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IMPLEMENTATION

This report provides a detailed description of an experimental program to determine the adequacy of the
most widely used two-barrier corrosion- protective system for stay cables. This two-barrier system
(prestressing strand inside polyethylene sheath injected with cement grout) has been accepted widely as
the state-of-the-art system for many large cable-stayed bridges built in the last decade, including two such
bridges in the state of Texas. Cuts or breaks in the external sheathing have been noted in several bridges
worldwide. An extensive survey conducted along with this study showed general and growing concerns
over the adequacy of this system.

The experiments indicated that there is a high probability that air voids may occur in the grouted stays
and an even higher likelihood that an accidental cut or break in the outer barrier polyethylene pipe will be
followed almost immediately by the development of local shrinkage cracks in the vicinity of the opening.
This tendency effectively compromises the corrosion protection system and in corrosive environments
would allow severe corrosion to occur. The tests indicated that corrosion can rapidly spread along the
full length of the stays through the strand interstices and even attack the anchor region.

These concerns should cause owners of existing cable-stayed bridges with cement grout corrosion
protection systems to be particularly careful in inspecting stay cables, to periodically examine anchorages
for any signs of corrosion, and to benchmark existing deformations so that they can have early warning
of deterioration of a stay, which should manifest problems by increased elongation.

New cable-stayed bridges and replacement stay cables should utilize improved corrosion protection
systems. A methodology for selecting such systems is provided in this report.

Future programs should be undertaken to develop nondestructive evaluation techniques to warn of
corrosion in existing stays. Also, all newly proposed corrosion protection systems for stay cables should
be subjected to the same type testing as was used for the two-barrier systems which were a major part of
this study.

If these recommendations detailed on pages 205 and 206 are accepted, they should result in more durable
stay cables and hence lower life-cycle costs as well as increased safety in these very important structures.
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SUMMARY

The use of cable-stayed bridges in medium- and long-span applications in the United States has increased
significantly in the past ten years. Of paramount importance with this type of bridge is the protection of
the stay cables from corrosive elements. An extensive survey, reported herein, showed a general concern
over the adequacy of the corrosion protection of the most widely used current system. In this study, the
popular two-barrier system (prestressing strand inside polyethylene sheath injected with portland cement
grout) was examined experimentally. The effectiveness of the grout in providing secondary corrosion
protection in the event of a cut or break in the external sheathing was a major focus of the experimental
work. Such breaks have been documented on a US bridge.

Small-scale experimental studies were conducted to develop a low-bleed grout for use in the large-scale
stay tests. In addition, small-scale accelerated corrosion tests were conducted on grouts containing
corrosion inhibiting admixtures.

The major portion of the experimental program involved accelerated durability testing of eight large-
scale stay cable specimens. Each stay specimen was 9.5-m long and was composed of 12 12.7-mm
diameter 7-wire prestressing strand. The inclined stay specimens were stressed to bridge dead load levels
and then injected with the low-bleed portland cement grout. Additional axial and lateral loads were then
applied to most specimens to simulate field loading conditions. Selected small areas of the sheathing
were removed to simulate breaks in the exterior barrier. The exposed grout in these locations was then
subjected to alternate wet and dry cycles with salt solution. Variables included use of temporary
corrosion protection, galvanized strand, epoxy-coated strand, and greased and sheathed strand.

One important finding was that when the sheathing was breached for the accelerated corrosion tests, the
grout would shrink and crack at that location. As a result of the cracking, corrosion of the underlying
unprotected strand occurred soon after the application of the salt solution. Another important finding
was that significant air pockets formed in the grout in all specimens except one.

Undamaged epoxy-coated, greased and sheathed, and galvanized strand provided significant
improvement over grouted bare strands in corrosion protection along the free length. However, corrosion
occurred on all of the strands in varying degrees at the anchor head. Based on the extensive survey of the
state-of-the-art and on the experimental findings, a rational basis for selecting a stay cable protective
system is proposed in the form of suggested additions to the Post-Tensioning Institute’s
Recommendations for Stay Cable Design, Testing and Installation.






Chapter One

Introduction

1.1 HisTORICAL DEVELOPMENT OF CABLE-STAYED BRIDGES

The development of the modern cable-stayed bridge technology began in post World War II Germany. It was
estimated that some 15,000 bridges had been destroyed during the war. The scarcity of raw materials and advancing
techniques of structural analysis made the use of the highly material efficient system of cable-stayed bridges very
attractive. While long spans (500-1500 m) have generally been the domain of the suspension bridge, cable-stayed
bridges are much more efficient than girder bridges for midrange spans (150-500 m). In recent years, another aspect
of the cable-stayed bridge has increased its use. Cable-stayed bridges are aesthetically pleasing as well as
monumental in form. Their attractiveness has caused local populations near the bridge sites to be more receptive to
cable-stayed bridges than to more traditional girder bridges.

Cable-stayed bridges are not a recent development, but rather a bridge system that is very old.”® However, cable-
stayed bridges have not seen widespread application until recently. Inclined stays were first introduced in England in
the early part of the nineteenth century. A number of bridges with these inclined stays failed, thus diminishing
confidence in this form of construction. The failures are now attributed mainly to the designers’ misunderstanding of
the actual structural behavior of stayed bridges. Stays saw a resurgence in the second half of the nineteenth century
when John A. Roebling used them in the construction of such bridges as the Niagara Falls Bridge and the Brooklyn
Bridge. Both of these bridges were considered suspension bridges but Roebling utilized inclined stays to carry a
portion of the gravity load and to stiffen the structure. Roebling understood very well that the stayed system
provides a much stiffer structure than does the suspension system.

The first part of the twentieth century saw a few examples of pure inclined stay bridges constructed. However, the
true growth in the use of cable-stayed bridges began with the construction of what is generally agreed to be the first
modern cable-stayed bridge. The Stromsund Bridge was completed in 1956 in Sweden. It had a main span of 183 m
and side spans of 75 m.>>» 1221235 The Strémsund Bridge utilized stay cables which were constructed with groups of
helical strands.*

The use of cable-stayed bridges in the US began in 1971 when the construction of the Sitka Harbor Bridge in Alaska
was completed. There are approximately 20 cable-stayed bridges in the United States with a large portion of those
completed in the last ten years. There are currently two cable-stayed bridges in Texas. One of these, the Houston
Ship Channel Crossing, is shown in Figure 1-1.

1.2 CLASSIFICATIONS AND DEFINITIONS OF COMPONENTS

Cable-stayed bridges have a distinct structural form that can be divided into the components shown in Figure 1-2.
Stay cables are by necessity connected or anchored to the stiffening girder. However, the stay can be anchored at the
tower or it can be continuous through the tower over a saddle (see Figure 1-3).

Stay cable systems can be divided into several basic components depending on the type of stay cable and how it is to
be manufactured and installed. The following definitions describe the various components:

STAY CABLE: the complete stay cable system including anchorages, main tension elements, sheathing and all
corrosion protection materials and devices.



Figure 1- 1 Houston Ship Channel Crossing

Stay cables
Anchor Pier Tower or Pylon
\ Stiffening girder
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Figure 1- 2 Basic components of a typical cable-stayed bridge
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Figure 1- 3 Two types of connections at pylon

ANCHORAGE: device comprising all components and materials required to retain the force in a stressed stay cable
and to transmit this force to the towers and to the superstructure.

SOCKET: one type of end anchoring device for the tension elements (see Figure 1-4). It typically consists of a
steel cylinder with a conical cavity into which the tension elements are inserted. One type of socket (normally used
with structural rope, strand, or helical locked-coil main tension elements) uses a metallic alloy fill to lock the cable in
place, usually molten zinc alloy. Another popular type of socket system is the patented HIAM system that is
marketed by Bureau BBR, Ltd. The socket is filled with a zinc dust, steel balls, and epoxy resin binder. Parallel
prestressing wires are usually used with this type of anchorage.

ANCHOR HEAD: end anchoring device commonly used with prestressing strand main tension elements.
Prestressing wedges are generally used to connect the strand to the anchor head. It is very similar to the standard
anchorage devices used in post-tensioning applications (see Figure 1-5).

SADDLE: stay cable detail at tower or pylon for those bridges that utilize a continuous stay cable passing over the
tower without tower anchorages.
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Figure 1- 4 Socket type anchor Figure 1- 5 Anchor head anchorage device®

MAIN TENSION ELEMENT: the fundamental tension carrying element in the stay cable. Various types are:

1. Structural rope — manufactured cable consisting of many strands helically wound around a core
composed of a strand or another rope — may be galvanized or nongalvanized (see Figure 1-7).

2. Helical locked coil strands — manufactured cable consisting of interlocking steel elements arranged to
lock together when in place around the core — may be galvanized or nongalvanized (see Figure 1-8).

3. Structural strand — an arrangement of wires helically placed about a center wire to produce a
symmetrical section excluding, however, prestressing quality strand (see Figure 1-6).

Figure I- 6 Structural strand main tension element™

Figure 1-7 Structural rope main tension element™
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Type of Cable
P 7 36 Bars Cables
Steel 835/1030 26216
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Strands
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Structure @ 0-5,0-6,0-7 in
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0.2% Proof Stress
Gy, (N/mm?) 835 1080 1350 1470 1570 ~ 1670 —
Ultimate Tensile Steength | 55 1539 1500 1670 1770 ~ 1870 1000 ~ 1300
.8, (N/mm?)
Fatigue® A"(N’mm;) 80 350 300 ~ 320 120 - 150
Oas/B, 0.60 - 0.45 0.5 ~0.45 ~0.45
Modulus of elasticity 210000 210000 205000 190000~200000 160000 ~ 165000
E (N/mm?)
Failure Load (kN) 7339 7624 7487 7634 7310
Figure 1- 8 Other types of main tension elements'>
4. Parallel prestressing wire cables — cables assembled from individual prestressing wires using either zinc
alloy or HIAM type sockets (see Figure 1-8).
5. Parallel prestressing strand cables — cables assembied from individual seven wire prestressing strands (sce

Figure 1-8). These cables can be further subdivided according to the strand corrosion protection system:

a) Bare strand
b) Galvanized strand
) Epoxy coated strand with no coating around center wire or interstices
d) Epoxy coated strand with an additional epoxy coating around center wire filling all interstices
e) Individually greased and sheathed monostrands
6. Parallel prestressing bar cables -- cables assembled from individual prestressing bars (see Figure 1-8).
These cables can be further subdivided as:
a) Uncoupled
b) Coupled
) Glued coupled

SHEATHING: the outer enclosure for the tension element to provide rigidity and/or confinement for the corrosion
protection system. Common sheathings include steel pipe and high-density polyethylene (PE) pipe. In a few cases,

sheathings such as copper and stainless steel have been used.



CORROSION PROTECTION SYSTEM: the assemblage of materials used to provide long term durability and
corrosion resistance to the cable. Corrosion protection systems can include various combinations of:

(a) Galvanizing

) Cementitious grouts with or without admixtures

(c) Epoxy grouts

(d) Epoxy coatings

(e) Corrosion inhibiting greases and waxes

® Plastic sheathing around individual wires, strands and bars
® Sheathing

(h) Tedlar tapes

(i) Other materials

Q) Cathodic protection

(k) Inert gas pressurized systems
¢)) Electrical isolation systems

BLOCKING COMPOUND: The material used to fill the void between the tension elements and the outer
sheathing. It may be an integral part of the corrosion protection system. Examples are cement or epoxy grouts,
greases and waxes,

1.3 CORROSION PROTECTION SYSTEMS

The most popular stay cable system currently used in the United States is the parallel strand system.112 The
following list categorizes the stay cables used in 18 of the bridges which have been completed to date in the US.
They are listed as Sheath-Main Tension Element-Blocking Compound:

e  Steel sheath — bars — portland cement (pc) grout 1
e  Steel sheath — prestressing strands — pc grout 2
e  PE sheath — prestressing strands — pc grout 7
e  PE sheath — epoxy-coated prestressing strands — pc grout 3
e  PE sheath — prestressing wires — pc grout 2
¢ None — Galvanized structural strand — none 3

It is clear that the most popular main tension element is prestressing strand and the most popular sheath is PE. The
only blocking agent that has been used in the US is pc grout. Not counting the structural strand, over eighty percent
of the bridges rely on the sheath and pc grout for corrosion protection.

The first application of the sheath and gc grout corrosion protection was in the Schillersteg Pedestrian Bridge in
Stuttgart, Germany completed in 1961 The Schillersteg stays were composed of up to 90 6-mm diameter wires
inside a PE sheath with a helical spacer of 2.5-mm diameter. The stays were injected with pc grout for corrosion
protection.



Large-scale application of this system was not realized until the completion of the Mannheim-Ludwigshafen (a.k.a.
North Bridge or Kurt-Schumacher) Bridge in 1972 across the Rhine. This marked the first use of parallel wire stay
cables on a major cable-stayed bridge.” The stays contained 295 wires of 7 mm diameter and were anchored in a
new type of socket called the HIAM.

Other major bridges such as the Brotonne Bridge in France (completed in 1977), Zarate-Brazo Largo bridges over
the Parana in Argentina (completed in 1977), and the Pasco-Kennewick Bridge in the United States (completed in
1978) followed closely behind.”> ™ '* The Brotonne Bridge used a steel pipe for sheathing while the Parana and
Pasco-Kennewick used PE pipe.

Since 1961, at least 62 cable-stayed bridges have been constructed with this type of corrosion protection system;
none of the cables has ever been replaced.”® However, the system is not very old when compared to the expected life
of these structures. The oldest traffic bearing bridge with this system is a little over twenty years old. Because none
of the stays has been replaced, it is not conclusively known how well the systems are performing because the main
tension element is not visible. Several field evaluations have been performed to determine the effectiveness of the
systems.

1.4 FIELD EVALUATION OF GROUT AS CORROSION PROTECTION FOR STAY CABLES

1.4.1 Schillersteg Bridge

The corrosion protection system for the Schillersteg bridge was investigated after 9, 13, and 18 years of service.
During each inspection windows were cut in the sheathing to inspect the grout. In all cases the grout was solid with
no detectable cracking. Tests indicated that the grout had not carbonated significantly. Several areas were chipped
out and the underlying wires were examined. The wires were found to be smooth with no apparent corrosion.

In 1974 and 1979 sections of PE were taken from the stay cables and were tested for tensile strength and ductility.
The results showed no significant changes in properties from the original matertal. It should be noted that the PE
pipe was exposed to direct sunlight and was not covered with tape.

1.4.2 Pasco-Kennewick Bridge *°

In May 1990, the Pasco-Kennewick Bridge was inspected to determine the condition of the stays after 13 years of
service. Twelve of the 144 cables were “opened” by making small cuts in the PE sheathing and then removing the
grout (see Figure 1-9). No visible signs of corrosion were found on the wires in the areas that were uncovered. In
addition, no major voids, cracking, or spalling were noted during the investigation. However, small closely spaced
cracks perpendicular to the axis of the stay were noted in the grout (see Figure 1-9). These were caused, most likely,
by live-load tensile strains in the stay. The cracking is similar in size and geometry to cracks normally found on the
grout surface of a fatigue test specimen following the fatigue test.”®

1.5 PROBLEMS WITH CORROSION PROTECTION

1.5.1 Cables in Trouble

In 1987 Stafford and Watson conducted an informal “world condition survey” of existing cable-stayed bridges.''°
The survey consisted of visiting bridge sites and making limited visual inspections of nearly 100 cable-stayed
bridges. Based on their external observations they indicated that “most of the nearly 200 cabled-stayed bridges that
have been built around the world in the past few decades are in serious danger because corrosion is attacking their
cables.” They went on to say that “...nearly all [corrosion protection] methods [specified] have failed to one extent
or another.” In another article, the same authors indicated that cable-stayed bridges have “serious design
shortcomings that unless they are resolved can significantly shorten the useful life of any stayed girder, particularly
those in marine environments and in spans in excess of 100 meters.” 109
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Figure I- 9 Sheathing and grout removed locally from Pasco-Kennewick Stay Cable. Note narrow grout
cracks at 6-3/4, 7-3/4, 8-1/2, and 9-1/2-inch marks

They indicated that one problem in design is that cables are sometimes grouped together so closely that access for
inspection is very difficult. The Maxau Bridge over the Rhine (completed 1967) was cited as an example of this
problem. Photographs were shown of the locked-coil cable group, which showed signs of corrosion along the free
length and near the anchorages.

Another example given was the Mannheim-Ludwigshafen Bridge in Mannheim, Germany (completed 1972). The
cables were originally constructed by embedding a bundle of ungalvanized wires in polyurethane with zinc-
chromate.”® The bundle was then wound with a polyester film and covered with a 4-mm thick polyurethane
covering. Finally, the cable was painted. Watson and Stafford included photographs that depict severe pitting
corrosion of the underlying wires in areas where the outer coating had been removed for inspection. At the time the
paper was written (1988) an official investigation of the corrosion problems was being conducted.

Watson and Stafford also expressed concern about cable vibration and cited bridges that have had damping
mechanisms installed to reduce vibration problems. However, no failures or durability problems resulting from the
vibrations were reported. Fretting fatigue was also suggested as a problem peculiar to modern systems, but no
examples of failures were given. The authors also cited a Japanese study in which 22 bridges in Japan were
analyzed. It was found that the stays had elongated under load a maximum of 12% in the 3-5 years after the bridges
were completed. Watson and Stafford believed that this behavior could severely affect the performance of the
corrosion protection systems.

As a repair method for existing stays Watson and Stafford recommend the application of a tinned copper jacket to
the outside of the stay. This system was used to repair the stays at the Mannheim-Ludwigshafen bridge. For new
systems, a continuous titanium grade stainless coated carbon steel tubing with a 3 mm thickness is suggested. This
tube would be extruded onto the erected cable on-site and subsequently injected with pc grout.



In summary the Watson and Stafford report on the performance of stay cables included the following specific
fl
examples:

e  Four bridges with examples of heavy corrosion on the locked-coil strand stay cables.
e  Oupe bridge in which the tape wrapping for PE sheath had failed.

e Several examples of bridges in which the stay cables had excessive vibrations.

e  Two bridges in which the PE sheath had cracked in service.

Watson and Stafford’s report was very controversial. In a subsequent staff article published in Civil Engineering it
was stated that “no single article in the editors’ recent memories has stirred as much comment” as this article by
Watson and Stafford.”” One response came from Blair Birdsall, who wrote: “In my opinion such phrases as ‘in
danger of sudden collapse,” ‘in serious danger,” and ‘in a state of very serious premature distress,” overstate the
problem. What we’re discussing here is not really bridges that are in imminent danger of disastrous failure. We are
simply discussing way