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Summary

The effects of hanger replacement from inclined to vertical configuration on

seismic response of long-span suspension bridges are investigated considering

multi-support earthquake excitation. The Bosphorus Bridge is investigated due

to its recent comprehensive rehabilitation, mainly involving hanger replace-

ment. The finite-fault stochastic simulation method (FINSIM) is utilized for

multi-point earthquake time-history generation. The developed finite element

(FE) model both for the inclined and vertical hanger arrangement are verified

through the structural health monitoring (SHM) data. Based on the compara-

tive analysis, the tension force of vertical hangers is found to be lower than

that of inclined hangers, whereas the tension force of the main and back-stay

cables remains the same. The compressive axial force of the deck decreases rel-

atively in the case of the vertical hanger arrangement, whereas the cross-

sectional forces at the tower base section increase. The approach viaducts are

not affected by the vertical hanger arrangement. According to the dem-

and/capacity ratios for damage estimation under the max. earthquake

(2475 years return period), structural damage on the tower base section may

be expected for both hanger arrangements, while these sections perform well

under design scenario earthquake. The expansion joint of the bridge with

inclined hangers is also estimated to be damaged; however, this displacement

is lower in the case of the vertical hanger arrangement due to the viscous

dampers. The findings also reveal that a change in hanger form of a suspen-

sion bridge can necessitate other structural retrofit, such as using viscous

dampers to limit longitudinal displacements of the deck and retrofitting the

bridge towers.

KEYWORD S

finite element model, multi-support earthquake analysis, structural health monitoring (SHM),

suspension bridge, vertical hanger replacement
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1 | INTRODUCTION

Civil structural systems are subjected to not only service but also extreme load cases. Service loads of dead (DL) and live
(LL) are considered firstly at the initial stage of the design of structural systems. Response to these load cases is, there-
fore, a well-known phenomenon. The most critical stage in new design and assessment of existing civil structures is to
estimate and assert to a solution to deterministically identify structural response under unexpected extreme load cases,
such as earthquake, wind, blast, impact, and human-induced load. One of the most complex and critical extreme events
for all civil structures is the seismic load case. Due to the variation of seismic parameters from one support location to
another, earthquake load events can become a more critical issue for long-span structures, particularly for long-span
cable-supported bridges. Therefore, it is clear that special attention must be paid to structural earthquake response of
long-span cable-supported bridges.

In literature, there is no case study related to hanger replacement influence on seismic behavior of long-span cable-
supported bridges. Generally, the most pertinent studies in literature focus on the considerations of spatially varying
site-specific earthquake motions and the multi-support earthquake (Mp-Sp) analysis for this type of bridge. In this
sense, Shiravand and Parvanehro1 adopted three long-span cable-supported bridges for the analysis. They revealed that
the responses of the bridges were relatively amplified in terms of the girder, pylon, and cable's internal forces under spa-
tially varying ground motions when compared with unified earthquake motions. The stiffness of the deck and the tower
were identified to have the greatest effect on the amplification in the girder bending moment and cable tension force.
Seismic fragility curves of structural systems and components of long-span bridges were developed by Zhong et al.2

Based on the probabilistic results, the seismic risk of long-span cable-support bridges was underlined to be relatively
sensitive to important parameters of spatial ground motions. Similar studies were also conducted by Li et al3 and Zhong
et al4 taking different aspects of spatial variation effect on Mp-Sp motions. They stated that seismic demand of the
large-scale bridge structures should be determined under spatially varying ground motion rather than under uniform
earthquake excitation. Zong et al5 and Zhou et al6 performed two detailed studies directly related to each other. They
depicted that traveling wave effects (wave passage) mainly affected seismic performance of the main girder and tower
elements through a shake table test of a scaled three-tower cable-stayed bridge. They also presented noticeable agree-
ment between an experimental and numerical analysis and pronounced that the developed approach could be used for
further testing and numerical investigation of large-scale bridges. For effective seismic control of cable-stayed bridges,
nonuniform earthquake motions were presented as critical for the analysis of the bridges as given by Abdel Raheem
et al.7 As a new contribution, this paper provides new insight into the seismic behavior of a long-span bridge when
hangers are retrofitted along with multi-support excitation.

Due to an increasing trend in the construction of long-span cable-supported bridges in Turkey, it is crucial to con-
duct detailed investigations on the existing bridges in Turkey in order to reliably design new bridges in the future and
to determine required structural rehabilitation issues for the current bridges against extreme loading events that can
lead to an interruption in their service. Because most of the detailed investigations about long-span bridges in Turkey
have been carried out so far for The Bosphorus and The Fatih Sultan Mehmet Bridges, critical references and their
main conclusions were given herein for these bridges so as to understand the importance of the present study. Since
1973 when the Bosphorus Bridge, as shown in Figure 1, was constructed, experimental and numerical studies8–29 have
continued to be carried out for these bridges in Turkey. The first investigations were performed on the ambient vibra-
tion behavior of The Bosphorus Bridge shortly before the bridge was opened to traffic in 1973.28,29 Modal vibration fre-
quencies of the bridge were estimated in those studies for ambient and forced vibration cases. With developing 2-D and

FIGURE 1 General view and layout of the Bosphorus Bridge [Colour figure can be viewed at wileyonlinelibrary.com]
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3-D numerical models of the Bosphorus Bridge, Dumanoglu and Severn25,27 made the first analytical studies on the
effects of travel of seismic excitation on the structural response of the bridge. The bridge was considered in these studies
under four different earthquake ground motions at the four support points due to the asynchronization resulting from
the traveling effect. They indicated that the dynamic displacements and sectional forces of the bridge components
under asynchronous earthquake excitations were higher than those under usual (uniform) earthquake excitations.
Although the previous studies utilized similar approaches to the current study for seismic analysis of the bridge in terms
of different ground motions at each support point and the Mp-Sp analysis, the current study aims at presenting the
effects of hanger replacement influence on Mp-Sp response of the bridge. Afterwards, the former initial studies were
elaborated upon by establishing numerical models of the bridge.19,24,26 The outcomes obtained from these studies on
the Bosphorus Bridge were compared with both previous results and the numerical model of the bridge.

After the construction of The Fatih Sultan Mehmet Bridge in 1988, similar studies were performed on the Fatih Sul-
tan Bridge.16,18,20–23 With a seismic analysis of the bridge through finite element (FE) models, the most vulnerable
structural components of the bridge were estimated in many experimental and numerical studies15,16,18,21; however,
these were conducted under the constraint of uniform ground motions. In the previous studies, the obtained frequen-
cies from full-scale dynamic and ambient vibration tests on the bridge were within the expected values and could be
used for validation of a numerical model of the bridge. Considering spatially varying multi-point earthquake excita-
tions, Apaydin et al11 first conducted a detailed numerical investigation on the Fatih Sultan Mehmet Bridge. They rev-
ealed that the results under multi-point earthquake motions obtained were relatively higher when compared with those
from uniform ground motion and that the displacement response of the towers and deck under non-uniform earth-
quake motion differed from that of uniform motion.

The main objective of the present study is to identify the effects of the change in the form of hanger rope elements
on the structural response and performance of long-span cable-supported bridges under a multi-supported earthquake
load. The Bosphorus Suspension Bridge, as depicted in Figure 1, which was constructed in 1973 in Istanbul, Turkey, is
taken into account due to its experience of hanger replacement in 2015. The main reason that hanger replacement is
considered for the bridge is mainly related to the insufficient force capacity and life cycle of the inclined hangers (origi-
nal) based on nondestructive (NDT) test results under operational load. For this objective, multi-station stochastic
earthquake time histories are first generated specifically considering the geographic coordinates of each support point
of the bridge: anchorage support of the back-stay cables and tower support point at each strait of the Bosphorus River.
Thus, Mp-Sp analysis cases are defined separately for inclined and vertical hanger (VH) forms of the bridge under the
scenario and max. earthquake load cases. For these analysis cases, a 3-D FE model is established for each hanger form
of the bridge. In order to make the FE models more accurate, the developed bridge FE models are verified using struc-
tural health monitoring SHM data. The Mp-Sp analysis is performed, and results are compared to identify the effects of
hanger replacement on seismic response of the Bosphorus Bridge. Based on the results, structural performance of the
bridge is also investigated according to the demand/capacity ratios of its critical components.

2 | 3-D FE MODELING AND VERIFICATION WITH SHM DATA

As shown in Figure 1, the Bosphorus Bridge has a main span length of 1074 m and two approach spans with the lengths
of 231 m at the European side and 255 m at the Asian side. Only the main span is supported by the suspenders, whereas
the approach spans are supported at the base. The bridge is made up of high yield structural steel given in BS-968.30

However, the specifications for this type of structural steel are not available in literature; therefore, AASHTO31 M270
Gr50 steel model that satisfies almost all provisions of BS-968 is considered as structural steel for FE modeling of the
bridge.

2.1 | IH FE model

Because inclined hangers (IHs) are an original project specification, a 3-D FE model of the bridge is developed based on
the as-built drawings.32–34 The bridge is made of constructional steel thin plate. The deck, tower, portal beams, and
approach viaduct beam have box-sections, and these sections are braced with inner stiffener plates and diaphragms
along their length. Using shell elements, a 3-D model of the towers is developed, as depicted in Figure 2. Similarly, the
deck, the approach viaduct deck consisting of steel box girder and hand-built steel cross I-beams, and the portal beams
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are modeled through shell element, depending on their project properties. Frame element is adopted only for approach
viaduct column with circular box section. Stiffener plates are also considered in the modeling of these elements as shell
element. The cable elements, hanger, back-stay, and main cables are also developed featuring the cable properties,
including sag effect. Moreover, rigid links are defined for the portal beam-tower joints and the circular column-box
beam joints. For the expansion joint providing a connection between deck-tower and side span-tower, gap link ele-
ments are used. The rocker bearings are modeled with link elements. The rocker bearings have movement release in
the longitudinal direction and rotation release about the transverse axis of the bridge.32 The link elements are also con-
nected to the gap elements with the longitudinal movement capacity of 1.07 m at the support locations. The gap ele-
ments are defined in ways that additional longitudinal force would affect the bridge when the movement of the link
element in the longitudinal direction exceeded the limit value of 1.07 m. All modeling considerations are summarized
in Figure 2. Accordingly, a 3-D FE model of the bridge with IHs is developed, as shown in Figure 2. All these efforts are
performed with the SAP200035 software.

2.2 | VH FE model

As shown in Figure 3, the new rocker bearings are placed at both deck ends. In the modeling of the new rocker bear-
ings, the movement in the longitudinal and transverse directions, and the rotation about the transverse axis of the
bridge are allowed for the link elements according to the retrofitting project specifications. The link elements are also
connected to the gap elements with the longitudinal movement capacity of 1.07 m at the support locations. The gap ele-
ments are defined in ways that additional longitudinal force would affect the bridge when the movement of the link ele-
ment in the longitudinal direction exceeded the limit value of 1.07 m. Similarly, wind tongues (shear key) are located at
the middle of the deck ends. Based on the retrofit project specifications, the wind tongues and dampers are installed to
reduce the displacement of the deck in transverse and longitudinal directions, respectively. The main aim of changing
the rocker bearings and adding the wind tongues (shear key) is to reach a more robust design for the movement of the
deck. In the original project configuration of the bridge, along with vertical deck restraint, the A-frame rocker bearings
provide stiffness to restrain the movement of the deck in the transverse direction. The original rocker bearing is

FIGURE 2 Finite element (FE) modeling considerations for the bridge with inclined hangers [Colour figure can be viewed at

wileyonlinelibrary.com]
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working well under operational load, but the transverse deck restraint cannot be provided, especially under wind and
earthquake loads. In the new rocker bearings, the deck movement restraint is adopted only in the vertical direction. To
make the transverse deck restraint more effective and robust, the wind tongues are provided in the retrofitting project.

As it requires the replacement of 236 IH elements, hanger replacement work has a longer duration than other
works. As indicated in Figure 3, two hanger ropes are designed as a group and aligned in parallel along the bridge. Due
to the high vulnerability of the expansion joint to operational and extreme events, damage resulting from the exceed-
ance of displacement capacity in the longitudinal direction is aimed to be prevented with the viscous dampers located
on both end sides of the deck. In total, four dampers are considered in the project. Detailed technical specifications for
the viscous dampers that include rated force, damping coefficient (C), and constant (α) are adopted in the model. The
project also contains the sectional retrofitting efforts for the tower base section. For this aim, additional longitudinal
stiffeners are considered, and thus, doubly symmetric W530x123 I-beams are located on the section. The wide-flange I-
beams are extended along a certain part of the towers, as depicted in Figure 3. The longitudinal stiffeners are connected
to the inner plates of the towers with bolts. Diaphragm plates between I-beams are also used to provide an integrated
response of the section. Based on these specifications, the sectional load-carrying capacity of the tower base section is
estimated to be high compared with that of the original project section with relatively small existing longitudinal
stiffeners.

Except for the tower base section and hanger elements along with additional components, the other structural com-
ponents of the deck, the approach viaduct consisting of pipe columns steel box girder and hand-built steel cross I-
beams, and the portal beams, which are adopted for the IH FE model, are considered as the same as for the VH FE
model. Hence, these elements are directly utilized for FE modeling of the bridge with VHs. The specifications of the vis-
cous dampers are presented in Figure 4A. Using these specifications, the parameters of the damping coefficient (C) and
the exponential constant (α) to be utilized for the corresponding link element calculation are also specified, as indicated
in Figure 4A. The dampers are adopted as a nonlinear link characterized by the exponential formulation of F = CVα. A
similar concept is taken into account for the wind tongues with elastomeric neoprene pads and laminated steel plates,
as shown in Figure 4B. In an FE model of the bridge, the linear link element is used for simulation of the wind
tongues.

FIGURE 3 Vertical hanger replacement, strengthening the tower base section, viscous dampers, wind tongues (shear key), and new

rocker bearing [Colour figure can be viewed at wileyonlinelibrary.com]
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As revealed in Figure 4B, shear (KH) and axial (KV) spring constants are calculated according to AASTHO31 require-
ments. As shown in Figure 5, axial spring (KV) acts in the transverse direction (V), whereas shear spring (KH) shows its
action in the vertical (H1) and longitudinal (H2) directions. Figure 5 generally summarizes the implementation of these
considerations to the FE modeling of the dampers, wind tongues, and new rocker bearings. The change between the
moment capacity of the original and retrofitted tower base section is obtained as a capacity ratio for limit states of the
section to show retrofitting effects in terms of the cross-sectional load actions. Consequently, the established 3-D FE
model of the Bosphorus Bridge with VHs is as shown in Figure 3.

2.3 | Verification of the FE models with SHM data

In order to show the accuracy of the developed FE models, the modal analysis results from the models are compared
with those of SHM data. In total, the SHM system of the bridge consists of 168 sensors and channels. Sensor types and

FIGURE 4 (A) Specifications for the dampers; (B) calculations for the wind tongues

FIGURE 5 Finite element (FE) modeling of the dampers, wind tongues, and new rocker bearings [Colour figure can be viewed at

wileyonlinelibrary.com]
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associated quantity are given in Figure 6. More details and information about the SHM system can also be found in the
study of Bas et al.8 In the analyses of the bridge, the proportional viscous damping is considered with a modal damping
ratio of 2% for all modes of the bridge. For the verification of the developed IH model, response data recorded from the
SHM system of the bridge during an extreme wind event in 2012 are considered. As shown in Figure 7, the variation of
wind-speed data obtained from the weather station and corresponding acceleration data at the deck midspan is divided
into three ranges: (a) before, (b) during, and (c) after. After data are considered as ambient vibration data because the
bridge is known to be closed to traffic and is empty at the closed duration after the extreme wind event. As depicted in
Figure 7, fundamental data analysis processes are conducted and the first effective five mode shapes of the bridge with
IHs are obtained using different corresponding acceleration data. Thus, experimental natural vibration frequencies of
the bridge with IHs are obtained and adopted for comparison with those of the IH FE model.

Due to limited time and certain problems with the SHM system of the bridge after the hanger replacement is com-
pleted, no comprehensive experimental testing has been carried out for the bridge with VHs. Therefore, the modal anal-
ysis results from the developed VH FE model are compared with the preliminary experimental study conducted by
Soyoz et al.9 Their experimental results for the bridge with IHs are also utilized in the comparison. Closure agreement
of the results from FE models with the experimental results, as seen in Figure 8A,B, reveals that the FE models for the
IH and VH forms are developed and can be used reliably for the earthquake analysis. After the verification of the FE
models, the hanger replacement effect on the bridge modal frequency is also demonstrated in Figure 8C. With the
change in hanger form, the first mode frequency of the bridge increases, whereas the rest decrease. The difference
between the modal frequencies of the two hanger forms also enables the formation of a preliminary vision of the hanger
replacement effect on the response of the bridge.

3 | MULTI-STATION STOCHASTIC GROUND MOTION SIMULATION

The most important step for accurate multi-support seismic analysis is to obtain ground motions in three directions for
each support point of structures. Earthquake source, seismic wave path, and local soil site effect are three main factors
to control when obtaining earthquake ground motions. Based on certain assumptions on these effects, the displacement
motion of an earthquake, U(x, ω), can be mathematically presented by summing contributions of displacement of each
ground particle u(x, t) resulting from an earthquake at a point x and at time t via convolution or by multiplication of
them in frequency domain. Due to its nonlinear and high-frequency properties, a strong ground motion mostly acts as
a stochastic situation ideally characterized by Fourier amplitude spectrum.36

The summation of each particle can be represented with Equation 1,

FIGURE 6 Sensor types and quantities of the structural health monitoring (SHM) system of the bridge [Colour figure can be viewed at

wileyonlinelibrary.com]

1502 BAS ET AL.

http://wileyonlinelibrary.com


U x,ωð Þ= S x,ωð Þ �G xð Þ � I x,ωð Þ �H x,ωð Þ �F x,ωð Þ: ð1Þ

In the expression, seismic source is defined with S(x, ω), G(x): geometrical spreading, I(x, ω): inelastic attenuation
account for seismic wave propagation effect and local soil site effect, considered as two parameters of H(x, ω): high-
frequency attenuation, and F(x, ω): earthquake response term. An earthquake occurs due to a higher shear stress of
rupture than that of an earthquake fault. Rupture at the hypocenter spreads along the fault surface, and seismic motion
was felt at a point of interest by triggering all parts at fault surface through earthquake fault. Hence, earthquake motion
can be defined with certain representation theorems in literature based on the summation of particle displacement
motion.37

Considering the importance of the behavior of a particle in the earthquake motion process stated above with Equa-
tion 1, in this study, the finite-fault simulation program (FINSIM) proposed by Beresnev and Atkinson38 was utilized,
which enables a researcher to simulate location specific earthquake motion history for each of a bridge's support points
of interest. This method, also called the finite-fault stochastic approach, was proposed to be reliably adopted for ground
motion prediction at given earthquake observation points close to a destructive large earthquake fault.39–45 In this
approach, earthquake ground motion at a specific point at a distance close to an earthquake fault is obtained with two
main steps: (a) calculation of seismic ground motion source with the approach as given in Equation 1 and (b) computa-
tion of time series for ground motion history with some modifications on Gaussian white noise. The fault plane

FIGURE 7 Experimental study for the bridge with inclined hangers
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belonging to the considered earthquake source is divided into many subfault elements. Earthquake occurrence at the
hypocenter of the considered main fault/segment is regarded to excite support/s of structures by triggering the subfault
elements as it propagates radially through them. Therefore, each subfault element acts as a point source to which ω2

acceleration Fourier amplitude spectrum, Sasf,s(x, ω) with seismic moment m0, is assigned. The symbol sf here stands
for subfault, s for shear wave, and a for acceleration. For each subfault element, Equation 1 is calculated separately.
More details for the FINSIM simulation can be found in the study of Bresnev and Atkinson.38

Considering highly active fault segments of the NAF lying from Izmit Bay to Saros Bay at the front of Istanbul, as
shown in Figure 9, and location of the bridge, as given in Figure 10, the bridge is expected to be subjected to strong
earthquake motion. According to the last destructive earthquakes on the fault segments of North Boundary Fault
(NBF) and Central Marmara Basin (CMB), the 1999 Kocaeli (Mw = 7.4) earthquake was the most destructive one.
Therefore, various post-earthquake field observations, geotechnical investigations, many deterministic and probabilistic
studies were conducted46–52 on the 1999 Kocaeli earthquake and the Marmara region. Thus, seismic parameters of this
earthquake were obtained reliably, which are accessible in literature. Because such efforts were not performed for other
real earthquakes on the NBF and CMB fault segments, seismic specifications of the 1999 Kocaeli earthquake are consid-
ered in this study. For the FINSIM program, seismic parameters of the 1999 Kocaeli earthquake are only adopted as
input parameters.

According to comprehensive seismic hazard analysis results for Istanbul47,52 and validation of the results from these
studies with another important study,50 the strong earthquake motion of the scenario is predicted to result from two
active fault segments located approximately 20–30 km south-west (CMB) and south of central Istanbul (NBF), as shown

FIGURE 8 Comparison of dynamic modal characteristics of the bridge finite element (FE) models: (A) inclined hangers, (B) vertical

hangers, (C) change (%) between FEM (inclined) and FEM (vertical)
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FIGURE 9 Active fault segments (Central Marmara Basin [CMB] and North Boundary Fault [NBF]) and rupture point of the North

Anatolian Fault (NAF) at the vicinity of Istanbul46 [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 10 Locations of the bridge,

fault segment, and earthquake rupture point

[Colour figure can be viewed at

wileyonlinelibrary.com]
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in Figure 9. Similar outcomes were also obtained from a detailed study on earthquake loss estimation in Istanbul by
Ansal et al.46 In the present study, the CMB fault segment, as depicted in Figure 9, was taken into account in the gro-
und motion simulation by FINSIM for the Istanbul scenario earthquake due to its higher excitation level in terms of
loss estimation.46 The start point of this segment was considered as the rupture point of the scenario earthquake, as
shown in Figures 9 and 10. As stated before, the total length from the rupture point to the location of the bridge and
the length of the CMB fault segment was measured as about 21.4 and 108 km, respectively, as presented in Figure 10.
Geographic coordinates of the rupture point and the bridge's multi-support points that are assumed to be two different
support points at each side of Istanbul are determined and considered in the FINSIM method as given in Figure 10. In
addition to these parameters, the rest of the earthquake simulation parameters required for the FINSIM program are
adopted according to the findings from the study of Okay et al51 for the Marmara Region and presented in Table 1.

After the simulation, scenario earthquake time histories in two transverse and one vertical directions are obtained
for each of the bridge's support points, whose details are depicted in detail in Figure 10, considering the geographical
coordinates of the support points of A, B, C, and D. As detailed in Figure 10, the support points of B and C are consid-
ered at the tower base, and back-stay cable anchorage points of A and D are the other multi-support points of the
bridge. Thus, four multi-supports and 12 ground motions are taken into account in the Mp-Sp analysis of the bridge.
Because the displacement-loading case must be defined for the Mp-Sp analysis, instead of the acceleration time histo-
ries, the displacement time histories of the simulated scenario earthquake motion are given in Figure 11. In order to
estimate structural damages and those components of the bridge with high seismic vulnerability, the maximum earth-
quake time-history motions are determined by making spectral matches according to the design response spectrum of
the maximum earthquake level DD-1 given in Turkish Seismic Code53 through SeismoSoft program.54

TABLE 1 Input parameters for FINSIM ground motion simulation on the CMB fault

Fault parameters CMB fault

East end geographic location E 28� 520 12.0000

N 40� 530 15.0000

West end geographic location E 27� 350 24.0000

N 40� 470 60.0000

Fault orientation Strike 81.5�, Dip 90�

Fault length, L, (km) 108

Fault width, W, (km) 20

Rupture area, L × W, (km2) 108 × 20

Stress parameter (bars) 100

Subfault dimensions (km) 10 × 10

Moment (dyn�cm) 1.7 × 1027

Moment magnitude 7.4

κ(s) 0.055

Inelastic attenuation Q(s−1) 180�f0.45

Geometric spreading 1/R ≤30 km

1/R0.4 30–60 km

1/R0.6 60–90 km

1/R0.8 90–100 km

1/R0.5 >100 km

Windowing function Saragoni-Hart

Crustal-shear wave velocity (km/s) 3.3

Crustal density (g/cm3) 2.7

Focal mechanism Right-lateral strike slip

Abbreviations: CMB, Central Marmara Basin; FINSIM, finite fault simulation program.
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The aim of the spectral matching analysis is to adjust earthquake accelerograms to match a specific target response
spectrum, using the wavelets algorithm developed by Abrahamson55 and Hancock et al56 or the algorithm developed by
Atik and Abrahamson.57 To accomplish this, the simulated earthquake ground motions for the scenario case of Istanbul
are utilized, and DD-153 earthquake level compatible-earthquake motions (max. earthquake) are simulated with spec-
tral matching considering DD-153 earthquake spectrum as the target spectra. According to Turkish Seismic Code,53 the
DD-153 earthquake corresponds to maximum earthquake motion with a 2% probability of exceedance in 50 years
(2475 years return period) for structures in Istanbul. Displacement time histories of the DD-153 maximum earthquake
are given comparatively in Figure 11. The results from spectral matching are also obtained for each multi-support point
of the bridge in terms of the comparison of DD-153 design spectrum with acceleration spectra of the scenario and mat-
ched (max) earthquakes to show the accuracy of spectral matching. Based on the results, the acceleration response spec-
tra of the max. earthquake are matched well with the target spectra of DD-153 design spectra. Thus, Mp-Sp analysis is
performed according to two simulated ground motion sets: (a) simulated scenario earthquake and (b) matched maxi-
mum earthquake.

FIGURE 11 Simulated displacement ground motions for the scenario and max. earthquakes: (A) multi-support-A, (B) multi-support-B,

(C) multi-support-C, and (D) multi-support-D
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4 | MP-SP TIME-HISTORY ANALYSIS

4.1 | The procedure for Mp-Sp analysis

In order to solve the governing equation of motion of long-span structures excited at different support points, either the
acceleration or displacement loading approaches can be adopted. In a displacement loading approach, the stiffness
matrix of constrained (support) DOF is multiplied by the corresponding ground displacement vector to define external
seismic force. This approach is therefore called the stiffness proportional method. Because practical application of the
multi-support analysis to the Bosphorus Suspension Bridge is considered in the present study using ground displace-
ments, the displacement loading method is detailed here. In this sense, the displacement vector of long-span bridge
structures consists of two subdisplacement vectors: (a) unconstrained (superstructure) and (b) constrained (support) dis-
placement. Thus, the general equation of motion for a long-span bridge structure under multi-support excitation can be
written as given in Equation 2.

M Mg

MT
g Mgg

" #
€d
t
tð Þ

€dg tð Þ

( )
+

C Cg

CT
g Cgg

" #
_d
t
tð Þ

_dg tð Þ

( )
+

K Kg

KT
g Kgg

" #
dt tð Þ
dg tð Þ

( )
=

0

Pg tð Þ
� �

, ð2Þ

where
M, C, and K: mass, damping, and stiffness matrices of unconstrained DOF, respectively. Mg, Cg, and Kg: coupling

mass, damping, and stiffness matrices of unconstrained and constrained DOF, respectively. Mgg, Cgg, and Kgg: mass,
damping, and stiffness matrices of constrained DOF, respectively. Pg(t): total force on the support DOF. dt(t) and dg(t):
total displacement vector of unconstrained and constrained DOF, respectively. Equation 2 can also be arranged with
Equation 3. This equation shows that the equation of motion of superstructure can be solved with displacement
loading.58

M€d
t
tð Þ+C _d

t
tð Þ+Kdt tð Þ= −Kg dg tð Þ: ð3Þ

The multi-supports of the bridge, considered as shown in Figure 10, are utilized to create the Mp-Sp analysis case.
To accomplish this, the practice-oriented procedure is presented and schematically summarized in Figure 12. Unit sup-
port displacement (d = 1.0 m) is separately defined for each support (A, B, C, and D) in three directions and is assigned
as an initial displacement load to the displacement time histories given in Figure 11. Accordingly, a total number of
12 displacement time-history load cases are obtained. Combining these separate load cases into one time-history case,
the multi-support analysis case is defined for the bridge. The bridge is considered to be under full-lane standard car uni-
form traffic live load according to the bridge's design consideration.33 Truck live load is not defined in the models as the
bridge is only open to cars. These steps can be easily implemented with the help of the structural analysis software,
SAP2000.35 Thus, the Mp-Sp analysis is carried out for two FE models of IH and VH under both the scenario and DD-
153 compatible earthquake motions.

4.2 | Analysis results and comparison

The cross-sectional load actions of the critical structural elements of the cables, deck, and towers are given compara-
tively for two bridge models (IH and VH) under the scenario and maximum earthquake excitations. The displacement
time-history traces of the deck midspan, the tower top-saddle, and the expansion joints are also presented under the
same seismic motions to understand the effects of the change in the form of the hangers from inclined to vertical. Struc-
tural performance of the critical elements is evaluated by comparing the internal forces and the load-carrying capacities
of these members. In particular, the maximum earthquake is considered to identify which structural elements of the
bridge are vulnerable when an unprecedented major earthquake hits the bridge. Besides this, the movement capacities
of the critical parts of the bridge are also compared with those obtained under the seismic actions considered. The axial
force and bending moment capacity of the deck and towers are calculated according to the P-M1-M2 (combination of
axial fore, P, and bending moment about two sectional axes, M1 and M2) interaction. For the P-M1-M2 interactions,
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the moment-curvature curves of the deck and tower section are determined based on the axial angles of 0�, 45�, and 90�

because the sections are symmetrical in both axes. In addition, the effects of axial force on the moment-curvature cur-
ves are taken into account applying 0%, 15%, 30%, 45%, 60%, 75%, 90%, and 100% of the axial force capacity of the sec-
tions. Considering the approach, the P-M1-M2 interactions and moment-curvature curves are obtained using the
section designer tool in SAP2000.35 For the main, back-stay, and hanger cables, only the pure tensile force capacity is
taken into consideration.

4.3 | Load actions and structural performance

4.3.1 | Cables

For the scenario earthquake, no increase in the tension force of the cable elements is obtained due to the VH arrange-
ment, as given in Table 2. Similarly, almost no change in their tension force is found for the main and back-stay cables.
However, the VH arrangement leads to a considerable decrease (71%) in the tension force of the hanger elements.
Under the max. earthquake excitation, similar outcomes are obtained for the cable elements in the case of the VH
arrangement. No change in the tension force of the main and back-stay cables for both earthquake cases means no
change in longitudinal force balance and position of the towers. However, the percentage decrease for the hanger ele-
ments is found to be relatively higher than the main and back-stay cables for the scenario and max. earthquakes. Such
a high decrease pertains to reduction of transverse force component of VHs when compared with IHs with the diagonal
tension force consisting of not only vertical component but also transverse component.

FIGURE 12 Multi-support earthquake (Mp-Sp) analysis considerations [Colour figure can be viewed at wileyonlinelibrary.com]
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As given in Table 3, almost no change in the demand/capacity (D/C) ratios of the main and back-stay cables
between is obtained for the two hanger arrangements because of no difference between their tension forces. A notice-
able decrease in the tension force of the hanger elements is also proven with the relative decrease in the D/C ratios of
the hanger elements, as shown in Table 3. As is the target of the hanger replacement project, the outcomes obtained
from the study also clearly reveal that the vertical arrangement provides a relaxation for the hanger elements.

4.3.2 | Deck

The VH form leads to a decrease in the shear force, the bending moment, and the compressive axial force of the bridge
deck under the scenario earthquake. Particularly, the compressive axial force decreases remarkably in the case of the
VH form, as shown in Table 4. Such a high decrease is based on the elimination of transverse component of VHs along
the axis of the bridge. Under the max. earthquake, the cross-sectional load actions of the bridge deck with VHs gener-
ally decreased, as shown in Table 4. Only bending moment increased very low in the deck. This increase is attributed to
higher axial damper force under the max. earthquake than that under the scenario earthquake. As given in Table 5, no
damage for the bridge deck is concluded in the case of the VH replacement because the D/C ratios of the bridge deck
are considerably low for both bridge models and both earthquake motions. The findings reveal no need to retrofitting
considerations for the bridge deck, as stated in the hanger replacement project.

TABLE 2 Cable elements results and comparison

Element type

Earthquake demand (D) axial force (kN) (max)

Change (%) (VH) − (IH)/IHInclined (IH) Vertical (VH)

Scenario EQ Max. EQ Scenario EQ Max. EQ Scenario EQ Max. EQ

Main cable 227 656 252 693 223 414 249 125 −2 −1

Back-stay cable 238 802 265 474 236 512 265 382 −1 −0

Hanger 8391 12 456 2409 3032 −71 −76

Abbreviations: IH, inclined hanger; VH, vertical hanger.

TABLE 3 Cable elements demand/capacity ratio

Element type Max. capacity (C) (kN)

Demand (D)/capacity (C) ratio (%)

Inclined (D − IH/C) Vertical (D − VH/C)

Scenario EQ Max. EQ Scenario EQ Max. EQ

Main cable 273 247.5 83 92 82 91

Back-stay 292 417.1 82 91 81 91

Hanger 15 920.5 53 78 15 19

Abbreviations: IH, inclined hanger; VH, vertical hanger.

TABLE 4 Deck results and comparison

Cross-sectional load action

Earthquake demand (D)

Inclined (IH) Vertical (VH) Change (%) (VH) − (IH)/IH

Scenario EQ Max. EQ Scenario EQ Max. EQ Scenario EQ Max. EQ

Shear force (kN) (max) 5297 6822 4760 5587 −10 −18

Bending moment (kNm) (max) 265 595 406 832 248 771 432 207 −6 6

Compressive axial force (kN) (max) 69 234 81 828 11 175 43 575 −84 −47

Abbreviations: IH, inclined hanger; VH, vertical hanger.
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4.3.3 | Towers

The VH arrangement is determined to lead to an increase in the compressive axial force, shear force, and bending
moment of the tower base-section. However, for the compressive axial force, no change can be obtained when com-
pared with the shear force and bending moment. The increase in the shear force and the bending moment, as given in
Table 6, is based on additional longitudinal force from the viscous dampers and the wind tongues mounted at the sup-
port locations. When compared with the wind tongues, the contributions of the dampers are relatively higher. For the
scenario earthquake, the D/C ratios, as given in Table 7, are determined to be lower than 1.0 in all cases (max. 0.74).
These ratios indicate that the load-carrying capacity of the towers is estimated to be sufficient under the scenario earth-
quake. As expected, the D/C ratios of the bending moment (1.35–2.79) for both hanger forms under the maximum
earthquake yield to the need for a retrofitting for the tower base section, as seen in Table 7. In other words, the bending
moment capacity of the tower base section is not sufficient, not only for the VH form but also the IH form. Particularly,
the bending moment capacity of the section for the elastic failure is noticeably lower than the demand of the max.
earthquake. When compared with the ultimate load-carrying capacity, the D/C ratio is obtained to be higher than 1.0.
Hence, a damage under the max. earthquake is estimated at both the retrofitted tower base section with W530x123 I-
beams and the original (no retrofitting) tower base section.

In the hanger replacement project, as seen in Figure 3, W530x123 beams are implemented to the original tower base
section, and the bridge currently continues its service under this intervention. Although the retrofitted tower base
section with the W530x123 I-beams has sufficient load-carrying capacity under the scenario earthquake and operational
loads, the retrofitted tower base section with the W530x123 I-beams is insufficient in terms of bending moment capacity
under the max. earthquake DD-1, as shown in Table 7. Therefore, in this study, the tower base section is proposed to be
retrofitted with a new larger I-beam section of W1100x499 instead of W530x123. As seen in Table 8, the dem-
and/capacity ratio for the tower base section retrofitted as proposed in this study is 0.97 lower than 1.0, and thus, no
damage is expected for the tower base section retrofitted with the W1100x499 I-beams. It should be emphasized that
the bridge performs well under the scenario earthquake with the current retrofit as expected. The max earthquake DD-
1 is a very low probability one with a return period of 2475 years. Such extreme events (e.g., EQ with return period of

TABLE 5 Deck demand/capacity ratio

Cross-sectional
load action

Capacity (C) Demand (D)/capacity (C) ratio (%)

Elastic Ultimate

Elastic Ultimate

Inclined
(D − IH/C)

Vertical
(D − VH/C)

Inclined
(D − IH/C)

Vertical
(D − VH/C)

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Bending moment
(kNm)

2 988 888 6 357 806 9 14 8 15 4 6 4 7

Compressive axial
force (kN) (max)

773 198 773 198 9 11 2 6 9 11 2 6

Abbreviations: IH, inclined hanger; VH, vertical hanger.

TABLE 6 Tower base section results and comparison

Cross-sectional load action

Earthquake demand (D)

Inclined (IH) Vertical (VH) Change (%) (VH) − (IH)/IH

Scenario EQ Max. EQ Scenario EQ Max. EQ Scenario EQ Max. EQ

Shear force (kN) (max) 10 619 31 862 12 123 36 041 14 13

Bending moment (kNm) (max) 331 270 1 252 817 388 237 1 514 042 17 21

Compressive axial force (kN) (max) 200 058 223 438 200 160 231 213 0 3

Abbreviations: IH, inclined hanger; VH, vertical hanger.
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2475 years or more) are rare, and when it happens, it may induce damage to be repaired after the event. A schematic
representation for the original (prior to retrofitting), actual current tower base section retrofitted with W530x123 beams
and the tower base section as proposed in this paper are given in Figure 13.

4.4 | Displacement results

4.4.1 | Deck midspan

As shown in Figure 14, no changes in the transverse and vertical displacement at the deck midspan are obtained for the
scenario earthquake. The same behavior in the transverse direction at this point for the bridge with IH and VH is based
on the scenario earthquake level, which means that the viscous dampers at the support locations are not forced enough
to reduce the movement of the deck in the transverse direction. The vertical movement of the deck midspan is obtained
as expected because no change in the vertical direction movement should occur due to there being no change in the
geometry requirement of the bridge for IH and VH forms. The other important result is obtained for longitudinal dis-
placement of the deck at the midspan. The movement in this direction for the bridge with VHs is clearly less than that
of the bridge with IHs due to the viscous dampers that reduce displacement of the deck in the longitudinal direction.
The reducing effect of the viscous dampers on the longitudinal movement of the deck is determined, as shown in
Figure 14. Similar behavior is also expected for the displacement time history of the expansion joints. From Figure 14,

TABLE 8 Demand/capacity ratios for the currently proposed tower base section

Cross-sectional
load action

Capacity Demand (D)/capacity (C) ratio (%)

Elastic Ultimate

Elastic Ultimate

Inclined
(D − IH/C)

Vertical
(D − VH/C)

Inclined
(D − IH/C)

Vertical
(D − VH/C)

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Scenario
EQ

Max.
EQ

Bending moment
(kNm) (max)

1 554 868 2 022 392 21 81 25 97 16 62 19 75

Compressive axial
force (kN) (max)

759 873 759 873 26 29 26 30 26 29 26 30

Abbreviations: IH, inclined hanger; VH, vertical hanger.

FIGURE 13 Tower base

section: (A) original,

(B) retrofitted with W530x1123,

(C) currently proposed

retrofitting for extreme

2475-year event
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this expectation provides that the displacement of the expansion joint of the bridge with VHs decreases compared with
that of the bridge with IHs due to the viscous dampers.

When it comes to the results obtained from the max. earthquake, the displacement results from IHs are generally
higher than VHs. The transverse displacement obtained at the deck midspan is somewhat affected with VHs. Due to
the high rigidity of the wind tongue, the almost full limitation of the deck ends in the transverse direction leads to a
lower displacement for VHs than that for IHs. Rather than the VH arrangement, such an outcome is mostly based on
the wind tongues and the viscous dampers at the deck ends. As depicted in Figure 14, approximately no change in verti-
cal displacement at the deck midspan is obtained. Similar to the results from the scenario earthquake, this result dem-
onstrates that the geometry of the deck with a chamber length of 8.0 m at the midspan and the tower top-saddle points
should be the same as that of IHs. However, longitudinal displacement at the deck midspan of the bridge with VHs rel-
atively decreases by 50% compared with the bridge with IHs under the max. earthquake.

4.4.2 | Expansion joint

Owing to higher axial rigidity of the deck and the results from the vertical displacement of the deck midspan, the dis-
placement time history of the expansion joints in the longitudinal direction is expected to be similar to that of the deck
midspan. As shown in Figure 15, this prediction is observed, and longitudinal displacement is influenced by the VH
arrangement. The decrease in the longitudinal displacement of the deck leads to an increase in the bending moment
and shear force of the tower base section of the bridge with VHs. As given in Table 6, the cross-sectional load actions
increase under the max. earthquake. The main reason for this result is that the concentrated load at the viscous
dampers is transferred to the towers. As depicted in Figure 15, another important outcome is also found to be that the

FIGURE 14 Time-history traces of the deck midspan: (A) transverse, (B) vertical, (C) longitudinal direction
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displacement capacity of 1.07 m of the expansion joints is not provided for IH arrangement under the max. earthquake
load. From this result, the reason that the damper elements needed to be located on the support points at the both sides
is clearly understood. The inclusion of the viscous dampers in the hanger replacement project meets all needs for reduc-
ing the excessive movement of approximately 1.5 m lower than the capacity displacement of 1.07 m, as seen in
Figure 15. For the scenario earthquake, longitudinal movement of the expansion joint is found to be lower than the
capacity.

4.4.3 | Tower top-saddle

When it comes to the tower top-saddle under the scenario earthquake and the max. earthquake, no change in the posi-
tion in the longitudinal and transverse direction is obtained in the case of VHs, as given in Figure 16. The outcome is
expected because almost no change in the tension force of the main and back-stay cable elements is obtained, as indi-
cated in Table 2, and original geometry of the bridge with VHs should be provided by there being no change in longitu-
dinal tension force balance and position of the towers. As expected, no change in the tension force of these cables is
obtained. Thus, it is concluded that the tower top-saddle points are not affected by the VH arrangement.

FIGURE 15 Time-history traces for the expansion joint in longitudinal direction

FIGURE 16 Time-history traces for tower top-saddle: (A) transverse, (B) longitudinal direction
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5 | CONCLUSIONS

This study aims to determine the effects of hanger element replacement on the structural response of long-span cable-
stayed bridges under Mp-Sp motion. For this purpose, the Bosphorus Bridge is analyzed due to its recent comprehensive
rehabilitation project, mainly involving hanger replacement. The main reason for considering hanger replacement in
the bridge is primarily related to the insufficient force capacity and life cycle of IHs based on NDT test results under
operational load. The Mp-Sp analysis is conducted for both IH and VH models of the bridge. More details related to the
analysis results and structural performance of the critical components of the bridge are given in previous sections.
Based on these results, the following important points are realized:

• The hanger replacement from the inclined to the vertical form leads to a relatively high decrease in the tension
force of hanger elements, whereas no change in terms of the axial force is obtained for the main cable and
back-stay cable elements when considering VH arrangement of the bridge. The main reason for the high
decrease in tension force of the hanger elements is due to elimination of transverse component of VHs along
the bridge's axis.

• The compressive axial force of the deck decreases relatively in the case of the VH form. Such a decrease in the deck
and VH components is also based on the removal of transverse component of VHs along the bridge's axis.

• The approach viaducts consisting of the columns with circular box section and rectangular box girders are not
affected by the VH arrangement.

• Due to the additional longitudinal force from the viscous dampers and the wind tongues mounted at the support
locations, the shear force and the bending moment of the tower base section for the VH form are observed to be
higher than those of the IHs.

• Transverse displacement obtained at the deck midspan is slightly affected with VH configuration. Such an outcome
is mostly based on the wind tongues and the viscous dampers at the deck ends rather than the VH arrangement. The
vertical movement of the deck midspan is obtained as before because the geometry of the bridge with VHs should be
the same as that of the original bridge.

• Due to the viscous dampers, longitudinal deck displacement at the midspan of the bridge with VHs relatively
decreases compared with IHs under the scenario and max. earthquakes.

• The decrease in the longitudinal displacement of the deck leads to an increase in the bending moment and shear
force at the tower base section of the bridge when VHs are employed. The main reason for this result is that the con-
centrated load at the viscous dampers is transferred to the towers. These sections are retrofitted, and they perform
within limits under the expected scenario earthquake.
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Askı Halatı Değişiminin Asma Köprülerin Sismik Davranışına Etkisi: Çok Mesnetli 
Deprem Etkisi Altındaki Boğaziçi Köprüsü Uygulaması 

ÖZET 

Uzun açıklıklı asma köprülerin deprem vb. kritik yüklemeler altındaki yapısal davranışı diğer 
inşaat mühendisliği yapılarına göre büyük farklılıklar göstermektedir. Bu yüzden bu kritik 
mühendislik yapıları için yapısal elemanları özelinde (ana kablo, askı halatı, derzler, tabliye vd.) 
özel analiz/tasarım yaklaşımları geliştirilmektedir. Bu çalışmada ülkemizdeki en büyük kablo 
destekli (asma ve eğik gergi) köprü nüfusuna sahip İstanbul Boğazında ilk olarak inşa edilen 
Boğaziçi Köprüsü’nün sismik davranışı, köprünün orijinal eğik askı halatlarının düşey halat 
şeklinde değiştirilmesi kritik durumu göz önüne alınarak nümerik model ve deneysel saha 
ölçümleri ile belirlenmeye çalışılmıştır. Bu amaçla, köprünün mesnet noktaları olan her iki 
yakadaki kule ayaklarının ve ana kablo ankrajlarının koordinatlarını ve bölgedeki güncel faylanma 
mekanizmalarını dikkate alınarak stokastik FINSIM metodu ile köprü özelinde deprem kayıtları 
üretilmiştir. Daha sonra köprünün orijinal eğik askılı ve yenilenmiş düşey askılı üç boyutlu sonlu 
elemanlar modeli oluşturulmuştur. Düşey halat değişim projesine dâhil edilen kule ayaklarının 
güçlendirmesi, köprünün genleşme derzi bölgesine yerleştirilen viskoz deprem sönümleyicileri ve 
bu bölgede bulunun tabliye mesnetlerinin değişimi ve rüzgâr takozu eklentisi köprünün düşey 
halatlı sonlu elemanlar modelinde detaylı bir şekilde modellenerek dikkate alınmıştır. Oluşturulan 
bu modeller köprünün yapı sağlığı izleme sisteminden alınan gerçek davranış verilerinin işlenmesi 
ile elde edilen köprünün gerçek dinamik karakteristikleri ile güncellenmiştir. Çok mesnetli zaman 
tanım alanında doğrusal olmayan deprem analizlerinden elden edilen kesit tesir kuvveti sonuçları 
köprünün kritik elemanları olan kablo elamanları (ana kablo ve askı halatı), tabliyesi ve kuleler için 
verilmiş olup, ayrıca köprünün tabliye orta noktasında, kule tepe noktasında ve genleşme 
derzindeki yer değiştirmesi de incelmiştir. Eğik ve düşey askılı modellerden karşılaştırmalı olarak 
tablolaştırılan sonuçlara göre, düşey halatta oluşan eksenel çekme kuvveti eğik halattakinden 
oldukça daha düşük çıkarak halatlardaki zorlanma azalmıştır. Beklendiği gibi ana kablo ve arka 
gergi ana kablosundaki çekme kuvveti her iki durum için neredeyse aynı çıkmıştır. Düşey halat 
durumunda köprü tabliyesindeki eksenel basınç kuvveti de askı halatlarındaki gibi eğik 
halattakinden oldukça daha düşük çıkarak düşey halat durumu için köprü tabliyesinin 
zorlanmasının azaldığı sonucu elde edilmiştir. Köprü kulelerinin temel seviyesindeki kesitlerinde 
kesit zorlanması ise eğik halat göre düşey halat durumunda oldukça artış göstermiştir. Yaklaşım 
viyadükleri ise halat değişimlerden etkilenmeyerek her iki durum için aynı deprem davranışını 
sergilemiştir. Dikkate alınan yukarıdaki yapısal elemanların kesitlerinin talep/kapasite oranları 
köprünün maruz kalabileceği maksimum deprem yüküne (2475 yıllık dönüş periyotlu) ve beklenen 
muhtemel senaryo depremine göre (475 yıllık dönüş periyotlu) hasar tahmini için belirlenerek, 
sadece maksimum deprem yükü için köprü kule ayaklarındaki kesitlerde ek bir güçlendirmenin 
gerekli olabileceği sonucu elde edilmiştir. Ayrıca genleşme derzinin köprü boyuna yönündeki yer 
değiştirmesi incelenmiş olup, düşey halatlı durumla karşılaştırıldığında eğik halatlı durumda büyük 
yer değiştirmeden dolayı köprü genleşme derzinde hasar olabileceği tahmin edilmiştir. Tüm bu 
sonuçlar asma köprülerin orijinal askı halatlarının formlarında yapılacak herhangi bir değişiklik 
durumunda kule güçlendirmesi ve genleşme derzlerindeki yer değiştirmelerin sınırlandırması gibi 
köprü yapısal elemanlarında ek şartların dikkate alınmasının gerekli olduğunu ortaya koymuştur. 
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