower erection had
been completed, all strands for the main cables were positioned, and cable squeezing work
was underway, preparing for the stiffening girders’ installation. Various methods were
employed to investigate the earthquake’s impact on the bridge, including visual inspec-
tions of the bridge’s structural elements and the surrounding ground around the main tower
foundations, geological surveys, underwater cameras, relative displacement measurements
using geometrical methods, stress analysis of cables and towers, as well as velocity records
obtained at the top and middle levels of the towers (Tada et al. (39), Nasu and Tatsumi (27),
Yamagata et al. (46), Goto et al. (15), Yasuda et al. (47), Okuda et al. (28)). No damage
was sustained by the main structures that had already been erected, which encompassed
elements like the anchorages, tower foundations, towers, and cables. The survey findings
revealed that the main tower foundation on the Awaji Island side (3P) had undergone a rel-
ative displacement of approximately 1.3 m in a westerly direction, while the Awaji Island
anchorage (4A) had similarly shifted about 1.4 m to the west. Consequently, the center
span extended from 1990 m to roughly 1990.8 m, and the side span on the Awaji Island
side also grew from 960 m to approximately 960.3 m.

This paper aims to investigate the 3D seismic behavior of long-span cable-stayed
bridges encountered to earthquakes during the construction stage. Komiirhan cable-stayed
bridge with a single pylon and steel deck in Turkey is selected as an application. The bridge
was exposed to the Elazig-Sivrice earthquake on January 24, 2020 (Mw =6.8) while under
construction, with 82% of the construction completed at the time of the earthquake. The
spectral accelerations of Elazig-Sivrice earthquake were approximately 2.5 times greater
than those of the 72-year earthquake considered in the construction stage analysis of the
bridge. In this paper, the characteristics of Komiirhan cable-stayed bridge and Elazig-
Sivrice earthquake (Mw = 6.8) are first presented. Then, a 3D model is developed and uti-
lized to examine the seismic behavior of the bridge during construction, considering dif-
ferent load combinations from both the design (72-year) earthquake and the Elazig-Sivrice
earthquake.

2 Structural characteristics of the Komiirhan bridge
under construction

The Komiirhan cable-stayed bridge was constructed over the Karakaya Dam across the
Euphrates River in Southeastern Anatolia. It is part of the Malatya-Elaz1g State Highway
and officially opened for service on January 2, 2021. The bridge is 660 m in length and was
designed as cable-stayed with a single inverted Y pylon of 165.5 m high. Since the bridge
has a single pylon, unlike general applications, the deck was built by advancing in the form
of a console from one side. The pylon is made of reinforced concrete. The lengths of main
span, the back span anchorage block and approaching viaduct are 380 m, 180 m, 100 m,
respectively. The steel deck cross section of main span is orthotropic. The width and height
of the steel deck are 23.86 m/25.00 m and 3.59 m, respectively. The superstructure of the
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bridge is connected to the pylon with 42 tensioned cables. The cable system consists of
the typical 7 wire 0.6” galvanized strand, and the cable cross sections vary depending on
the force in the stay cable. The cross section, ultimate force, ultimate strength and yield
strength of each strand used in the cables and tendons are 150mm?, 279kN, 1860 N/mm?
and 1600N/mm?, respectively (Bayraktar et al. (5)). The steel classes of main span and pre-
stressed concrete are S355 J2 and S500a, respectively (AASHTO LRFD (1), Eurocode 3
(CEN 9)). The concrete class of the pylon is C50/60 (Eurocode 2 (CEN 8)). While the rein-
forced concrete deck of the approaching viaduct is designed as C40/50, concrete class of
and back span anchorage block, pylon foundation and abutments are designed with C30/37
(Eurocode 2 (CEN 8)). The geological formation of bridge location consists of serpentinite
rocks common in the Kdmiirhan Ophiolites region (Komiirhan Bridge Project, 20). The
pylon foundation, which is located in Malatya side, sits on two caissons with diameter and
depth of 15 m and 22.5 m, respectively.

During the 24 January 2020 Elazig-Sivrice earthquake (Mw=6.8), the Komiirhan
bridge was under construction. Views and sections of Komiirhan cable-stayed bridge under
construction are shown in Fig. 1. The distance from the epicenter of the earthquake to the
Komiirhan Bridge is approximately 23 km. When the Elazig-Sivrice earthquake occurred,
82% (262 m of the main span) of the bridge deck, which corresponds to 542 m of the
660 m total bridge length, has been completed during the earthquake. However, 16 of the
42 cables in the bridge have not been connected.

3 Characteristics of the Elazig-Sivrice earthquake (Mw =6.8)

The Komiirhan cable-stayed bridge is situated close to the Eastern Anatolian Fault Zone
(EAFZ), which is one of the active fault systems on which many destructive earthquakes
have occurred in the history. The East Anatolian Fault Zone (EAFZ) is defined by a zone of
fault segments that joins the eastern end of the North Anatolian Fault Zone (NAFZ) to the
Mediterranean Sea in the Gulf of Iskenderun. Earthquake activity that occurred during the
historical and instrumental period throughout EAFZ is shown in Fig. 2. Significant seismic
events in the area include the 1905 Piitiirge-Maltya (6.8), 1908 Malatya (6.1), 1964 Sincik-
Adiyaman (6.0), 1966 Karliova-Bingol (6.2), 1971 Bingol (6.8), 1975 Lice-Diyarbakir
(6.6), 1986 Dogansehir-Malatya (6.0), 2003 Piiliimiir-Tunceli (6.3), 2010 Kovancilar-
Elaz1ig (6.1) earthquakes, 2023 Kahramanmaras-Pazarcik (7.7) and Kahramanmarag-
Elbistan (7.6). The Elazig-Sivrice earthquake (Mw=6.8) occurred on January 24, 2020
(AFAD, 2).

The Elazig-Sivrice earthquake with magnitude of 6.8 (Mw) took place near the Sivrice
district of the Elazig province at 20:55:11 (UTC) local time on January 24, 2020. The
mainshock was followed by 1948 aftershocks with magnitudes ranging in between 0.8
and 5.1, within 10 days after the event. It can be seen from Fig. 3 that the earthquake
occurred on the East Anatolian Fault zone, due to a NE-SW strike-slip fault rupture along
the Sivrice-Piitiirge Segment in Elazig, Turkey (AFAD (2), METU (25), KOERI (19)). The
epicenter is located at N38.3593°, E39.0630°, approximately 40 km southwest of Elazig,
and 64 km east of Malatya with a focal depth of 8.06 km (AFAD, 2). The effects of the
Elaz1g-Sivrice earthquake have been widely observed across Elazig and Malatya regions,
extending from Hazar Lake in the east to downtown Malatya in the west. The cities of
Kahramanmarag, Diyarbakir, Adiyaman, Sanlurfa and Batman have also felt the earth-
quake shaking strongly (Fig. 4). It can be seen from Fig. 4 that the closest station is Sivrice
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Fig.1 Views and sections of Komiirhan cable-stayed bridge under construction (Komiirhan Bridge Project,
20)

(2308), which sits practically on the fault and has a 23 km epicentral distance. The dis-
tance from the epicenter to the Komiirhan bridge is approximately 23 km. The epicenter
is approximately equidistant from both station 2308 and the bridge. The bridge is oriented
approximately in the north-east to south-west direction. Acceleration records taken from
Sivrice station (2308) are depicted in Fig. 5. Largest peak ground acceleration (PGA) val-
ues are given in Table 1. The raw peak ground acceleration at this station 0.298 g, which
at the same time is the largest recorded acceleration during this event. Since maximum
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Fig.3 Tectonic structure of Turkey and the Elazig-Sivrice earthquake and its relationship with the seg-
ments East Anatolian Fault Zone (Bozkurt (6), KOERI (19))

peak ground acceleration occurred in the east—west direction, the east—-west component is
selected for the earthquake analyses.

Seismic-resistant structures are designed to have the capacity to resist (i) frequent
(with return period 50-100 years) minor earthquakes without damage, (ii) infrequent
(with return period approximately 500 years) moderate earthquakes with limited struc-
tural and nonstructural damage, and (iii) very strong and rare earthquakes (with return
period approximately 2500 years) without collapse and life safety endangerment (Tsom-
panakis, 41). For more critical infrastructure, even higher seismic demand levels are
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Fig.4 Locations of the epicenter, the Sivrice station and the Komiirhan bridge (AFAD, 2)
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Fig.5 Acceleration records taken from Sivrice station (2308) (URL-1, 42)

Table 1 Largest peak ground acceleration (PGA) value and epicentral distance taken from the Sivrice sta-
tion (URL-1, 42)

Station PGA (cm/s?) Depth (km)

Province Town Code Latitude Longitude Vg, (m/s) Soil Class N-S E-W U-D

Elaz1ig  Sivrice 2308 38.451 39.310 450 7C 238 292.8 190.1 8.06

imposed which is interpreted in terms of a very large return period, such as 10,000 years
for maximum design earthquake motions for major dams.

The design earthquakes have a probability of exceedance of the 50% in 50 years
(72 years return period) for the construction stages and 2% (2475 years return period)
in 50 years for completed stage. It is assumed that the bridge will behave elastically
for 2% in 50 years hazard level where damage in the pylon and foundation will not be
allowed. The peak ground accelerations of 50% (72-year) and 2% (2475-year) earth-
quakes were taken as 0.15 g and 0.5 g, respectively (Komiirhan Bridge Project, 20). The
Turkish Earthquake Code (TEC) published in 2007 (TEC, 40) was considered, and the
smoothed design acceleration spectra were utilized in the design phase of the Komiirhan
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Bridge (Komiirhan Bridge Project, 20). The spectrum comparisons between the design
(for return periods of 72 and 2475 years) and the Elazig-Sivrice earthquake recorded
at the Sivrice station (2308) are depicted in Fig. 6. The comparisons are presented for
the East—West (E-W), North—South (N-S), and Vertical (V) components, considering a
damping ratio of 5%. Peak spectral acceleration values of design spectrums for 2475-
year and 72-year return periods are equal 1.26 g and 0.37 g, respectively. It can be seen
from Fig. 6 that the maximum spectral accelerations for E-W, N-S and vertical compo-
nents in Elazig-Sivrice station are 0.79 g, 0.89 g, 0.74 g, respectively. Maximum spec-
tral values of Elazig-Sivrice earthquake components are significantly greater than those
of 72-year design earthquake considered for the construction stage. It can be stated that
the spectral values of Elazig-Sivrice earthquake components coincide with an earth-
quake of approximately 475-year return period.

4 Visual inspection of the Komiirhan bridge after the Elazig-Sivrice
earthquake

The 16th segment of the bridge deck (82% of the total length) was constructed during the
Elazi1g-Sivrice earthquake. Observational inspections conducted on the critical areas of the
bridge and its structural elements after the earthquake (YP, 49). Figure 7 indicates that no
damage has been observed at the foundation connections of the pylon on both the Elazig
and Malatya sides. Additionally, no deformations or cracks were detected at the junction
point of the inclined legs of the pylon with the composite single section of the tower. Vis-
ible cracks or deformations had not been observed in the shear keys, uplift points, supports,
cap beams, and piers (Fig. 8).

At the connection point of the steel box section with the reinforced concrete sec-
tion, no deficiencies had been observed in the anchorage elements, both transversely
and longitudinally (Fig. 9). It can be seen from Fig. 10 that no deficiencies had been
encountered in the cable anchor regions within the segment and back span anchorage
block after the earthquake. Additionally, any deviation or change in the positions of
the centers where the cables exit through the formwork tube has not been observed.

Fig.6 Spectrums of the design 1300 —
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Fig.7 Views from the foundation connection of the pylon on the Elazig and Malatya sides

Fig.9 Views from the anchorage elements at the connection point

Deformations and buckling had not been observed in the elements and U-ribs (Fig. 11).
Furthermore, at the segment connection junctions, no deficiencies had been observed in
the condition of the elements and welds oriented along the segment.
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Fig. 11 Views from the steel segments and connections

Fig. 12 Finite element model Pylon
of the Komiirhan cable-stayed ™
/ A

bridge under construction
Stay cables
(213-201) S s
/
-

Back span anchorage block

Stay cables
(113-101)

Main span deck

S— Pile caisson

5 Dynamic responses of the Kémiirhan bridge under construction

Modal and earthquake responses of the Komiirhan cable-stayed bridge under construc-
tion have been simulated numerically. The 3D finite element model of the bridge under
construction was created in SAP2000 (33) is shown in Fig. 12. The 3D frame elements
were used in the 3D modeling of foundation, back span anchorage block, main span
deck and pylon. Cable elements were utilized for the stay cables. The dimensions and
material properties of the structural elements of the bridge are mentioned in Sect. 2.
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5.1 Modal behavior of the bridge under construction

In the earthquake analyses of the Komiirhan Bridge under construction, the first two hun-
dred modes were considered. The mass participation ratio for the first two hundred modes
is 90.27%. The first six mode shapes and periods determined from the modal analysis of
the bridge are shown in Fig. 13. The periods of the first six modes vary between 3.09 s and
0.76 s. When the spectrum curve of the E-W component of the Elazig-Sivrice earthquake
given in Fig. 6 is examined, the values of spectral accelerations under period of 3 s are con-
siderably greater than those of the design earthquake (72-year) values considered for the
construction state. It can be seen from Fig. 13 that the first mode of Kdmiirhan cable-stayed
bridge under construction shows deck transverse response. In the second and third modes,
the deck moves vertically, while the middle part of the pylon moves longitudinally. The
fourth mode shows pylon transverse response. In the fifth and sixth modes, the deck moves
vertically, while the pylon moves longitudinally. Total modal participating mass ratio of the
first six modes is 19.42%

5.2 Earthquake response of the bridge under construction

The Response Spectrum Method was employed in this study, since this method was
used in the design of the bridge for construction stage (Komiirhan Bridge Project, 20).
The spectrum curves of design earthquake (72-year) and the E-W component of Elazi1g-
Sivrice earthquake shown in Fig. 6 are considered for the earthquake analyses. Four
different load combinations have been considered in analyzing the structural response
of the bridge model under construction. The selected load combinations are i) EQ-72:
X +0.3Y, ii) EQ-72: 0.3X+Y, iii) EQ-Elaz1g-Sivrice: X+ 0.3Y, iv) EQ-Elazig-Sivrice:
0.3X+Y, where EQ-72 and EQ-Elazig-Sivrice sembolize design earthquake (72-year)

a) 1% mode (3.09s) b) 2™ mode (2.73s) ¢) 3" mode (1.46s)

-

d) 4™ mode (1.23s) e) 5™ mode (1.02s) f) 6" mode (0.76s)

Fig. 13 The first six mode shapes and periods of the Komiirhan cable-stayed bridge under construction
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and E-W component of the Elazig-Sivrice earthquake, respectively, where X and Y rep-
resent the longitudinal and transverse directions. The maximum values of the displace-
ments and internal forces occurred on the pylon and main span deck, and cable forces
of the Komiirhan bridge model under construction are obtained for the different load
combinations above. Since 5% of damping ratio was taken into account in the design
of the Komiirhan bridge (Komiirhan Bridge Project, 20), the identical damping ratio
was selected for the comparison of the design results with the responses to the Elazi3-
Sivrice earthquake.

The variations of the absolute maximum displacements along the main span deck
and height of the pylon for the load combinations including the design (72-year) and
the Elazig-Sivrice earthquake are compared in Fig. 14. It can be seen from Fig. 1b that
242 m of the main span steel deck was completed during the Elazig-Sivrice earthquake,
while whole of the reinforced concrete pylon was built. An abrupt change is observed
on the vertical displacements of the deck. It is thought that this change stems from the
intricate behavior of the mode shapes of the deck under construction. The differences in
the displacement curves of the main span deck and the pylon increase with considering
the Elaz1g-Sivrice earthquake in load combinations. While absolute maximum deck ver-
tical displacements are calculated as 109.9 mm and 336. 6 mm for EQ-72:X+40.3Y and
EQ-Elaz1g-Sivrice:X 4+0.3Y load cases, the maximum longitudinal displacements on the
top of the pylon are obtained as 53.5 mm and 206.5 mm, respectively. The Elazig-Sivrice
earthquake increases maximum values of the vertical displacements of the main span steel
deck by 3 times and the longitudinal displacements of the pylon by 3.9 times compared to
the design earthquake (72-year). However, after the earthquake, residual movements were
not observed along the deck and pylon. Besides, this situation has been confirmed by the
field measurements. According to daily measurements in the back span anchorage block,
no settlement was measured after the Elazi3-Sivrice earthquake. In addition, there was no
difference between the project values of the deck and pylon geodetic measurements before
and after the Elazig-Sivrice earthquake. The elevation differences of the segment 16, which
is the last constructed segment, at the deck center on December 22 and December 25, 2020,
were surveyed as 0.326 m and 0.324 m, respectively. The geodetic measurement differ-
ences of the pylon top along the longitudinal direction before and after the Elazig-Sivrice
earthquake are 0.326 m and 0.327 m, respectively. Since the monitoring system equipped
with various sensors for the Komiirhan Bridge was established after its construction (Bay-
raktar et al. 5), a comparison of sensor data during the construction phase was not feasible.

=3
3
3

—EQT2XH3Y = EQT203KHY  —EQ-ElazgSiviceX+03Y  --EQ-ElaigSivrice03K+Y

B B g
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2

g

Vertical Displacement (mm)

—EQ-72:X+0.3Y
=-EQ-72:03X+Y
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=
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a) Main span deck vertical displacements b) Pylon longitudinal displacements

Fig. 14 Comparison of displacements along the main span deck (a) and pylon (b) for the load combinations
including the design (72-year) and the Elazig-Sivrice earthquakes
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The variations of the absolute maximum axial forces and bending moments along the
main span deck for the load combinations including the design (72-year) and the Elazig-
Sivrice earthquakes are compared in Fig. 15. According to the design earthquake (72-year),
the Elazig-Sivrice earthquake significantly affects the variations and values of axial forces
and bending moments along the main span deck. Absolute maximum axial forces and
bending moments obtained in the main span deck for the EQ-72:X+0.3Y and EQ-Elazig-
Sivrice:X +0.3Y load combinations are 9620kN, 17741kN, and 17640kNm, 80220kNm,
respectively. The Elazi3-Sivrice earthquake increases maximum values of the axial forces
and bending moments in the main span steel deck by 1.84 and 4.55 times of the design
earthquake (72-year). Observation and ultrasonic tests were implemented on the main span
steel deck after the Elazig-Sivrice earthquake. No damage was observed in the welding of
the deck segment connections after the earthquake. It was evaluated that there was no dam-
age in the bridge during the Elaz13-Sivrice earthquake due to the console behavior of the
deck and the designing of the structural elements conservatively.

The comparisons of the absolute maximum axial and shear forces and bending moments
along the middle part of the pylon for the design (72-year) and the Elazig-Sivrice earth-
quakes are shown in Fig. 16. While absolute maximum axial forces at bottom of the mid-
dle part of the pylon are calculated as 3313kN and 10698kN for the EQ-72:X +0.3Y and
EQ-Elazig-Sivrice:X +0.3Y load cases, the bending moments are obtained as 79,260 kNm
and 340,100 kNm, respectively. Maximum values of the axial forces and bending moments
obtained for the Elazig-Sivrice earthquake in the middle part of the pylon increase by 3.2
and 4.3 times compared to the design earthquake (72-year). When the basic connection
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Fig. 15 Comparison of axial forces and bending moments along the main span deck for the load combina-
tions including the design (72-year) and the Elazig-Sivrice earthquakes

@ Springer



3442 Natural Hazards (2024) 120:3429-3446

170

—EQ72:X+0.3Y —EQ-72:X+03Y
160 -=-EQ-72:0.3X+Y 160 -=EQ-72:03X+Y
—EQ-Elazig-Sivrice:X+0.3Y —EQ-Elazig-Sivrice:X+0.3Y
150 --EQ-Elazig-Sivrice:0.3X+Y

-=EQ-Elazig-Sivrice:0.3X+Y

Height (m)
Height (m)

0 1000 2000 3000 4000 5000 6000 7000 8000 9000 10000 11000 0 50000 100000 150000 200000 250000

300000 350000
Axial Force (kN) Bending Moment (KNm)

a) Axial forces b) Bending moments

Fig. 16 Comparison of axial forces and bending moments along middle part of the pylon for the load com-
binations including the design (72-year) and the Elazig-Sivrice earthquakes

points of the pylon were examined after the Elazig-Sivrice earthquake, no deformation or
cracks were detected at the middle part connection point of the inclined legs and the pylon-
deck interfaces.

The variations of the cable forces in the main span deck and back span anchorage block
for the load combinations including design (72-year) and the Elazig-Sivrice earthquakes
are plotted in Fig. 17. It can be seen from Fig. 17 that during the Elazig-Sivrice earthquake,
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Fig. 177 Comparison of cable forces obtained for the load combinations including design (EQ-72) and
Elazig-Sivrice earthquakes
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both the back span anchorage block and main span cable forces significantly vary and
increase according to the design earthquake (72-year). Maximum cable forces occur in
the longest cables, 213 (back span, number of the strands 109 and a=49.19°) and 113
(main span, number of strands 85 and «=30.36°), of the back span anchorage block and
main span deck. While absolute maximum forces in Cable 213 are calculated as 441kN and
1645kN for EQ-72:X+0.3Y and EQ-Elazig-Sivrice: X +0.3Y, the forces in Cable 113 are
obtained as 533kN and 2244kN. The allowable stress in cables is 0.45 times ultimate value.
Cable forces calculated for the four load cases are within allowable limits. Measurements
on the cable sags also were implemented after the Elazig-Sivrice earthquake. According to
the sag measurements after the Elazig-Sivrice earthquake, there was no difference between
the project and constructed values. Besides, a deviation in the centers of the cables and a
damage in the cable anchorages of the main span, the back span anchorage block and the
pylon were not observed after the Elazig-Sivrice earthquake.

6 Conclusions

The effect of the 24 January 2020 Elazig-Sivrice earthquake (Mw =6.8) on the structural
response of the Komiirhan cable-stayed bridge with steel deck under construction has been
investigated in this study. The distance from the epicenter to the bridge is approximately
23 km, and 82% of the bridge deck was completed during the earthquake. The results
related to structural performances of the deck, pylon, cables and connections of the bridge
under construction are summarized:

e The values of spectral acceleration of the Elazig-Sivrice earthquake are approximately
2.5 times of the bridge design spectrum (72-year) considered in the construction stage
analyses. The Elazi3-Sivrice earthquake increases the vertical displacements of the
main span steel deck and the longitudinal displacements of the pylon as 3.06 times and
3.86 times, respectively.

e The FElazig-Sivrice earthquake increases maximum values of the axial forces and
bending moments in the main span steel deck by 1.84 and 4.55 times, respectively,
of the design earthquake (72-year). Maximum values of the axial forces and bending
moments obtained for the Elazig-Sivrice earthquake in the middle part of the pylon
increase by 3.22 and 4.29 times of the design earthquake (72-year).

e For the Elazig-Sivrice earthquake, maximum cable forces occurred in the longest
cables, 213 and 113, of the back span anchorage block and main span deck increase as
3.73 and 4.21 times, respectively.

Cable forces calculated for both earthquakes are within allowable limits.

It can be noted that there is no difference between the project values and the geodetic
measurements of the deck, pylon and cable sags before and after the Elazig-Sivrice
earthquake. No damage was observed in the deck, the pylon, cables and the connec-
tions.

e The results demonstrate that cable-stayed bridges are conservatively designed.
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