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Abstract
Long span bridges with suspension systems require periodic inspection and maintenance to ensure critical
components continue to function properly. In most cases, these vital components are not redundant, and
replacement of the non-redundant members can be costly or in some cases not feasible.
Suspension bridge main cables are typically constructed of thousands of high strength galvanized steel wires.
Main cables are typically inspected by the owner on a periodic basis to evaluate the condition and obtain a
factor of safety. Based on these results, repair and preservation techniques may be explored to prolong the
lives of the cables. Over the past 20 years, dehumidification has become a technology embraced worldwide
to protect and preserve main cables.
Anchorage saddle enclosures, constructed of steel plate at deck level, are subject to high levels of roadway
salts during winter months and stopping corrosion from occurring poses a challenge, particularly at interfaces.
These enclosures play an important role in protecting the main cable in that, if these enclosures fail, exposed
strands of main cable become vulnerable. In tandem with dehumidification, proper sealing and maintenance
of saddle enclosures is necessary to prolong the lives of the main cables.
Suspender ropes on tied arch and suspension bridges are the key elements in transferring the dead and live
load from the deck to the arch or main cables. These elements are typically inspected visually on a biennial
inspection regimen looking at the bearing assemblies as well as the portions of the ropes at both points of
connection. Proactive maintenance of sealing details to prevent brine and water infiltration is required to
prevent corrosion of ropes and bearing assemblies. Laboratory testing to establish the ultimate strength and
factor of safety of ageing ropes has also been found to be informative.
Preservation of long span bridge suspension systems can be achieved through ever-refined technology and
active maintenance. This paper will present the best practices utilized by professionals worldwide.

Introduction

operational work.

Long span suspension bridges are usually viewed as
landmarks and iconic structures. They are often
important elements in the strategic highway network
and vital links for the connectivity of local
communities. Effective and adequately resourced
inspection and maintenance regimes are essential in
order to preserve these bridges to ensure that they
remain both functional and safe for their users.

The operational reliability of all bridges can be
measured in terms of usage and journey times but
these can be difficult parameters to measure and can
be subjective. However, unexpected and unforeseen
repair work that causes significant disruption to
traffic, even over short time periods, are very
difficult to manage, can cause reputational damage,
and lead to political interventions.

The safety of the traveling public is assured by
preserving the long term structural integrity of these
bridges throughout their service life including during
any
inspection,
maintenance,
preservation
or rehabilitation work and also during any

The challenge facing all those involved in bridge
management is to use techniques that make the best
use of often scarce resources, both in terms of
funding and personnel, to maintain both the safety
and reliability of the bridge.
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Experience has shown that a major part of the
maintenance budget for a long span suspension
bridge will be used to fund the preservation,
rehabilitation or replacement of the following key
elements:






Cable system and anchorages
Steelwork (protection)
Decks and pavement
Wind Tongues and End Links
Bearings and Joints

As the stock of the nation’s suspension bridges gets
older their maintenance requirements will naturally
keep increasing with time and it will become more
and more critical to ensure that adequate funding is
provided to ensure that acceptable levels of safety
and service are provided throughout their remaining
service life.

“An ounce of prevention is
worth a pound of cure”
– Benjamin Franklin
Procedures for replacement of important parts of a
suspension bridge that are expected to have a shorter
service life than the bridge itself (pavement,
expansion joints, bearings, and suspenders are all
included in that category) are recommended to be
established to ensure that disruption is minimized in
the event of early or unexpected failure.
Spare tooth/comb joint plates; springs and anchor
bolts would be essential spares to hold and catalogue
along with method statements and risk assessment
within replacement procedures. Spare cable band
bolts and suspender rope are also useful to keep in
store along with spare suspender sockets.

Risk Based Methods for Managing
Suspension and other Complex
Bridges

Figure 1: Wedging of cable on Philip Murray (S.
10th St.) Bridge, Pittsburgh, PA, during main cable
dehumidification installation.
It is almost self- evident that the underlying principle
of all maintenance work should be that a proactive
rather than reactive approach is not only more
efficient and safer for users but is more economical
in the longer term. Despite this seemingly basic and
obvious approach, it is sometimes a difficult task to
convince fund holders to spend now in order to
reduce the possibility that larger sums may be
required to fix the problem at a future date. This
difficulty is increased if engineers are unable to
predict outcomes with any certainty.

Traditionally inspection reports have been used to
provide the definitive guide as to where and when to
spend money and while that has been a useful tool it
is only part of the puzzle and doesn’t address the
whole problem. Inspection will inform us on
condition but a particular member that was in poor
condition could have a significant remaining
capacity (it may have been overdesigned) or there is
some redundancy.
Asset Management of large bridges using risk
analysis techniques is becoming a more commonly
used methodology to help owners prioritize their
spending based on risk. A risk priority number
(RPN) can be determined for each main bridge
element based on how vulnerable an element is and
how critical it is. In essence, risk is the product of
probability of occurrence and the outcome which is
measured in this case by an RPN which is the
product of vulnerability and criticality.
Vulnerability can be measured using a number of
metrics one of which is the capacity over demand
ratio. This is where the condition of the element is
taken into account from inspection but it is modified
by demand (which reflects how hard the element is
working). Criticality can also be measured using a
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number of metrics that can include hazard severity;
the degree of structural redundancy; whether the
element is fracture critical and the operational
impact of failure.
The higher the RPN number, the higher the risk to
the owner if that element fails. If the owner has
multiple large and complex bridges then similar
types of elements may have different RPN numbers
on different bridges. Therefore, the owner can
prioritize repair or replacement of elements based on
a rigorous analysis using risk.
The RPN values can also be to determine inspection
frequencies. These can be varied, moving away from
inspecting everything every two years. The FHWA
will now allow that interval to be four years if there
is a risk based methodology to back up the
reasoning. It really is just extending the concept and
logic of fracture critical inspection to cover all main
bridge elements.

Main Cables
Deterioration of suspension bridge main cables has
been in evidence since the 1960s and 1970s but it
was not until the late 1990s that work commenced
on providing guidance on methods of inspecting and
evaluating the loss of strength of deteriorated cables.
What has been established is the difficulty in
keeping moisture out of main cables, due to their
relative flexibility, and water ingress is inevitable
either through cracks in the paint or caulking. In
addition, there is a movement of air in and out of the
cable as air expands and contracts in response to
changes in temperature leading to condensation
forming on the cold surface of the wires. If moisture
is present then galvanizing will inevitably break
down resulting in corrosion, wire cracks and breaks
due to hydrogen embrittlement, and a subsequent
loss of cable strength.

Figure 2: Broken wires observed during main cable
inspection.
All owners and operators of suspension bridges are
likely to have to face this issue at some point in the
life of the bridge and experience has shown that the
previous options of continuing to paint and try to
improve caulking at cable bands and saddles will not
provide the protection required over the service life
of the bridge. The long term efficacy of oiling the
cable by introducing an internal lubricant has not
been determined and has largely fallen out of use.
Wrapping cables with various materials to try to
prevent water ingress has been used on some
bridges, but does not appear to have been completely
successful in preventing the ingress of water and
there is a risk that the wrapping will simply trap
water within the cables.
However, there is now strong evidence to show that
retrofitting a system of main cable dehumidification
will prevent deterioration and loss of strength in the
cables.
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Suspenders
The suspenders on a suspension bridge connect the
deck to the main cables and are the only load path
for the deck loads to reach the main cables. The
loads in suspenders vary according to spacing and to
deck construction but typically around 50% of the
load is dead load. A common detail on almost all
U.S. suspension bridges is the use of a two part
engineering rope looped over the cable bands and
connected to the deck using an end bearing detail as
shown in Figure 5.

Figure 3: Dehumidification system fit on the main
cables of the Delaware Memorial Bridge.
Since the first use of a cable dehumidification
system in Japan in 1997, the methodology is now an
industry standard for all new suspension bridges and
is also being retrofitted on relatively new bridges
even where inspection has shown little damage has
occurred. Indeed, it could be argued that main cable
dehumidification has reestablished the suspension
bridge as a viable form and has brought confidence
back in its use within the industry.
The fitting of a dehumidification system to main
cables on a suspension bridge does not mean that
internal inspections need never be carried out again.
Inspection remains the only effective method of
determining cable condition. However, it is
acknowledged that inspection frequencies may need
to be reviewed and updated to take into account
interventions such as dehumidification and the use
of acoustic monitoring.

Figure 5: Typical suspender rope details in U.S.
Single part suspenders using spiral or locked coil
strands attached to the underside of the cable and
deck using pinned connections has been used more
recently in the newer generation of suspension
bridges being built in Europe and Asia. Locked coil
ropes have good properties of strength and stiffness
and are more resistant to water penetration than
bridge rope. They can also be sheathed although as
noted, enclosing ropes and cables can add to
problems by retaining water and making
deterioration harder to find.. The open clevis
elements can be an issue especially on larger casting
and require to be carefully manufactured. In
addition, the pin connections require vertical upstand
and down-stand plates and these are often welded
with the result that the suspender loads are reliant on
a single weld in tension, refer to Figure 6.
Interestingly, the only two suspension bridges built
in the US in recent years, Carquinez (2003) and
Tacoma (2007), have adopted a hybrid form of
suspender detail with a looped detail at the cable
bands with a pin connection at the bottom socket
level.

Figure 4: Cumulative Wire Breaks versus Average
Cable Percent Relative Humidity over Time
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Figure 6: Suspender rope main cable and deck
connection details; Severn Bridge, UK (left),
Yingwuzhou Bridge, China (right)
The two elements connected by the suspenders, the
deck and the cable, have a different stiffness and
move relative to each other both laterally and
longitudinally due to transient loadings.
This
movement can cause the most severe effect on the
short hangers and the wires at the socket interface
are prone to fatigue damage at this point. The rope
construction traditionally used on older bridges is
shown has a central wire strand with six strands in a
lay pattern on the outside. A typical 7 x19
construction is shown in Fig. 7.
Experience has shown with this type of rope, no
matter how diligently the suspenders are painted,
because of the construction, water will find a way
inside and collect at the socket. When dirt and road
salts are added to this mix, the result can be
accelerated corrosion, broken wires and a loss of
strength. The typical end bearing socket detail is
usually below deck level in a confined area which
can cause water and dirt to be trapped and make
inspection and maintenance difficult. Making sure
these sockets are washed down regularly to remove
dirt and salt is extremely important.

Figure 7: Typical 7x19 construction
Additionally, most suspenders are socketed using
white metal. This requires molten metal to be poured
into the casting to anchor the opened out end of the
rope within the casting. This process can have the
unfortunate effect of burning off the lubricant used
in the manufacture of the ropes, thus reducing the
corrosion protection at the socket interface, the very
location where it is most needed. Resin has been
used in a small number of sockets to try to eliminate
this particular problem. Another issue that causes
wire breaks in suspenders is the notching and
fretting that occurs at the point the rope comes into
contact with the cable band. The ratio of the cable
diameter to suspender diameter directly influences
the likely deterioration of the suspenders in this area,
refer to Figure 8.

Figure 8: Main Cable Diameter versus
Cable/Diameter Ratio
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There is no effective method of testing suspenders
for wire breaks at the most critical areas: the socket
interface and at the cable bands. Magnetostriction
can be used to detect broken wires in the free length
of suspenders but will not detect the presence of
broken wires at these critical locations. In fact, such
testing at Forth Road Bridge failed to determine that
all the wires making up the inner wire cores of some
hangers were completed broken. Removal and
testing or unwrapping of this type of rope appears to
be the only sure way of determining whether failure
has occurred within the inner wire core.
Protective coatings of suspenders has been a
maintenance issue for bridge owners. In the U.S.,
Noxyde elastomeric paint is used on a number of
bridges, as shown in Figure 9. Some owners have
had issues with coatings bulging and water retention
at the bottom of the suspenders and have used a
thinner coating over a short length of the suspender
immediately above the socket. It does seem
somewhat counterintuitive given the aforementioned
problems at the socket level but allowing trapped
water to get out from inside the rope is more
important at this location.

within grooves in the castings or connect below with
a pin connection, refer to Figure 10.

Figure 10: Typical cable band orientations.
The primary function of the cable band bolts is to
generate sufficient friction to prevent slippage of the
bands down the cable under loads applied by the
suspenders. However, over the service life of the
bridge, the cable band bolts will relax and lose
tension over time due to the continual slow
compaction of the cables. There has been some
discussion over how frequently the tension in the
bolts should be checked and intervals of five, ten and
twenty years have been mentioned. Whatever the
interval chosen, there is little doubt that they do
require to be checked a number of times over the
service life of the bridge. Upkeep of sealant along
cable band longitudinal joints can play a role and if
not properly maintained water infiltration can cause
corrosion and section loss. During re-tensioning, a
procedure should be established for removing select
bolts to check their condition. Depending on the age
and upkeep of the bridge these findings could lead to
replacement of a number of if not all the bolts in
more extreme cases as shown in Figure 11.

Figure 9: Noxyde paint applied to new suspenders.

Cable Band Bolts
Cable band bolts form a small but vital part of a
suspension bridge. The suspenders support the entire
deck load and are connected to the main cable via
the cable bands. Cable bands are typically
constructed from two equal steel castings that are
bolted together with cable band bolts. The
suspenders loop over the cable bands and are located
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Anchorages Saddle Enclosures
Anchorage saddle enclosures house the main cable
as it makes the transition into the anchorage where it
bears on the saddle before the wires splay and
anchor to concrete.
These enclosures are constructed of steel plate at
deck level and are subject to high levels of roadway
salts during winter months. Stopping corrosion from
occurring poses a challenge, particularly at
interfaces. These enclosures play an important role
in protecting the main cable in that, if these
enclosures fail, exposed strands of main cable
become vulnerable. Owner’s may choose to retrofit
the deck/shell plate interface at curb level or replace
entire side plates as shown in Figure 13.

Figure 11: Existing corroded versus new cable band
bolt assemblies during condition inspection.
The load in the cable band bolts is determined
indirectly by measuring extension. It should be
noted that the existing load in each bolt needs to be
released in turn and the length of the bolt at zero
load measured to establish a reference length at a
known load (zero). A rigid frame extensometer with
a dial gauge or electronic micrometer has been found
to be best suited for measuring extension as shown
in Figure 12. Ultrasonic equipment can be used but
the results have been found to be unsatisfactory on
some bridges.

Figure 13: Walt Whitman Bridge Anchorage Saddle
Enclosure replacement of roadway side shell plate.
In tandem with dehumidification, proper sealing and
maintenance of saddle enclosures is necessary to
prolong the lives of the main cables.

Paving or Surfacing

Figure 12: Measuring the cable band bolt extension
via rigid frame extensometer.

There is little doubt that the issue of early service
life failures of surfacing is a particular and
continuing problem on suspension bridges.
Pavement failures do not usually affect the structural
integrity of the bridge but they are likely to cause
significant disruption and have a huge impact on the
travelling public. These failures are likely to be very
high profile in nature and attract a lot of media and
political attention.
New materials have been
developed and are being used and their longer term
service life performance is awaited. However, it is
recognized that more research and development is
needed.
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existing solvent based paint on the deck truss
steelwork and apply a new coating system based on
epoxy paints would cost around $470 per sq.m. ($44
per sq. ft.). This resulted in a total project cost of
around $100 million with the cost of the actual paint
being only $2 million of that total. The majority of
the cost was access and containment and this high
cost of access and containment led to some careful
thinking about the optimum time to paint. It is easy
to keep putting re-painting off as there are so many
other things which appear to be more urgent.

Figure 14: Pouring concrete into new galvanized
steel grid deck on Walt Whitman Bridge.

Figure 16: Forth Road Bridge tower painting.

Figure 15: Rosphalt being laid on Walt Whitman
Bridge.
Rosphalt is a more recently developed polymermodified asphalt formulated to be suitable for use as
a wearing surface and protection system on bridge
decks without the use of a waterproof membrane. It
has now been used by a number of DOT’s and was
used on the Walt Whitman Bridge Re-decking
project that was completed in 2013 as shown in
Figures 14 and 15.

Protective Coatings to Steelwork
The cost of maintenance painting has risen
considerably in recent years due to environmental
restrictions on the production of solvents and
requirements to contain all blast debris and
overspray. On Forth Road Bridge in the UK, shown
in Figure 16, it was estimated that to remove all the

It is often assumed that steel can be allowed to
corrode to the extent that intervention is only
necessary just before structural section loss is about
to occur, if the aesthetics allow. However, there is an
important point to consider. If corrosion pits are
allowed to penetrate the steelwork to a significant
extent, then simply grit blasting may not remove all
the corrosion product from the pits leaving the
difficult job of grinding out each pit or painting
without full corrosion product removal. If the latter
is chosen then it is likely that the life of the system
will be compromised (as will any paint
manufacturers guarantees). Given the main cost is in
access and containment, it would seem logical to
adopt a regime which does not actually shorten the
life span of the paint system. This would point
towards earlier intervention and away from
postponing painting until significant corrosion has
occurred.
It is greatly beneficial if the steelwork on major
bridges is washed down on a regular basis with clean
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water in order to prolong the life of the protective
coating. This is especially important in if the bridge
is situated in a marine environment or where road
salts are used during winter maintenance. There are
challenges in carrying out this seemingly simple
routine task not least in providing access and dealing
with environmental issues involving run off, but if
these can be overcome the benefits are huge for a
small cost. Washing down on an annual basis is
recommended and produces the most benefit but
even two yearly washing down will produce some
benefits and prolong coating life.

Conclusion
This paper tries to highlight some of the issues that
have affected cable supported bridge owners over

the last few years and tries to provide guidance on
good practice. The task of preserving the structural
integrity of these bridges in order for them to be both
reliable and used safely by the public for the
remainder of their service life is difficult. Funding
will always be a challenge because bridge
maintenance usually only becomes a political issue
when there is either a structural or operational
failure. A sharing of knowledge between engineers,
academics, contractors, owners and operators is an
important part of keeping the public safe and the
traffic moving. We must all keep pushing the case
for adequate funding for these structures and ensure
that there is a clear message on the risks involved if
that funding is not made available.
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