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Abstract

The Yavuz Sultan Selim bridge, also known as the 3rd Bosphorus Bridge, was opened to road traffic
in August 2016. The stiffened suspension bridge, with a main span of 1408m, overall length 2250m
and width 59.4m, is believed to be the first of its type. It is situated in a seismic region and exposed
to a severe wind climate. It has been designed and constructed to carry 8 lanes of road traffic and
twin track heavy rail-all on a single deck.

The bridge has been equipped with a Structural Health Monitoring (SHM) system. The
instrumentation allows the monitoring of bridge behaviour. The dehumidification of the towers,
bridge deck and suspension cables is also monitored. The ambient weather conditions including
wind velocity, humidity and seismic activity are recorded.

This paper gives an overview of the inspection and maintenance regime. It also describes the
observed performance of the bridge against its predicted behaviour.

Keywords: suspension; cable stayed, inspection, maintenance, structural health monitoring,
dehumidification, instrumentation

The bridge is situated in a seismic region and

1 Introduction exposed to severe wind climate. It was opened to

The Yavuz Sultan Selim bridge (YSS), also known as
the Third Bosphorus, is a stiffened suspension
bridge. With a main span of 1408m, overall length
2250m and width 59.4m, it is believed to be the
first of its type. It has been designed and
constructed to carry 8 lanes of road traffic and twin
track heavy rail, all on the same level. Figure 1.
Bridge Elevation-European side (Schematic) and
Figure 2. Steel Deck Cross Section (Schematic)
depict the layout.

road traffic in August 2016.

To assist with its safe performance and long-term
durability during its design life of 100 years, the YSS
bridge will be subjected to a comprehensive
inspection and maintenance regime and its
behaviour monitored.

This paper describes the inspection and
maintenance regime, monitoring equipment and
bridge performance.
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Figure 2. Steel Deck Cross Section (schematic)

Inspection and Maintenance

Inspection Categories

The inspection plan entails several categories. The
type, level and frequency of inspection for each
category is described below.

Continuous Monitoring

Carried out continuously, it identifies defects likely
to pose danger or serious inconvenience to the
travelling public requiring immediate action.
Typically, these include, carriageway condition,
expansion joints, vehicle restraint systems,
parapets, windshields and aviation warning lights.

Annual Inspection

All sensitive parts of the bridge are inspected
visually. Defects, repairs and any change in the
performance are noted. The annual inspection is
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carried out bi-annually alternating with general
inspections.

General Inspection

A visual inspection is carried out bi-annually
(alternating with annual inspections) to determine
the structural condition of all structural
components and relevant facilities, members,
attachments and corrosion protection systems.

Principal Inspection

More comprehensive than a General Inspection,
the Principal Inspection will include close
inspection of all components of the bridge, within
touching distance, other than stiffening cables.
These are carried out 5-yearly.

Special Inspection

Special Inspections are reactive unscheduled
inspections providing further details on a particular
area of concern. These can be triggered by reports
or complaints, alarm activation by the Structural
Health Monitoring System (SHMS), extreme
weather and abnormal load passage.

2.2 Inspection Equipment

Dedicated insitu access systems are provided to
facilitate inspection and maintenance of the
structure under safe conditions supplemented by
temporary access equipment or specialist access
techniques where appropriate. These include the
following:

e Permanent underdeck gantries are
provided for inspection and maintenance
of the main span deck. The two movable
gantries provide access to each half of the
deck width. Permanent internal walkway
platforms are provided for the deck
interior inspections.

e Tower Lifts provide access to tower
internal platform. An emergency ladder
access is also provided.

e Tower Top and Saddle Enclosure Access is
achieved by tower lifts and ladders. These
allow access for maintenance of the E-M
equipment housed inside and out on the
tower top.

e Hanging Ropes provide access to Tower
External Surfaces. Access is achieved by
personnel trained in abseiling.

e Hanging Ropes access is also provided to
Stiffening Cable External Surfaces,

e Anchorage Chambers, Splay Saddles and
Approach Viaduct are accessed through
secured access doors. Walkways,
staircases and ladders are provided for
access to all levels,

e Main Cables are equipped with a
permanent hand rope system to enable
inspection access over the full suspended
length. Inspection trolleys are provided for
checking cable bands,

e Side walkway access on both sides is
provided for daily inspections and
maintenance works.

2.3 Major Maintenance

During the lifetime of the bridge certain elements
and components are subject to wear and tear.
These may need to be replaced or refurbished. This
is described as Major Maintenance and some
examples are given below.

e Structural elements including stiffening
cables, hand ropes, connections,
movement joints and bearings,

e Non-structural elements, for example deck
surfacing, road markings and traffic signs,

e E-M equipment including lighting, access
equipment, electrical distribution systems,
communication systems, dehumidification
system, SCADA and SHM system.

3 Structural Health Monitoring
(SHM)

3.1 Instrumentation

The bridge has been instrumented with a
comprehensive system of sensors. These include
Triaxial Accelerometer (18no. mounted at various
locations including tower legs and suspension;
cables); Bi-Axial Accelerometer (56no. at tower
top, tower legs and stay cable); GPS Sensors (5no.
at tower top, main span deck); Tilt Meter (5no. at
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tower top); Wind Sensor (5no. at tower top, main
span deck).

All instrumentation is linked via a data
communication system to the control centre.
Generally, two alternative links are provided to
cater for the scenario of one communication link
becoming defective.

The instrumentation has been selected to allow
bridge behaviour to be observed. This includes the
monitoring of bridge element position (GPS),
bridge element movements and accelerations
(GPS, accelerometers, tilt meters) and wind
sensors. To function correctly the instrumentation
selected must be sensitive to the range of values
likely to be observed. For example, the
accelerometers must be able to respond to the
range of accelerations expected. The tolerance
level of the instrumentation should take due
cognizance of the trigger levels such that false
alarms are avoided. All instrumentation is
calibrated in the laboratory prior to installation.

The location of equipment is predetermined in line
with the design requirements and strategically
positioned on the bridge to allow the extreme
range of values to be observed. For example, the
wind sensors are located on the tower tops, where
the wind velocity is likely to be high, and also on the
deck. The wind speed at the deck level is required
for bridge operation, for example for closure to
high sided vehicles or total closure when the
appropriate threshold levels are reached.

The real-time monitoring of bridge performance is
carried out from the control centre by the bridge
operator and compared against predicted values.
In the event that a defect is observed or a trigger
level is reached, the bridge operator will initiate
investigation. This will be followed by appropriate
action.

An indicative depiction of sensor locations
(coloured dots) is given in Figure 3. Deck Cross
Section, Indicative location of SHM sensors (Deck,
Suspension cables, Windshield and Walkway
handrails) and Figure 4. Tower, Indicative location
of SHM sensors.
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Figure 3. Deck Cross Section, Indicative location (coloured dots) of SHM sensors (Deck, Suspension cables,
Windshield and Walkway handrails)
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Figure 4. Tower, Indicative location of SHM
sensors (coloured dots)

3.2 TRIGGER LEVELS

The theoretical bridge behaviour is determined by
means of computational analysis. From the
theoretical analysis, for the safe operation of the
bridge, the theoretical trigger levels for the various
parameters, for example wind speed, deck
movements and cable acceleration can be
assessed. However, the finalisation of the
thresholds takes due cognizance of design limits,
safety factors and actual observed behaviour of the
bridge over its first year of operation to account for
actual behaviour over all seasons. From such a
study, three safety levels are set. These are as
follows:

e Safe level(green), response component is
below 75% of the design limit (or limit fixed
after one-year performance)

e Warning Level (yellow), as above but
response component is between 75% and
85% of the design limit,

e Danger Level(red), as above but response
component is above 85%.

The actual observed values are depicted graphically
on the monitors. The bridge operator assesses the
actual observed behaviour and in the event of
vellow or red observation, if necessary seeks advice
from the specialists, who are available on line 24/7
on the correct course of action.

3.3 SCADA

A Supervisory Control and Data Acquisition System
(SCADA) is a control system that uses computers,
network data communications and graphical user
interfaces for high level process supervisory
management. The operator from the central
control room is able to carry out operational
surveillance and control the mechanical and
electrical plant including dehumidification, power,
CCTV, lighting etc. installed in the bridge.

Since its opening, the YSS bridge has been
monitored and operated with the aid of the SCADA
system.

The CCTV, for example, allows the operator to
monitor all sections of the bridge to detect
unauthorised access and immediately direct
assistance to the required location. In the event of
a traffic accident, the operator can remotely close
the effected traffic lane by use of the traffic
information signs and direct traffic to the ‘safe’
lanes.

In the event of a malfunction, for example in the
dehumidification system, the SCADA system would
alert the operator via the communication link to
the control centre. The alert would include data on
the nature and location of fault. The operator
would initiate investigation using specialist
personnel and this would be followed by
appropriate corrective action.

3.4 Bridge Movements
Geometric Control

The bridge movements or deformations are
observed in 3D at key points on selected elements
of the structure, for example the deck, towers and
cables. This allows the bridge behaviour to be
observed as follows:
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e Magnitude and frequency of movements
of elements (mainly due to temperature
variation and thermal gradient in the
structures),

e Cyclical movements from day to night,

e Seasonal variations,

e Irreversible displacements from one year
to the next.

Extreme Events

Under extreme events, for example wind speed,
seismic event and temperature, it may be
necessary to close the bridge to the users for their
safety. The SHM system assists the bridge operator
as follows.

e To alert and allow the operator to take
appropriate action, when wind speeds
exceed the safe working limits for the
bridge and gantries,

e To take appropriate action in relation to
winter maintenance,

e To monitor the bridge behaviour during
special events such as passage of abnormal
loads, deck re-surfacing activities and
traffic management activities.

3.5 Observations

3.5.1 Wind

The wind velocity is monitored at several locations
including tower tops, deck at mid span and control
centre. Should the wind speed reach the trigger
levels set for the safe operation of the bridge, the
bridge operator would be alerted. The bridge
would be closed to high sided vehicles at wind
speed of 110km/hr at deck level and closed to all
traffic upon reaching the trigger speed of
140km/hr. Winds in excess of 140km/hr have been
observed during the winter period.

3.5.2 Acceleration

Acceleration measurements in excess of 0.15g have
been observed on the European Tower-North.
3.5.3 Bridge Movements

The GPS measurements indicate deck movements
in the North-South direction at mid span of up to
760mm.

3.5.4 Performance

The bridge performance observed to date is in line
with the predicted behaviour.

4 Dehumidification

4.1 \Vulnerable Elements

To ensure that the vulnerable elements of the
bridge remain 'dry', a dehumidification system has
been installed. The vulnerable elements include
steel box girder, suspension cables, and tower legs.
The air space surrounding the suspension cables at
the splay saddles, anchorage chambers and tower
saddles in the tower tops is of particular interest.

The suspension cables, probably the most critical
elements of the bridge, are protected with
elastomeric wrapping. This was leakage-tested to
demonstrate that the wrapping and caulking parts
are sufficiently air proof to contain the
dehumidified air injected to prevent corrosion of
the cables. The air test was conducted with air
blown in at a pressure of 2KPa and leakage
detected with soap water and drop of air pressure.
The test and inspection is depicted below in Figure
5. Suspension Cable Wrapping.

Figure 5. Suspension Cable Wrapping

4.2 Dehumidification Process

The dehumidification process is a key feature in the
maintenance of the structural health of the bridge.
The correct functioning and effectiveness of the
dehumidification process is an essential part of the
maintenance regime. In the following a brief
description of the principles of the
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dehumidification system and its monitoring is
given.

Before being pumped into the space surrounding
the vulnerable elements of the bridge, the air is
dehumidified. The process involves the filtration of
'fresh' air to clean it of particles and the removal of
moisture to dry the air to an acceptable level. The
process has the effect of raising the air
temperature also.

By way of example, Figure 6. Schematic of
Dehumidification System for Anchorage Chamber-
European side, shows the process.

The fresh air relative humidity (RH) and
temperature are measured before the air is
dehumidified. Following dehumidification, the air
is pumped into the space surrounding the
vulnerable elements. The strategically located
sensors on the vulnerable elements, measure the
RH and temperature of the air in the vicinity of the
elements. Should the RH rise above the threshold
of 40%, the system would alert the operator to
allow investigation and correction procedure to be
initiated. The monitoring is continuous on a 24/7
basis.
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Figure 6. Schematic of Dehumidification System for Anchorage Chamber-European side

5 Conclusions

Since its opening to road traffic in August 2016
(Figure 7. Bridge Opening-August 2016), the SHM
and SCADA systems have played a key role in
assisting the bridge operator with the inspection,
maintenance and operation of the bridge.

The CCTV system has assisted with traffic control in
relation to the passage of vehicles carrying
hazardous materials, traffic management following
traffic accidents and in the removal of
unauthorised personnel from the bridge.

During the ‘winter period’, the bridge had to be
closed to high sided vehicles on several occasions,
and in some cases all vehicles, as the observed
wind speeds reached the trigger levels for the safe
operation of the bridge.

The observed bridge element movements and
accelerations have been in line with the predicted
behaviour These observations have given
confidence in the bridge performance.

The SCADA system has assisted with the detection
of malfunctioning of dehumidification systems at
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several locations in the commissioning period
allowing timely corrective action.

The inspections of the bridge carried out to date
have revealed no significant issues and Routine
Maintenance is being carried out.as planned.

The bridge will be monitored continually to assess
its performance wunder exceptional loading
conditions such as extreme wind and seismic
events.

In conclusion, the role of SHM and SCADA systems
in modern complex structures is vital. These assist
the bridge operator not only with inspection,
maintenance and the safe operation of the
structure, but also the timely detection of defects
and corrective action. Such intervention should
lead to a prolonged life of the structure.

Figure 7. Bridge Opening-August 2016

6 Acknowledgements

The contribution of all those involved in the design,
construction and O&M of the Yavuz Sultan Selim
Bridge is acknowledged. The parties involved
include the following:

[1] KGM-Owner

(2]
3]

(4]
(5]

(6]
(7]

Chodai/Yuksel-Owner's Engineer

IC Ictas and Astaldi-Concessionaire and EPC
Contractor,

Hyundai and SK-Bridge EPC Sub-Contractor

Bridge Design Group-Michel Virlogeux, T
Engineering, Greisch, Temelsu, Lombardi,
CSTB, Fugro and Setec

IC Ictas Egis-O&M contractor

Mott MacDonald-Lenders Technical
Advisor for design, construction and O&M.



