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ABSTRACT 

Bridges are among the most conspicuous engineering achievements both as technical 

feats and as means to social  advancement. In both domains, suspension bridges are the 

longest and most spectacular among them. Over the last 200 years these bridges have been at 

the forefront in all aspects of structural engineering, including empirical and theoretical 

studies, and construction and lifecycle management. Their spans have grown from 50 to 

2000 m with designs for 3000 m under consideration. Key elements of modern suspension 

bridges are their cables. The evolution of suspension cables is examined. Critical 

improvements and setbacks are identified. The most recent developments in their design, 

maintenance and inspection are described. Conclusions regarding suspension bridges and 

engineering structures in general are drawn.  

1. Introduction: empiricism and theory 

     Engineering structures must succeed in three domains: the theoretical, the physical 

and the social. The operating tools of these domains are abstract analysis, empirical 

application and economics. Whether successful or not, the required synthesis is particularly 

spectacular in long-span bridges, among which the suspension ones are the undisputed 

champions. Suspension bridges using natural fiber ropes have existed since prehistoric times, 

but their modern history begins with iron chains. The first United States patent for a bridge 

suspended on iron chains was awarded to James Finley (1762 - 1839), a land-owning judge, 

in 1808. The patented bridges had a stiffened roadway, designed to carry pedestrians and 

horse carriages cost-competitively over spans up to 76 m.  

__________________________ 
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    Judge Finley arrived at his modest but reliable bridges by experiments. According 

to Karnakis [6],  his "empirico-inductive" understanding of the suspension structural scheme 

inspired him to forecast that "something further may be done in the art of bridge building 

than has yet been accomplished". Finley appears to have been fully aware of the need for a 

satisfactory analytical model. 

     In 1823 Navier (1785 - 1836) formulated suspension bridge theory in his Memoire 

sur les Ponts Suspendus. The analysis, design and construction of suspension bridges in 

France is concisely and comprehensively reviewed in LCPC/SETRA [2]. In 1827 Navier's 

extensively analysed 170 m span at Pont des Invalides, barely completed, had to be 

dismantled, primarily due to the malfunctioning anchorages. Ever since, analysis and 

experiment have relentlessly challenged and stimulated the art and science of bridge 

building. Marc Seguin (1786 - 1875) complained that Navier treated "theoretical notions or 

mathematical solutions [as] a priori admissible", as reported by Karnakis [6, p. 269]. 

Nonetheless, further developments, including Seguin's, owe much to the theoretical backing 

of  Navier's Memoire. In the American Railroad and Mechanics Magazine of April 1, 1841, 

No. 379, Vol. XII, J. Roebling (1806-1869) argued that "the successful introduction of cable 

bridges into the United States would require the combination of "scientific knowledge and 

practical judgment of the most eminent Engineers". Roebling proved singularly capable of 

providing both, along with the organizational abilities required for manufacturing the high 

strength galvanized cable wires and the procurement of the financial backing his 

monumental bridges needed. Thus his Brooklyn Bridge (Fig. 1) in New York City (main 

span 487 m), completed in 1883 by his son and daughter in law, Washington and Emily 

Roebling, is carrying more than 80,000 passengers daily in 2009. Billington [3] concluded 

that the integration of theory and practice achieved by Roebling and Eiffel (1832 - 1923)  

elevated structural engineering into an art. One disadvantage of great artistic 

accomplishments, however is that they do not lend themselves to standardization and mass 

production. Engineering practice, in contrast, must deliver utility repeatedly, reliably and 

cost-competitively. 

       

                        Figure 1. Brooklyn, Manhattan and Williamsburg Bridges 



This apparent contradiction is demonstrable in bridge design where spans shorter than 

150 m are subject to detailed specifications by AASHTO (American Association of State 

Highway and Transportation Officials), but the longer ones are not. Neither are cable-

supported bridges of any length. Thus in the domain of the foremost structural 

accomplishments, failures and successes jointly advance the state of the art. 

2. Failure: the ultimate test 

No planned engineering experiment can match the social and professional impact of 

an unintended structural collapse. The shock value of the suddenly perceived ignorance and 

the usually considerable losses add up to a lesson easy to understand and remember by non-

professionals. Despite the advances in abstract analysis and controlled testing, failures have 

the most conspicuous influence on bridge design, construction and management. Table 1 

summarizes a database compiled at Cambridge University and later updated with input from 

other sources to include more than 400 failures beginning with the third Rialto Bridge over 

the Canale Grande in 1444. Bridge failures in the United States during the period 1966 – 

2005 are attributed to various respective causes in Fig. 2.  Natural hazards dominate both 

listings. By far the leading causes are hydraulic-related.   

Table 1. Bridge failures and their causes (Cambridge University database) 
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                 Figure 2. Bridge failures and their causes, United States, 1966 – 2005. 



      Suspension bridges represent a small portion of the total bridge population, 

however they are essential to transportation, and at the forefront of engineering innovation. 

Consequently their failures are critically important not only quantitatively but also 

qualitatively. H. Petroski [10] regards failures are inherent in the creative process of bridge 

design and construction. Citing earlier work by Sibly and Walker in England, he argues that 

each innovative bridge form is developed by trial and error until its limits are surpassed and 

spectacular failure occurs. Only then does theory catch up with the practice and fully 

explains the structural behaviour. By this estimate, the still evolving cable-stayed bridges 

should be viewed with particular concern.  A few popular examples may add a historic 

perspective to this controversial subject. 

         2.1. Cable-supported bridges - 19
th

 century 

         Nineteenth Century engineers experimented with both suspension and cable-stay 

bridges using both ropes and chains. The more complex dynamic behaviour of these 

structures resulted in greater lapses in the designer's knowledge, and hence, the many failures 

under wind loads, as well as those caused by rushing crowds. 

         The cable-stayed bridge at Dryburgh collapsed in a gale storm in 1818, 6 

months after it was completed. Samuel Brown's Brighton Chain Pier was destroyed by a 

storm in 1836. The landmark bridge crossing the Menai Straights in England with a main 

span of 177 m was designed by Thomas Telford (1757 - 1854) and completed in 1826. The 

bridge chain suspension system never failed, but high winds caused significant damage and 

repairs were necessary at least twice. 

         With a main span of 308 m, Charles Ellet's (1810 - 1862) Wheeling suspension 

bridge over the Ohio River was the world's longest. Ellet had to repair it after it was 

destroyed by wind in 1854. Roebling later replaced it with his hybrid suspension/stay system. 

That system created enduring dynamically stable structures without a rigorous theoretical 

backing. Theoretical advances in the  1920s enhanced suspension bridge analysis. Roebling’s 

semi-empirical hybrid system was stripped of the diagonal stays and the stiffening trusses, 

ultimately producing the aerodynamically unstable Tacoma bridge.  

       2.2. Tacoma Bridge (1940)  

        The bridge, in Washington State, was designed by the early proponent of large 

displacement theory Leon Moiseiff (1872 – 1943), renowned for his contributions at 

Manhattan Bridge in New York (Fig. 1) and the Golden Gate in San Francisco. 

Distinguished by a relatively narrow cross section and longitudinal stiffening girders in lieu 

of the traditional trusses, it collapsed under wind loads (Fig. 3) after months in service.  

         The failure is attributed to ignorance of the dynamic phenomenon later 

recognized as flutter. Yet flutter had already been identified by Von Karman [13] in research 

on aircraft wing stability. Thus the ignorance could be perceived as design error. The new 

Tacoma suspension bridge has a deep stiffening truss. In 1937 Othmar Ammann (1879 – 

1966) won an award for the design of the Whitestone Bridge in New York City. Following 

the collapse of the Tacoma, the very similar Whitestone was stabilized with stiffening 

trusses, diagonal stays and a tuned mass damper mid-span (Fig. 4). None of these 

enhancements proved conclusive. They have been removed or are reassessed during a current 

structural reconfiguration.  

 



         

                                            Figure 3. Tacoma Bridge 

          

                                           Figure 4. Whitestone Bridge 

      2.3. Silver Bridge (1967) 

       The collapse of this bridge over the Ohio River at Point Pleasant is attributed to 

ignorance (of fatigue fracture). Nonetheless, defects were observed in the steel eye-bars (Fig. 

5). Furthermore, the non-redundant 2-eye-bar suspension chain has been entirely discredited, 

leading to the controlled demolition of a similar structure over the Ohio River at St. Mary’s, 

West Virginia. That consequence implies a design error. Impressed by the collapse, which 

took 46 lives, the United States Senate mandated biennial bridge inspections, clearly 

recognizing that the lack thereof is a management deficiency. The outcome was the National 

Bridge Inventory (NBI) which currently contains data on more than 600,000 vehicular 

bridges, 200,000 railroad bridges and more than 100,000 culverts.  



            

                             Figure 5. Cracked eye-bar of suspension bridge 

   2.4. Partial failures 

       Partial failures (also known as near misses) are easily overlooked and their 

lessons are more likely to go unnoticed. Particularly  deterioration is blamed for only 3% of 

the failures in the Cambridge database. Yet this phenomenon is recognized as widespread 

and the losses it has caused are vast but not quantifiable, because they do not include obvious 

fatalities. As a result, deterioration-related failures  are among the most recent ones and their 

number appears to be on the rise. As errors, they can be traced to neglected maintenance, as 

well as to the design which did not anticipate such neglect. Since deterioration is a relatively 

slow process (compared to natural hazards, fractures and losses of stability for example), its 

effects have been intercepted by inspections and arrested by rehabilitations. Thus partial 

failures have become increasingly significant. Both Pont de Tancarville and Pont 

d’Aquitaine in France had their suspension cables replaced without incident following the 

discovery of breaks caused by corrosion. The original cables had no wrapping and consisted 

of helical non-galvanized strands. The four cables of the Williamsburg Bridge (1903, 488 m 

main span) in New York City (Fig. 1) were rehabilitated in the 1990s after a long debate over 

their viability. The cables, each consisting of 7696 non-galvanized parallel 5 mm wires 

grouped in 37 strands, were rapidly corroding. During the rehabilitation several strands were 

re-anchored, many broken wires were spliced, corrosion-inhibiting oil was added and water-

proofing was supplied in the form of new wrapping. 

        Traditional suspenders and diagonal stays are helical wire strands. Many have 

broken, however their total failure has had only a local effect because of their redundancy. In 

1981 one of the diagonal stays of the Brooklyn Bridge (Fig. 1) broke due to corrosion and 

killed a pedestrian. The entire system of suspenders and stays was subsequently replaced. A 

suspender broke at the first Bosporus Bridge in 2004 and another one was burned by 

lightning at the Rion – Antirion Bridge in 2006. Neither incident required significant traffic 

interruptions. Suspender and stay replacements are recognized as a periodic necessity. The 

suspenders of Manhattan Bridge have been replaced at least once and will be replaced again 

under a pending contract.  



      2.5. General observations 

       Structural failures in general do not lend themselves to purely quantitative 

assessments.  Losses of life, public and professional confidence, and user costs cannot be 

truly quantified.  Forensic investigations are post-event efforts to eliminate failure causes. 

Once identified such causes are perceived as vulnerabilities requiring special treatment. The 

identification and elimination of vulnerabilities is a perpetual task of management depending 

on every specific circumstance, however some common characteristics have emerged. A 

more detailed discussion is offered in [14]. Failure causes have been classified according to a 

variety of criteria including the following: 

- Event-based. 

    The classifications of the Cambridge database and Fig. 2, cited earlier are of this 

type, however they also refer to the structural type and material.  

-  By the mode of material non-performance.  

    This classification would identify metal fatigue and fracture, corrosion, corrosion 

fatigue, ductile failure, residual stress, yield, shear, concrete fatigue, chemical reactivity, 

temperature, and so on. Although helpful, this classification misses certain vulnerabilities, 

such as instability. Thus another classification becomes necessary, distinguishing between 

local and global behaviour. Whereas a material failure is by definition local and can lead to 

global consequences, instability is a global failure which causes local material non-

performance. 

- "As designed" and "not as designed" modes are suggested by Thoft-Christensen and 

Baker in [11].     

   The failure of the Tacoma bridge, caused by the hitherto unknown flutter was in the 

“not as designed” mode. Such failures point to theoretical deficiencies. 

A number of failures are caused by poor execution. The National Transporttaion 

Safety Board (NTSB) attributed the failure of the deck truss bridge carrying Rte. I-35-W in 

Minneapolis on Aug. 1, 2007 to overstress of poorly dimensioned gusset plates, i.e. in the “as 

designed” mode (November 14/2008).  In contrast, Engineering News Record of April 6, 

2009 reported an independent opinion by the consulting company Thornton-Tomasetti, 

blaming the collapse on malfunctioning bearings and construction loads. Whereas the former 

view cites design and quality control omissions, the latter points to maintenance and 

operations errors. 

- Yanev [14] recommended investigating the causes of failures arising from the 

various phases of the bridge life-cycle, including design, construction, maintenance, and 

operation.  This approach quickly reveals that failures occur when each phase excessively 

relies on the others, whereas it should have assumed responsibility as if it were critical.  For 

example after the collapse of the bridge over the Schoharie Creek (New York State, 1987) 

caused by scour, it was concluded that the bridge could have survived if underwater 

inspections had been more effective, however the collapse could have also been prevented by 

selecting a longer span with piers out of the channel.  

   No failure classification can be entirely independent, and neither are the revealed 

vulnerabilities. A redundant approach to identifying vulnerabilities by various partially 

overlapping criteria has a better chance of capturing all possibilities. New York State for 



example has established screening procedures for the following vulnerabilities: hydraulic, 

seismic, overload, steel details, concrete details, collision, sabotage. 

   Significant failures are usually caused by combinations of two or more 

vulnerabilities. In all of the preceding examples, design, construction and maintenance might 

have intervened to avert the disaster, had they seen their own role as the most critical. The 

investigation following the collapse of the Sungsu truss bridge in Seoul in 1994 concluded 

that the bridge had been "poorly designed, built, maintained and used". The Cambridge 

database attributes the incident to "human error". "Errors" would be more appropriate, 

because it aptly underscores the failure of life-cycle management.     

- Significant failures invariably exhibit a discontinuity between experience and 

theory. This can be expressed as an over-reliance of each on the other or as an ignorance of 

each about the other. For example, the rationale justifying the use of non-galvanized high 

strength cable wires on the Williamsburg Bridge was summarized as follows: “If the wires 

are maintained dry, they do not need zinc coating. If not, it will not save them in the long 

term.” This reasoning may appear sound, yet it lacks both the practical knowledge of life-

cycle cable performance and a theoretical model of wire deterioration. The opposite solution 

would have been correct: wires should have been locally protected by galvanization, whereas 

the cable should have been globally protected by superior wrapping. As in all discontinuities, 

the remedy is redundancy.  

- Failures can be traced to deficiencies in both the engineered product and the 

managed process. Thus the gap between theory and practice is matched by an equally 

detrimental gap between the increasingly diverging professions of engineering and 

management. The current trend is to rely on engineering competence during the design and 

construction of the product (in this case the bridge) and to assign the process of its operation 

to a management, guided primarily by economic considerations. The latter typically 

minimize initial costs, while shortening the structural life-cycles and increasing the demand 

for future expenditures.   

-  Most simplistic and yet inevitable are the failure assessments according to the 

amount of damage and the responsibility.  All structural failures are to some extent 

attributable to management and this is reflected in the way society reacts to them. The failure 

of the Silver Bridge was at the origin of the NBI and the biennial bridge inspection program, 

the partial failure of the Williamsburg bridge led to the re-establishment of the Bridge 

Division at the New York City Department of Transportation, the numerous failures caused 

by earthquakes in California and in Japan have influenced the design and construction of 

bridges worldwide, the collapse of the I-35-W bridge in Minneapolis has stimulated the use 

of non-destructive structural monitoring techniques. Appropriate as these measures are, they 

remain reactive, whereas the purpose of engineering management and design is to anticipate. 

The history of  suspension bridge cables offers examples of such anticipation. 

     3. Suspension bridge cables 

      The temporary closure, in 1988, and subsequent rehabilitation of the 

Williamsburg Bridge attracted much attention to the condition of suspension cables. (That 

project is currently concluding at a total cost of approximately $US 1 billion.) The affected 

structures are among the oldest, largest and historically most significant nationwide. The 

Cincinnati - Covington Bridge was opened to traffic in 1867, the Brooklyn Bridge - in 1883, 

Williamsburg - in 1903 and Manhattan - in 1908. Ten major suspension bridges, including 



Ammann’s George Washington (1931 and 1957, 1068 m main span), Verrazano (1964, 1300 

m main span), Triborough, Whitestone, Throg’s Neck and the East River bridges are in the 

New York Metropolitan area. During the 1990s the author co-sponsored a comparative 

survey of these structures along with all respective owners. The resulting report by Columbia 

University summarized cable conditions, design, construction and maintenance practices.  

Key findings were presented by Betti and Yanev [2].  

       By the year 2000 there were 29 suspension bridges carrying traffic in North 

America, with cables built by the parallel wire air-spinning method. Two had pre-fabricated 

strands (Newport, R.I. and William Preston Lane Jr., MA.) and 21 had helical wire strands. 

The National Cooperative Highway Research Program (NCHRP) at the Transportation 

Research Board (TRB) addressed the former group in Report 534 by Mayrbaurl and Camo of 

Weidlinger Assoc [9]. The Report produced the first comprehensive suspension bridge 

database and models of cable falure. It recommended further investigation of the behaviour 

of cables under controlled and actual field conditions.   

       3.1. Wires:  condition, deterioration and failure 

        The replacement of suspension chains and eye-bars with parallel wires or helical 

strands radically improved the internal redundancy of suspension cables. The wires in the 

investigated cables (Williamsburg excepted) are galvanized, have an approximately 5 mm 

diameter and their strength is around 1515 mPa. In a load-free state, they assume a curvature 

with roughly 1 m diameter, which indicates their state of bending under working conditions. 

The non-galvanized wires of the Williamsburg Bridge failed when corrosion reduced their 

cross-section (Fig. 6 - A and - B). This mode of wire failure is atypical, as well as relatively 

simple and has not attracted much interest. Failures of non-galvanized helical strands have 

been reported in detail by Virlogeux [12] and Kretz et al. [8], along with the ensuing cable 

replacements. 

 

                 Figure 6. Suspension cable wires and pre-fabricated 127 – wire strand             



 In contrast, high-strength galvanized wires have proven susceptible to "flat and 

invert" breaks, and the rarer spiraling breaks. as in Fig. 7 [9].  Flat breaks are believed to 

develop as follows: 

  

              
 Figure 7. Wire breaks and corrosion stages (NCHRP Report 534, Mayrbaurl and Camo, 2004) 



      - The approximately 0.05 mm zinc coating oxidizes and fails over a small areas of 

the wire surface. 

      - The exposed steel begins to oxidize, causing surface irregularities, such as 

pitting and, consequently, stress concentration. 

      - Cracks develop transversely to the wire surface, further concentrating the stress.  

      - The cracks propagate at an angle towards the centre of the wire until the area is 

critically reduced and the wire breaks normally to the axis. The sequence raises several 

questions, briefly discussed 

          3.1.1.  Quantifying and qualifying wire corrosion 

          The strength evaluation of a cable is based on visual inspections which, in turn 

must estimate the state of corrosion. To facilitate these estimates, Hopwood and Havens 

described in [4] the following four stages of wire corrosion (Fig. 7):  

Stage 1 - Spots of zinc oxidation on the wires; 

Stage 2 - Zinc oxidation on the entire wire surface; 

Stage 3 - Spots of brown rust covering up to 30% of the surface of a 3 to 6 inch  

    (75 to 150 mm) length of wire; 

Stage 4 - Brown rust covering more than 30% of the surface of the 3 to 6 inch length of wire. 

           The above descriptions clearly cannot be termed definitions because they 

cannot be uniquely quantified and lack a phenomenological backing. Nonetheless, this rating 

system endures, as do all visual inspections, as a qualitative assessment. NCHRP Report 534 

[9] proposed a model linking the 4 stages to an estimate of the number of cracked and broken 

wires, and ultimately, the cable strength. Such a model would have to be experimentally 

calibrated for every set of cable wires. 

           3.1.2.  Oxidized zinc and the embrittlement of the steel 

           Mayrbaurl and Camo [9] point out that much depends on the further reactions 

of the resulting zinc oxide (ZnO). Those, in turn depend on the environment and, particularly 

on the type of humidity. Zinc carbonate (ZnCO3) can form an effective protective film, 

whereas zinc hydroxide (Zn(OH)2) easily dissolves, leading to the formation of carbonic acid 

(H2CO3), which becomes a source of embrittling hydrogen.  

         3.1.3. Threshold level of zinc depletion and steel corrosion beyond which 

cracks begin to occur spontaneously  

          To some extent that would depend on the level of stress in the "as-built" cable. 

Modelling that stress however, besides relying on the uncertain state of the unstressed wires, 

also depends on their stress level, subject to different uncertainties. 

         3.1.4. Wire stresses  

        Suspension cable wires are not in uniaxial tension as is generally assumed in 

calculating safety factors. High-strength wires are manufactured by the cold-drawn method by 

extruding them through progressively smaller openings and thus modifying the molecular 

shape of the original mild steel. Eventually the wires of the desired diameter (roughly 5.1 mm) 

are dipped in molten zinc for protection against corrosion. The galvanized wires cool off in a 

permanently curved shape with a diameter of approximately 2 m. Consequently, the wires 

experience bending stresses in order to conform to the shape of the cable. Eliminating a 

curvature with radius R induces in a wire with radius  rwire  bending moment M as follows: 



                                                      M = E I / R                                                                (1)              

        The corresponding maximum bending stress σ is: 

                                             σ  =  M / S = E rwire / R                                                       (2) 

where: I = π R
4
 / 4  is the section moment of inertia. 

            S = I / rwire is the section modulus.     

          Suspension bridge wires regain some of their original curvature if they are 

extracted from a cable, even after many years of service. During laboratory tension tests, cracks 

invariably develop on the concave side of the wire, e.g., where the straightening would cause  

tension. A complex bending stress develops in the cable wires also in the anchorages where 

they must turn around sheaves of relatively small diameters, as in Fig. 8 - a. That behaviour 

motivated leading the designers of the most recent suspension bridges, for instance in Japan, to 

use the prefabricated straight wire strands, originally developed under a U.S. patent (Fig. 8 - b). 

 

 

   Figure 8 – a. Anchorage of air-spun cable with one re-anchored strand       

 

     Figure 8 – b. Anchorage of pre-fabricated cable (Akashi – Kaykio) 



        3.1.5. Residual stresses 

         Residual stresses could be caused by the extrusion process and by the hot-

dipping into zinc. The steel surface under the zinc is highly irregular. 

         All cracks are found on the side of the wire where straightening during 

construction would have produced tension. Mayrbaurl and Camo [9] estimate (based on X-

ray diffraction tests) that the straightening produces bending stresses of up to + 36 ksi (240 

mPa). Theoretically the values can reach beyond the yield point of the steel. Residual 

stresses are also caused by the hot dipping in the zinc (along with some surface 

imperfections). Therefore, cracks may exist in the steel before the zinc coating fails.  

         3.1.6. Uncertainty 

         For engineering purposes uncertainty has been separated by ISO [5] into 

randomness (for example of natural phenomena), vagueness (as in condition evaluation) and 

ignorance (of actual conditions).  Ang and De Leon [1] recognize aleatory and epistemic 

uncertainties, associated with random natural variables and deterministic risk-informed 

decisions, respectively. In either classification, all types of uncertainties are present in bridge 

cables. Report NCHRP 534 treats probabilistically the key parameters of the cable model as 

follows: 

      - Wire condition. Acoustic emission has been used to detect wire breaks of cables 

in use. The labour-intensive and intrusive unwrapping and wedging (Fig. 9 - a) remains the 

only reliable source of information about the condition of the wires. NCHRP 534 proposes 

methods of projecting the number of wires in each of the four states, based on the limited 

findings of such inspections. The extrapolations depend on the sizes of the cables and the 

sample, and the observed conditions.     

 

         

                      Figure 9 – a. Wedging for inspection of a suspension cable  



           

                             Figure 9 – b. Cable wrapping and red lead paste 

       3.2. Cables: condition, deterioration, maintenance and repair 

       3.2.1. Design and construction                 

     Over the 20th Century parallel wire suspension cables underwent the following 

changes: 

   - Aerodynamic and economic considerations led to a preference for 2 rather than 4 

cables. Examples of the 4 cable configuration include the East River bridges, the George 

Washington and the Verrazano in New York City. All the recent longest spans, including the 

Akashi-Kaikyo (1991 m), the Great Belt, Tsing Ma, Humber have 2 cables as do the 

Macinac (1,158 m), the Bay Bridge and Golden Gate (1,280 m). The proposed 3,000 m span 

at the Messina Straights assumes four cables.  The global redundancy of the four - cable 

configuration may have saved some bridges from demolition. For his bridge at Oporto, D. 

Steinman anticipated a second pair of cables carrying added traffic. That modification was 

completed in the 1990s. At Pont de Tancarville the two original cables were replaced by two 

pairs, allowing for a future replacement of each pair by a single cable at the original location 

[12].  

   - Suspenders, once spaced at roughly 7 m, are now spaced at about 20 m. The 

increased distance between suspenders affects primarily their own behaviour as well as that 

of the bridge superstructure. The cables, however are also influenced in at least two ways. 

The cable bands which improve the behaviour of broken wires and the compaction of the 

cable are reduced. Consequently they transmit greater concentrated loads to the wires. As the 

distance between the cable bands increases so does the bending moment introduced by them 

into the cable. 

      The corrosion protection of suspenders is paint, stays are protected in various 

encasements, primarily cement grout. The limitation of the latter method, however have 

prompted Japanese designers to use parallel wire suspenders and stays with rubber 

vulcanization, as at the Akashi - Kaikyo and Tatara Bridges. 

       



        3.2.2. Wind loads 

       The aerodynamic susceptibility demonstrated by Tacoma and other suspension 

bridges led to extensive testing of models of all major suspension and cable-stayed bridges in 

wind tunnels. For the Akashi – Kaikyo bridge a 1/100 scale model was tested in a wind 

tunnel built expressly for that purpose.  

        The inclined suspenders used on many bridges in Europe, including the record-

breaking Humber in Wales (1981, 1,410 m main span) showed a tendency for fretting and 

fatigue. After relatively short useful lives, such suspenders were replaced at the Severn and 

Brotonne bridges while their sockets were modified. Water on the surface of stays was found 

to modify their aerodynamic response, causing the so-called galloping oscillations. The  

phenomenon is mitigated by surface obstructions to running rain water. Dampers are added 

on longer suspenders and stays.  

         3.2.3. Stress distribution 

        Stresses are not uniformly distributed across the section of a suspension cable, 

however the actual distribution is not known. Attempts to obtain a field measurement are 

made by cutting wires and measuring their retraction. That retraction, however is constrained 

by the friction with adjacent wires and is therefore limited to the so-called clamping length of 

the wires. The clamping length is very important in estimating the contribution of broken 

wires at longer distances from the fracture points. It is often assumed that tension in a broken 

wire is restored over the distance of 3 cable bands. Apart from the hypothetical nature of that 

assumption, it clearly depends on the distance between cable bands and on the level of 

compaction of the cable. Thus the local condition of the wires must be assessed jointly with 

the global condition of their totality as a cable. 

       3.2.4. Safety factor  

       This is a somewhat discredited term, because of the uncertain assessments of both 

stress and resistance levels. Nonetheless, the ratio between the ultimate load of the cables at 

yield and the maximum expected load during its service has declined from over 4 to 2.2. It is 

argued that 90% of all loads on long-span bridges consist of the relatively constant dead 

load. Furthermore, the effective stiffness of the cables increases proportionally to the cube of 

the stress divided by the square of the span length. The formula, attributed to Tischinger and 

to Ernst, can be written as in Eq. 3.  

                              1/Eef = 1/E + (γL)
2 
/ (12 σ

3
)                                                           (3) 

where:  Eef   - effective modulus of elasticity of the cable; 

             E     - modulus of elasticity of the steel; 

             L     - span length; 

             γ      - specific weight of the cable; 

             σ      - stress in the cable.  

         Thus longer spans achieve the desired stiffness at the expense of higher stresses 

in the wires, implying an increased likelihood for "stress-corrosion" and hence a lower 

tolerance for deterioration. 

        3.2.5. Cable strength   

         NCHRP 534 [9] proposes the following three models: 



        Ductile wire. Strain increases incrementally. A wire reaching yield carries the 

corresponding stress until the rest of the wires reach that point and they all fail 

simultaneously. The cable strength is the average strength of the wires multiplied by their 

number. This model has a limited application to cables (possibly such as those of the 

Williamsburg) where loss of section, rather than cracking is critical. 

       Brittle wire.  Each wire fails at its tensile strength limit. A step-wise stress-strain 

diagram results, as the number of wires declines. The model tends to underestimate the cable 

strength by as much as 20%. 

        Limited ductility model.  This more elaborate model recognizes that when the 

first wire breaks, the force in the remaining wires does not change because the change in the 

overall strain is negligible. As the ratio of broken to active wires grows, so does the strain 

rate. The process is dynamic.   

       The uncertainties inherent in the evaluation of individual high-strength wires are 

compounded and new ones are added in the evaluation of cables, containing between 6,300 

(Brooklyn Bridge) and 36,830 (Akashi – Kaykio) wires.   

      3.2.6. Cable protection  

     Cables were protected against corrosion by linseed oil introduced into the cable 

voids, a red lead paste coating over the wires, plastic wrapping over the lead, spiral wire 

wrapping on top and paint over the wires (Fig. 9 - b). Because of environmental objections to 

lead, it has been occasionally substituted by zinc paste. The long-term effects of this 

modification are yet to be observed, because lead is passive whereas zinc oxidizes. The 

benefits from the spiral wire wrapping have been disputed and it has been eliminated at some 

bridges.  

   - Compaction is one form of cable protection, because it impedes the penetration of 

water and increases the clamping effect. Air-spinning achieves a relatively uneven 

compaction of 75%-80%. In a perfectly compact cable all wires except the external ones are 

in contact with 6 adjacent wires, forming a hexagon. For T perfectly compacted concentric 

layers, the net wire to gross cable area ratio can be obtained by Eq. 4.     

                2π r
2
 [3T(T + 1) + 1] / r

2
 [(2T + 1)

2 
3

3/2
]  ≈  1.211 x  3/4  ≈  0.907                   (4)         

        In cables built by the traditional air-spinning method 80% compaction is 

realistic, but variations are quite broad.            

3.2.7. Anchorages 

    The anchorages of air-spun cables (Fig. 8 - a) feature three critical transitions:  

- From a compacted cable to splaying strands. In this area wires no longer have the 

benefit of clamping effects and are fully exposed to humidity. As a result entire strands have 

been lost to corrosion in anchorages, and re-anchorings have been necessary (Fig. 8 – a).  

- From strands to eye-bars. The bending over the pins of the eye-bars can cause yield 

in the wires, but few breaks have been noted in these areas. 

- From exposed eye-bars to concrete encasement. Eye-bars corroded significantly at 

that juncture have been replaced by new anchoring systems, for example at Manhattan 

Bridge.   

 



   3.3. Innovations and trends 

    The described experiences have inspired a number of innovative choices for the 

new suspension bridges worldwide. The two cables of the Storabaelt Bridge in Denmark 

(1996, main span 1,624 m) were built by the traditional air-spinning method with 18,648 

wires of diameter 5.37 mm and minimum strength of 1,570 N/mm
2
 (Fig. 6 - C). In Japan, 

new cables are built with pre-fabricated strands, composed of 127 straight galvanized wires 

with yield up to 1800 N/mm
2
 (Fig. 6 - D and F). The pre-fabricated cable strands are 

anchored with sockets as in Fig. 8 - b. Most anchorages (including old ones) are being 

equipped with de-humidification systems. On several record-breaking bridges in Japan, such 

as the Kurushima and Akashi-Kaikyo, managed by the Honshu-Shikoku Bridge Authority, 

pressurized dry air is injected under the cable wrapping (Fig. 10).  

     

                 Figure 10. Dry air injection in cables at Kurushima Bridge 

Wrapping wires are pre-formed z-shaped as in Fig. 6 - E. Each of the two cables of 

the Akashi-Kaikyo Bridge (1998, main span 1991 m) have 290 hexagonal 127-wire strands 

(Figs. 6 – F and 11 - a). The suspenders of the Akashi-Kaikyo and the stays of the Tatara 

bridges in Japan consist of parallel wire strands encapsulated in rubber (Fig. 11 - b).  

New suspension bridges are heavily instrumented with various monitoring devices, 

measuring acceleration, vehicular weight, wind speed, temperature and other environmental 

and structural parameters.  

  Wind tunnel testing has become standard practice on all suspension and cable-stay 

bridges, however scale models cannot fully simulate the actual structural response. 

Consequently, dynamic analysis must follow a redundant path, seeking acceptable 

convergence of analytic and experimental results, as has been the case since the origin of 

bridge building.  The process does not stop with the completion of construction. Monitoring 

systems collect “real-time” data including dynamic response, stresses, temperatures, traffic 

weigh in motion, wind velocity.  



  

 Figure 11- a. Suspension cable of Akashi-Kaikyo Bridge ; - b. Stay cable of Tatara Bridge 

     Under a current project sponsored by FHWA, Columbia University researchers are 

investigating the methods for non-invasive monitoring of cable condition. The research 

encompasses the testing of a cable model (Fig. 12) under controlled conditions and 

transferring the monitoring technology to a suspension bridge for field verification. Strain 

gauges, custom-built corrosion sensors, fiber-optic sensors, magneto-striction sensors, 

acoustic emission and other technology are included. The objective is to identify methods 

suitable for monitoring the condition of cables without the need to unwrap and wedge them. 

Once again theory and practice must integrate in order to advance.  

        

        Figure 12. Test of a full-scale cable model, Columbia University 
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