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SUMMARY

Both the Fred Hartman Bridge and the Veterans Memorial Bridge have experienced large-
amplitude vibrations of the stay cables. A major concern resulting from these vibrations is the possibility
of fatigue damage to the parallel, seven-wire, prestressing strand in the grouted stay cables — and the
overall safety of the bridges.

An experimental investigation was conducted to determine the susceptibility of grouted stay
cables to fatigue damage. Two series of experiments were conducted. In the first series, twelve stay-
cable specimens were subjected to bending fatigue loads. The cross section of the stay-cable specimens
was nominally identical to that of the smallest diameter stays on the Fred Hartman Bridge. The length of
the stay-cable specimens, however, was less than one-sixth the length of the shortest of the prototype
stays. The results from the first series of bending fatigue tests were used to determine the expected
locations of fatigue damage, the parameters that have the largest impact on the fatigue life of a grouted
stay cable, how much fatigue damage can occur before the structural integrity of the stay cable is
compromised, and if nondestructive methods provide a reliable assessment of the extent of fatigue
damage.

In the second series of tests, three, small-diameter specimens were also subjected to bending
fatigue loads. The number of strands in these specimens was much smaller than the prototype stays and
the cross-sectional properties did not vary along the length of the specimen. However, the ratio of axial
stiffness to flexural stiffness was representative of the prototype stays. The results from the second series
of tests were used to determine if nondestructive methods provide a reliable assessment of the extent of
fatigue damage and how stress in the strand varies within the cross section and along the length of the
stay cable.

The test results indicate that fatigue damage is expected to be concentrated in the regions of
highest bending stress: the ends of the stays and locations where a damper or restrainer induces local
bending in the stay. The risk of fatigue damage was considered to be low at the tension ring, along the
free length of the stay, and in the vicinity of unintentionally crossed strands. The acoustic monitoring
systems installed on the Fred Hartman Bridge and the Veterans Memorial Bridge provided a reliable
means of detecting wire breaks in the laboratory specimens. However, the actual location of a wire break
may be 2 to 3 ft from the location identified by the acoustic sensors. Transverse stiffness and natural
frequencies of the test specimens were not sufficiently sensitive to detect the accumulation of fatigue
damage.

Accumulation of fatigue damage is a slow process, and many wire fractures can be tolerated
before the strength or stiffness of the grouted stay cable is compromised. However, if the number of wire
breaks detected at a single location exceeds a threshold level of 10% of the total number of wires in the
stay, corrective action is recommended for an existing grouted stay cable.
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CHAPTER 1: INTRODUCTION

Cable-stayed bridges have been built in rapidly increasing numbers since 1950. They are
especially economical for medium to long-span bridges and are now used where previously a truss or
suspension bridge might have been the first choice. Although cable-stayed bridges have many advantages,
their popularity and wide usage is often based on prestige rather than structural efficiency or economy
Menn (2000).

Despite the wide usage of cable-stayed bridges, there are still numerous areas of concern,
especially with the corrosion protection system for the stay cables. Early stays used locked coil cables
without an additional barrier for corrosion protection. Many of these unprotected stays sustained
extensive corrosion damage. The U.S. practice in the 1990s was to design stay cables using standard
approaches for post-tensioned tendons: the stays were constructed using uncoated, high-strength, seven-
wire prestressing strand inside a high-density polyethylene (PE) duct filled with portland cement grout.
This stay configuration was used in both cable-stay bridges in Texas: the Veterans Memorial Bridge and
the Fred Hartman Bridge. More recently, cable-stay bridges have been constructed with individually
sheathed or coated strands inside the PE duct with wax filler.

All stays used in the U.S. must be tested to ensure that their anchorage details provide adequate
axial fatigue strength and that the fabricated stay has sufficient tensile strength. In addition, the strand
itself is also tested to ensure that its fatigue properties are adequate. However, the influence of bending,
due to vibrations of the stays, is not considered directly in the design process of the stay cables.

Large-amplitude vibrations have been observed on numerous bridges around the world, including
both cable-stayed bridges in Texas (Zuo and Jones 2005). Structural solutions to minimize the cable
vibrations have been studied carefully on both the Fred Hartman and Veterans Memorial Bridges. A
major concern resulting from these vibrations is possible fatigue damage on the parallel seven-wire strand
in the cables. Information about the fatigue behavior of grouted stay cables with prestressing strands
subjected to transverse vibrations is quite limited. In contrast, the fatigue behavior of stay cables under
axial load is established and numerous axial fatigue tests, especially on anchorages, have been performed.

1.1 HISTORY OF CABLE-STAYED BRIDGES

German engineers pioneered the design of cable-stayed bridges after World War II, when they
were challenged to find new, innovative, and inexpensive bridge designs to replace most of the Rhine
river crossings that had been destroyed in the war. Dischinger proposed systems where the central span
was supported by a suspension system and stay cables carried the outer parts. Dischinger’s combined
solutions were never adopted for an actual bridge, but his studies influenced the development of the true
cable-stayed bridge system. It was not until the 1950s that Dischinger designed the first true cable-stayed
bridge. The Stromsund Bridge (1955) had a main span of 599 ft and two side spans of 245 ft. Gimsing
(1999) attributes the increase in cable-stayed bridge designs to the availability of improved structural
analysis tools. The Germans further developed the design of cable-stayed bridges in the following



decades. The series of bridges near Dusiburg across the Rhine River are examples of these pioneering
German bridges.

The first cable-stayed bridge in the United States was the Sitka Harbor Bridge in Alaska, which
was opened to traffic in 1971. The two cable-stayed bridges in the inventory of the Texas Department of
Transportation (TxDOT) are the Veterans Memorial Bridge near Port Arthur (Figure 1.1) and the Fred
Hartman Bridge across the Houston Ship Channel (Figure 1.2).

The longest cable-stayed bridge in the 20th century was built as part of the Honshu-Shikoki
Bridge Project in Japan. The Tatara Bridge has a main span of 920 ft and was completed in 1999 (Figure
1.3). Table 1.1 lists the ten longest cable-stayed bridges in the world.

Figure 1.1 Veterans Memorial Bridge Figure 1.2 Fred Hartman Bridge

Figure 1.3 Tatara Bridge, Japan



1.2 CONCERNS ON THE FRED HARTMAN BRIDGE

Large-amplitude stay cable vibrations were observed on the Fred Hartman Bridge numerous
times since its opening in 1995. One of the first estimates (Poston 1998) of the amplitude of these
vibrations is from visual observations during a four-day period between 1 April and 4 April 1997 (Table
1.2). Video taken on 4 April 1997 (Figure 1.4) show the large-amplitude deformations of cable 24 during

this event. At 650 ft, cable 24 is the longest cable on the bridge.

Table 1.1 Longest Cable-Stayed Bridges

Number Name Country S(;;;n Year
1 Tatara Bridge Japan 2,920 1999
2 Pont de Normandie France 2,808 1995
3 Third Nanjing Yangtze Bridge China 2,126 2005
4 Second Nanjing Yangtze Bridge China 2,060 2001
5 Baishazhou Bridge China 1,018 2000
6 Mingjiang Bridge China 1,985 1999
7 Yangpu Bridge China 1,975 1993
8 Xupu Bridge China 1,936 1997
9 Meiko Chuo Bridge Japan 1,936 1997
10 Rio-Antirio Bridge Greece 1,837 2004

Fred Hartman Bridge USA 1,250 1995
Table 1.2 Observed Cable Vibrations
Frequency Appro;;irnate
Cable ID Mode (Hz) Amphtude
(in.)
9 2 2.1 15
1,2,3 1 0.8 25
10, 11 2 >1.5 4
15,16 1 1.0 12
23,24 2 1.2 26
24 3 1.8 42




These large-amplitude vibrations caused visual damage to the Fred Hartman Bridge. Broken
guide pipes (Figure 1.5) were found on more than 100 of the 192 cables. The broken guide pipes are a
visual indication of the forces and displacements generated by these events and the damage that might
occur. Of great concern is the possible hidden fatigue damage of the stay cables and the anchorage. The
stays would have to be dismantled to detect damage reliably. Nondestructive inspection techniques are
not applicable due to the limited access at the anchorages and the grout surrounding the strand.

Figure 1.4 Stay Cable Vibrations — Fred Hartman Bridge

Figure 1.5 Broken Guide Pipe — Fred Hartman Bridge



1.3 REPAIR AND EVALUATION OF THE FRED HARTMAN BRIDGE

Whitlock, Dalrymple, Poston, and Associates (WDP), Johns Hopkins University, Texas Tech
University, and the University of Texas at Austin (UT) were retained by TxDOT to investigate the large-
amplitude vibrations observed on the Fred Hartman Bridge and the Veterans Memorial Bridge.

WDP (Witthoft et al. 2001) developed the designs to repair the existing damage and to minimize
future cable vibrations. The broken guide pipes were strengthened with stiffeners. A temporary solution
to control the cable vibrations was the installation of restrainers (Figure 1.6). The restrainers connect the
stay cables and allow vibration energy to be transferred between adjacent stays. These restrainers proved
to be a very effective means of reducing the cable displacements and were left in place on the bridge.

Figure 1.6 Cable Restrainers

Two types of dampers were designed and tested by WDP as possible methods to prevent the
large-amplitude vibrations. A linear damper, which is attached perpendicular to the cable (Figure 1.7)
and a pressurized bladder system, developed by Freyssinet, which surrounds the cable (Figure 1.8), were
installed on selected cables on the Fred Hartman Bridge. The dampers were designed to match the
stiffness and frequency characteristics of each stay cable. After these initial trials, the linear damper was
selected and installed on all stay cables on the bridge. The linear dampers, along with the cable restrainer
system, significantly reduced the amplitude of the cable displacements (Zuo and Jones 2005).



Figure 1.7 Linear Damper Figure 1.8 Freyssinet Damper

Researchers at Johns Hopkins University monitored the performance of the stay cables on the
Fred Hartman Bridge and the Veterans Memorial Bridge for several years. These data were used to
identify the causes of the large-amplitude vibrations and to evaluate the effectiveness of the damper and
cable restrainer systems.

Researchers at Texas Tech University evaluated aerodynamic damping solutions. They proposed
a solution which consisted of a number of rings wrapped around the cable to prevent the formation of the
rainwater rivulets. This system was not installed due to the cost to retrofit the cables in the field.

The studies at the University of Texas at Austin focused on the fatigue behavior of the stay cables
of the Fred Hartman Bridge. The research program included full-size bending fatigue tests of stay cables
and evaluation of the acoustic monitoring system used to detect wire fractures in the stay cables. The
results of that investigation are documented in this report

1.4 STAY CABLE VIBRATIONS

Numerous cable vibration mechanisms have been identified and characterized with the four most
common phenomena being vortex shedding, galloping, deck — cable interaction, and wind and rain
induced vibrations (Gimsing 1997, Gimsing 1999, Ito 1999, Miyazaki 1999, Virlogeux 1998, Zuo and
Jones 2005). A combination of these mechanisms to played a role in the vibrations of the stays on the
Fred Hartman Bridge.



1.4.1 Vortex Shedding

Vortex shedding is essentially the phenomenon that makes a flag flutter in the wind. Airflow that
is forced around an object produces vortices shedding off the object as indicated in Figure 1.9.
Consecutive vortices that shed off opposite sides of the object produce alternating perpendicular forces. If
the frequency of the alternating forces matches any of the natural frequencies of the cable, large

amplitude vibrations of the order of the cable diameter will occur.

Figure 1.9 Development of Vortices

1.4.2 Galloping

Galloping is a phenomenon that occurs because of aerodynamic instability where the airflow
creates uplift forces around an unsymmetrical cross section. Galloping may occur on stay cables if the
airflow hits at an angle such that the effective aerodynamic shape of the cable is an elliptical cross
section. In addition, formation of ice on the cable can also change the cross section of a stay cable to

induce galloping perpendicular to the airflow.

1.4.3 Deck and Cable Interaction

Cable vibrations occur when the structural vibrations of the bridge deck or the pylon are
transferred through the anchorage into the stay cable. Deck and pylon vibration can occur because of

aerodynamic effects or because of periodic traffic loads.

1.4.4 Wind and Rain-Induced Vibrations

The phenomenon that produces by far the largest displacement amplitudes is wind and rain-
induced vibrations. The first time that this kind of vibration was described and investigated was in 1984
during the construction of the Meikonishi Bridge in Japan.

Interestingly, it was noticed that the vibrations only occur on stay cables that are covered with a
smooth polyethylene pipe at relatively low wind speeds with a light rain falling, hence the term wind and
rain-induced vibrations. The rainwater forms one or two rivulets generated by the airflow around the
cable. The rivulets of water change the aerodynamic cross section of the stay cable, which make it
susceptible to vibrations (Figure 1.10). Once the cable starts vibrating, the rivulets start to oscillate at the
same frequency as the cable. Wind and rain-induced vibrations have not been reported during heavy

winds. Apparently, the rivulets are blown off the cable surface when the wind speed increases.



Mo Wind Wind

. Cable

Rain Water — Rivulet

Figure 1.10 Wind-Rain Vibration Mechanism

1.4.5 Vibration Mechanisms on the Fred Hartman Bridge

Zuo and Jones (2005) summarized the vibration characteristics of the cables on the Fred Hartman
Bridge. The analysis of these vibrations led to identification of the following types of vibrations: vortex-
induced vibrations, wind and rain-induced vibrations, large-amplitude dry cable vibrations, deck-induced
vibrations, and an uncategorized type of vibrations. Their analyses indicated that the wind and rain-
induced vibrations share many characteristics with vortex-induced vibrations and the large-amplitude dry
cable vibrations, which suggests that the wind and rain-induced vibrations may be caused by aeroelastic
instability that is inherent in yawed and inclined stay cables.

The dynamic response of the stay cables was monitored before and after the restrainers and linear
dampers were installed on the Fred Hartman Bridge. The measurements indicate that the dampers and

restrainers have been effective in mitigating large-amplitude cable-vibrations.
1.5 FATIGUE OF STAY CABLES

Over the years, numerous stay cable systems have been developed and successfully used on
cable-stayed bridges. However, the most widely used system in the 20™ century was the parallel-strand
cable system. The system consists of a bundle of parallel, seven-wire, 0.6-in diameter strands surrounded
by a polyethylene (PE) pipe, which is then grouted to protect the strand from corrosion. This type of
system is used on the Fred Hartman Bridge and the Veterans Memorial Bridge. The anchorage system for
the Fred Hartman Bridge is shown in Figure 1.11.

The axial fatigue performance of the stays on the Fred Hartman Bridge is summarized in Section
1.5.1. These tests were conducted at the Ferguson Structural Engineering Laboratory (Frank 1990, Frank
and Burkett 1989, Frank, et al. 1989) to verify the performance of the anchorage system. Tests of this
type are required for all cable-stayed bridges constructed in the United States.



Figure 1.11 Configuration of the Anchorage Zone on the Fred Hartman Bridge

In an axial fatigue test, the entire length of the specimen is subjected to the same applied stress
range. Initial flaws in the strand can lead to fatigue cracks and wire fractures away from the anchorage. A
specimen subjected to bending has only a few regions along the length where the strands are highly
stressed. These occur near the anchorage and at other restraints along the length. Therefore, the
probability that an initial flaw is present in a region of higher stress is much smaller in a specimen
subjected to bending fatigue than to axial fatigue. However, the data from axial fatigue tests should
provide an understanding of the fatigue behavior of strand.

Very few bending fatigue tests of stay cables have been performed worldwide. A summary of a
well-documented bending fatigue test, conducted in Japan, is presented in Section 1.5.2. However, the
tested specimens were not constructed using parallel strands.

1.5.1 Axial Fatigue Tests of Stay Cables

Axial fatigue tests were performed at the Ferguson Structural Engineering Laboratory on four
types of cable specimens for the Fred Hartman Bridge. All four test specimens were 17'-4" long and were
tested vertically. The specimens were stressed to an initial load of 40% GUTS before grouting. After
grouting, they were tensioned to the lower fatigue load level and then cycled at a constant load range for 2
million cycles at frequencies between 0.6 and 1.5 Hz. The load range for each specimen resulted in



roughly the same stress range of 23 ksi. Table 1.3 summaries the load and the strand stress ranges,
assuming an even distribution of load among the strands.

Wedge seating and stiffness checks were also performed before and during the fatigue test. After
the fatigue test, the specimen was tested statically to failure. Because of the static tests, it was not possible
to determine whether a wire break occurred during the fatigue test or fractured during the static test from
a fatigue crack. However, by examining the fracture surfaces, it was possible to determine if the wire

break was initiated by fatigue.

Table 1.3 Load and Stress Ranges used in Axial Fatigue Tests at FSEL

Specimen #1 #2 #3 #4
Number of Strands 19 43 55 55
Lower Load Level (kip) 406.3 916.6 1176.2 | 1176.2
Upper Load Level (kip) 500.9 1133.7 | 1450.1 1450.1
Load Range in Stay (kip) 94.6 217.1 273.9 273.9
Load Range in Strand (kip) 5.0 5.0 5.0 5.0
Stress Range (ksi) 22.9 23.3 229 22.9

Table 1.4 Location of Fatigue Wire Breaks of FSEL Test

Specimen #1 #2 #3 #4 | Total | %
Number of Strands 19 43 55 55
Number of Wires 133 | 301 385 | 385
Failures at Top Wedges 3 2 5 9%
Failures in Top Transition Region 2 1 11 13 27 50%
Failures in Free Length 6 6 11%
Failures at Contact Points with Helix 8 8 15%
Failures at Bottom Transition Region 7 7 13%
Failure at Bottom Wedges 1 1 2%
Total Failures 5 8 28 13 54
% 3.8% | 2.7% | 7.3% | 3.4%

10




All four specimens experienced fatigue cracks and wire breaks during the 2 million cycles of
fatigue loading. The location and the number of fatigue cracks are summarized in Table 1.4. Note that all
four specimens experienced wire breaks in the top transition region and only test #2 showed wire
fractures in the bottom transition region. Fifty-nine percent of the breaks occurred in the top anchorage
region (wedges and transition region), 26% in the free length or at contact points with the helical spacer
wire in the free length, and 15% in the bottom anchorage (wedges and transition region).

In the autopsy of the specimens, circumferential cracks spaced approximately 1 in. on center were
observed in the grout. Longitudinal cracks over the entire specimen length were found above strands
where wire breaks occurred. Dark corrosion spots on strands were reported at various locations along the
specimens. Some specimens, particularly specimen #3, showed heavy corrosion at the top and bottom
anchor heads.

As shown in Table 1.4, none of the four specimens fulfilled the fatigue test requirement of fewer
than 2% wire breaks after 2 million cycles — the recommendation of the Post-Tensioning Institute
Committee on Stay Cable Bridges (2001). It should also be mentioned that specimen #3 (55 strands)
specimen did not reach 95% of guaranteed ultimate tensile strength (GUTS) as shown in Table 1.5. The
ultimate tensile test is a requirement in some bridge specifications.

As a result of the four tests performed at FSEL, one extra strand was added to all stay cables in
the Fred Hartman Bridge to reduce the service stress ranges in the stays and increase their strength.

Table 1.5 Tensile Strength of Specimens

Specimen #1 #2 #3 #4
Number of Strands 19 43 55 55
Ultimate Tensile Test (kip) 1140 2577 3165 —
95% of GUTS (kip) 1114 2576 3271 3271
Difference (kip) +26 +1 -106 —

1.5.2 Bending Fatigue Tests of Stay Cables

Probably the most comprehensive series of full-size axial and bending fatigue tests on bridge
cables was undertaken as part of the Honshu-Shikoki Bridge Project in Japan. The tests were conducted at
the Japan Construction Method and Machinery Research Institute (Miki et al. 1992).

Axial fatigue was an important issue for the cable-stayed bridges on the Kojima-Sakaida route
because of the large variation of the live load, combined highway and rail traffic route. Bending fatigue
was of general concern because of bending at the anchorage due to the deflection of the girders under live
load. Oscillation of the cables due to the various vibration mechanisms was an additional fatigue concern.

The two types of stay cables were tested, (HIAm SPWS-163 and NEW PWS-163), both are non-
grouted parallel wire cables with button heads and a socket at both ends. Each cable had 163 individually

galvanized wires with a diameter of 0.28 in. and a tensile strength of 240 ksi. The free space within the
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socket was filled with a compound (steel balls, zinc powder, and epoxy resin) for the HiIAm SPWS-163
cable and with a zinc-copper alloy for the NEW PWS-163 cable. Both cable configurations were covered
with a polyethylene pipe. The cables were prestressed to a tension force of 330 to 440 kip. The bending
fatigue tests were performed using a displacement-controlled ram, which cycled the cable at mid-span
(Figure 1.12).

32.8 ft (10 m)

Figure 1.12 Setup for Bending Fatigue Tests — Honshu-Shikoki Bridge Project

The estimated bending stresses at the end of the socket were £29.0 ksi for the NEW PWS-163
and £30.4 ksi for the HIAm SPWS-163 (Table 1.6).

Table 1.6 Summary of Bending Fatigue Tests — Honshu-Shikoki Bridge Project

Stay Cable Type Bending stress at socket a
HiAm SPWS-163 +30.4 ksi +1.0°
NEW PWS-163 +29.0 ksi +0.9°

No fatigue failures were detected on either cable after 10 million cycles with applied bending
angles of £1.0° and +0.9° respectively. The authors stated that the measured stresses within the socket
varied widely. Therefore, it was assumed that the cable did not behave as a single elastic body. The
overall conclusion was that the stay cables behaved very well when subjected to bending fatigue. Follow-
up tests using an angle range of +1.35° for each cable produced fatigue failures at 0.262 million cycles for
the HiAm stay and 0.326 million cycles for the NEW stay.

1.6 SCOPE OF REPORT

The experimental research conducted at the Ferguson Structural Engineering Laboratory at the
University of Texas on the bending fatigue response of grouted stay cables is documented in this report.
Chapter 2 provides an overview of the experimental program and identifies the six primary questions that
were addressed in this research. Two series of specimens were tested. The bending fatigue response of
twelve, large-scale, stay-cable specimens is summarized in Chapter 3 and the bending fatigue response of
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three, small-scale specimens is summarized in Chapter 4. The large-scale, stay-cable specimens had the
same anchorage details as the smallest stays on the Fred Hartman Bridge. Anchorage details
representative of the Veterans Memorial Bridge — including the saddle detail at the pylon — were not
included in the experimental phases of this investigation.

Chapter 5 provides a brief discussion of the expected locations of fatigue damage in grouted stay
cables and Chapter 6 summarizes the effectiveness of two nondestructive methods that were used to
identify the extent of fatigue damage in the test specimens. The acoustic monitoring system described in
this section was installed on both the Fred Hartman and Veterans Memorial Bridges. Specific
recommendations for evaluating the fatigue life of the two cable-stayed bridges in Texas are provided in
Chapter 7.

Due to the large number of fatigue tests conducted during this project, more detailed information
about the performance of individual specimens is provided in the five appendices. The material
characteristics of the strand used to construct the test specimens is documented in Appendix A. The
procedures used to construct the stay-cable specimens are summarized in Appendix B and to construct the
small-scale specimens are summarized in Appendix C. The measured response of the twelve cable-stay
specimens is documented in Appendix D and the measured response of the three small-scale specimens is
documented in Appendix E.
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CHAPTER 2: OVERVIEW OF EXPERIMENTAL PROGRAM

The primary objective of this research project was to investigate the bending fatigue response of
grouted stay cables. The experimental program was designed to answer basic questions about the

behavior of stay cables subjected to transverse bending, including:

(1) Where is fatigue damage likely to occur?
(2) What parameters have the largest impact on the fatigue life of a grouted stay cable?
(3) What mechanisms contribute to fatigue failure of the strand?

(4) How much damage can occur before the structural integrity of the grouted stay cable is
compromised?

(5) Do nondestructive methods provide a reliable assessment of the extent of fatigue
damage?

(6) How does the stress in the strand vary within the cross section and along the length of a
grouted stay cable?

The experimental program was divided into two series of tests. In the first series, twelve, large-
diameter, stay-cable specimens were subjected to bending fatigue loads. The cross section of the stay-
cable specimens was nominally identical to that of the smallest diameter stays on the Fred Hartman
Bridge. The length of the stay-cable specimens, however, was less than one-sixth the length of the
shortest of the prototype stays. The results from the first series of tests were used primarily to answer
questions one through five.

In the second series of tests, three, small-diameter specimens were also subjected to bending
fatigue loads. The number of strands in these specimens was much smaller than the prototype stays and
the cross-sectional properties did not vary along the length of the specimen. However, the ratio of axial
stiffness to flexural stiffness was representative of the prototype stays, whereas the flexural stiffness
dominated the response of the stay-cable specimens. The results from the second series of tests were used
primarily to answer questions four through six.

The configuration of the test specimens and the experimental program are summarized in this
chapter. The stay-cable specimens are discussed in Section 2.1 and the small-diameter specimens are
discussed in Section 2.2. Additional information, including a discussion of the construction procedures,
is provided in Appendix B for the stay-cable specimens and Appendix C for the small-diameter
specimens.

2.1 BENDING FATIGUE TESTS OF STAY-CABLE SPECIMENS

The stay-cable specimens were modeled after the smallest diameter stays on the Fred Hartman
Bridge (Figure 2.1). The anchor heads could accommodate a maximum of nineteen, 0.6-in. strands.
Although much shorter than the prototype stays, the test specimens were constructed in a similar fashion
using anchorage components that were nominally identical to those in the prototype stays. The strands
were assembled within polyethylene (PE) pipe and stressed to 40% of the minimum breaking strength of
the strand. After stressing, the PE pipe was filled with a portland cement-based grout.
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PE Pipe

(a) Cross Section along Free Length of Specimen
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(b) Cross Section at Anchor Head

Figure 2.1 Cross-Sectional Geometry of Cable-Stay Specimens
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The twelve specimens were constructed and tested in two phases. The first four specimens
comprised the first phase. All anchorage hardware for these tests was purchased from VSL International
and the components were fabricated based on the design drawings for the Fred Hartman Bridge (Figure
2.2). The remaining eight specimens comprised the second phase. Only the strand wedges were
purchased from VSL International for these specimens. All other anchorage hardware was fabricated at a
local machine shop, and the connection between the PE transition pipe and the anchor head was
simplified to facilitate construction (Figure 2.3).

Figure 2.3 Exploded View of Deck Anchorage Elements for Cable-Stay Specimens (Phase 2)

Although the stay-cable specimens were tested horizontally, the terms “deck anchorage” and
“tower anchorage” are used throughout this report. The tower end of the specimen was elevated during
the grouting procedure (Figure 2.4). In all cases, the grout was pumped into the specimen through the
grout cap at the deck (lower) end and the pumping operation was stopped when the grout emerged at the
tower (upper) end. In most cases, the tower end of the specimen was also the live end during the stressing
operation.
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Figure 2.4 Position of Cable-Stay Specimen during Grouting

2.1.1 Geometry

The test specimens were constructed in an external, self-reacting frame, which was designed to
resist the initial prestress force in the stay-cable specimen and the loads induced during the fatigue test.
The distance between the outside faces of the load distribution plates, which were attached to the self-
reacting frame, was 32'-7%". The anchor head and either a threaded nut (phase 1) or a smooth end sleeve
(phase 2) were positioned outside the load distribution plates at each end of the test specimens. In phase
1, two shims were also positioned between the load distribution plate and the threaded nut at the tower
end. Therefore, the total length of the test specimens — measured between the outside faces of the anchor
heads — was 34'-4%" for the first four specimens (Figure 2.5) and 34'-0%" for the remaining eight
specimens (Figure 2.6). The two shims at the tower end represent the difference in the length of the
specimens.
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Figure 2.6 Dimensions of Cable-Stay Specimens (Phase 2)

The strands were parallel in the middle section of each specimen (between the tension rings) and
fanned out between the tension ring and anchor head at each end to permit stressing. The inside diameter
of the PE transition pipe at the anchor heads was 6 %5 in. and the inside diameter of the PE pipe along the
free length of the specimen was 3% in. The smallest inside diameter of the PE pipe was 3% in. and
occurred within the tension ring, 45" from the inside face of the anchor head. A helical spacer wire was
positioned inside the PE pipe along the free length to ensure that all strands were encased in at least ¥4" of
grout.

The test specimens were tested in a horizontal position, and transverse loads were applied at
midspan of the self-reacting frame (Figure 2.7). A steel clamp was designed to connect the hydraulic

actuator to the stay-cable specimen.
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Figure 2.7 Test Setup for Stay-Cable Specimens

Because the anchorage region in the test specimens was essentially the same as in the prototype,
the results from the first series of tests could be used to identify the locations along the prototype stay
cables that are most susceptible to fatigue damage. Areas of interest include: (1) immediate vicinity of
anchor head due to high bending stresses, (2) wedges due to local stresses, (3) tension ring due to fretting
between strands, (4) along free length due to fretting between outer strands and spiral spacer wire,
(5) within grout voids due to susceptibility to corrosion, and (6)any location where strands are
inadvertently crossed due to fretting between strands.

2.1.2 Experimental Parameters

Six parameters were selected for investigation in the experimental program: (1) number of
strands in the cross section, (2) type of strand, (3) amplitude of the displacements during the fatigue test,
(4) configuration of the specimen (extent of grouting), (5) live end during stressing, and (6) construction
defects. The configuration of each test specimen is summarized in Table 2.1, and the experimental

parameters are summarized below.

2.1.2.1 Number of Strands

The anchor heads could accommodate nineteen strands, and eleven of the twelve specimens were
constructed with nineteen strands. Specimen 6 was constructed with only thirteen strands to investigate
the relationship between the number of strands and the stiffness of the test specimens.
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Table 2.1 Experimental Parameters for Cable-Stay Specimens

Nurzh T ¢ Displacement S .
Phase | Specimen of lslglarfés S};f aen(()l Amplitude | Configuration tr::;s(;ng Defects
(in.)

1 19 A +1.6 Grouted Tower Grout Void

| 2 19 A +1.6 Grouted Tower
3 19 A +1.6 Grouted Deck Crossed Strands
4 19 A +1.1 Grouted Deck
5 19 A +1.6 Ungrouted Tower
6 13 A +1.6 Grouted Tower
7 19 B +1.6 Grouted Tower

) 8 19 B +1.6 Ungrouted Tower Misaligned Strand
9 19 B +1.6 Grouted Tower Grout Void
10 19 B +1.1 Grouted Tower
11 19 B +1.1 Hybrid Tower
12 19 B +1.6 Grouted Tower

2.1.2.2 Type of Strand

Two types of 0.6-in. strand were used in the experimental program and the properties of the
strand are described in Appendix A. Strand A was used to construct the first six test specimens and
Strand B was used to construct the second six test specimens. Strand B was fabricated specifically for
cable-stay applications and the diameter of the center wire was slightly larger (Table A.2). Both types of
strand satisfied the strength requirements in ASTM A416.

2.1.2.3 Amplitude of Displacements

During the fatigue tests, the displacements at midspan varied +1.6 in. from the neutral position for
nine of the specimens. This displacement amplitude was selected to induce a stress range of 35 to 45 ksi
in the strand at the anchor head of the grouted specimens, based on the initial analyses of the test
specimens (Dowd 2001). However, the strain in the strand was not measured during the fatigue tests of
the cable-stay specimens, so the target stress range could not be confirmed. Three of the specimens were
tested using a displacement range of +1.1 in. to investigate the sensitivity of the fatigue life to the
amplitude of the imposed displacements.

2.1.2.4 Specimen Configuration

Nine test specimens were grouted along their entire length and were representative of the
prototype stays. Specimens 5 and 8 were grouted only in a 3-ft section at midspan where the hydraulic
actuator was attached to the specimen. The ungrouted specimens were designed to investigate the
contribution of the grout to the stiffness of the test specimens. Specimen 11 was grouted at both ends and
in the middle. This hybrid specimen was intended to provide additional information about the
contribution of the grout to the stiffness of the test specimens.
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2.1.2.5 Live End for Stressing

Large differences in the number of wire breaks at the tower and deck ends were observed in
Specimens 1 and 2. Both of these specimens were stressed from the tower end and grouted from the deck
end. In an attempt to determine the relative importance of the stressing and grouting operations,
Specimens 3 and 4 were stressed from the deck end and grouted from the deck end. The results were
inconclusive, so the remaining specimens were stressed from the tower end and grouted from the deck

end.

2.1.2.6 Construction Defects

Four specimens were assembled with construction defects, two were intentional and two were
unintentional. An unintentional grout void was observed at the tower end of Specimen 1 at the
conclusion of the fatigue test. Two factors contributed to the presence of the void: (a) six strands were
positioned above the grout holes in the anchor head and (b) anti-bleed admixture was not used in the
grout. In subsequent tests, the anchor heads were rotated 90° and anti-bleed admixture was used in the
grout. Unintentional grout voids were not observed in any of the other specimens.

Specimen 3 was constructed with crossed strands. Two pairs of strands were intentionally
crossed at both ends of the specimen between the tension ring and the anchor head. The strands were
crossed to investigate the likelihood of fretting failures in the strand at locations of possible construction
errors.

Specimen 8 was constructed with a misaligned strand near the tension ring at the deck end. This
construction defect was not intentional. Because this specimen was ungrouted, evidence of fretting was
observed during the fatigue test.

Specimen 9 was constructed with an intentional grout void at the tower end. TxDOT personnel
had identified a grout void in one of the stays on the Fred Hartman Bridge. The specimen was used to
investigate repair techniques and the possible impact of those techniques on the fatigue life of the stay
cable.

2.1.3 Testing Program

Transverse loads were applied at midspan of the external loading frame during each fatigue test
(Figure 2.7). The fatigue tests were run under displacement control, so the amplitude of the
displacements did not vary as damage accumulated in the specimens. The test specimens were pushed
downward and pulled upward from the neutral position. The force levels needed to impose the target
displacements were monitored each day, and provided an indication of stiffness changes in the stay-cable
specimens.

In the second phase of the experimental program, the static stiffness and fundamental natural

frequency of the test specimens were measured at the beginning and end of each fatigue test.
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2.1.4 Acoustic Monitoring

During each fatigue test, the acoustic response of the test specimens was monitored using a
SoundPrint® system from Pure Technologies Ltd. This is the same type of system that is currently used
to monitor the response of the stay cables on the Fred Hartman and Veterans Memorial Bridges. The
acoustic sensors were set in a trigger mode, which was calibrated to detect wire breaks in the stay-cable
specimens. The system provided a time stamp and location for each acoustic event.

2.1.5 Autopsy

At the conclusion of each fatigue test, the specimen was disassembled. The condition of the
grout, extent of corrosion, and the number and location of wire breaks were documented. Most of the
wire breaks were caused by fretting fatigue, and the fracture surface of each wire was examined to
determine the source of the failure. The observed wire breaks were also compared with the wire breaks
detected by the acoustic sensors to evaluate the sensitivity of the acoustic monitoring system.

2.2 BENDING FATIGUE TESTS OF SMALL-DIAMETER SPECIMENS

The small-diameter specimens were designed to be simple representations of grouted stay cables
on the Fred Hartman Bridge. The specimens were constructed with two, 0.6-in. strands, which were
parallel along the entire length (Figure 2.8). The dimensions of the anchor heads were the same as the
anchor heads for the stay-cable specimens, except the maximum number of strands that could be
accommodated was four, rather than nineteen for the cable-stay specimens (Figure C.4). The strands
were assembled within post-tensioning (PT) duct, which is a blend of polyethylene and polypropylene.
The strands were stressed to 50% of the minimum breaking strength of the strand. After stressing, the PT
duct was filled with a portland cement-based grout. The small-diameter specimens were constructed and

tested in a horizontal position.

PT Duct

Figure 2.8 Cross-Sectional Geometry of Small-Diameter Specimens
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2.2.1 Geometry

The ends of the small-diameter specimens were supported by independent reaction frames, which
were bolted to the strong floor in Ferguson Laboratory (Figure 2.9). The distance between the outside
faces of the load distribution plates was 49'-0". Because the strands were parallel along the entire length,
the anchor heads were positioned directly against the load distribution plates, and tension rings were not

used in the small-diameter specimens.

18T
1ol

~J [~

49'-0"
Figure 2.9 Geometry of Small-Diameter Specimens

The inner diameter of the PT duct was 3.35 in. and the wall thickness was approximately % in.
The duct had transverse ribs and longitudinal flow channels. The outside diameter, measured to the
outside of the ribs, was 4.0 in.

Initially, the transverse fatigue loads were applied at midspan of Specimen 1 (Figure 2.10). After
more than forty days of testing, the location of the loading point was shifted toward the north quarter
point (Figure 2.11) for the conclusion of this test and for all subsequent tests. Due to the simple geometry
of the small-diameter test specimens, fatigue damage was expected to occur in the immediate vicinity of
the north anchor head.

Actuator Location 1
1l

North H South

1ol

18T

24’_6" ! 24!_6"

49’_0"
Figure 2.10 Original Loading Configuration for Small-Diameter Specimens
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Figure 2.11 Final Loading Configuration for Small-Diameter Specimens

2.2.2 Experimental Parameters

All three test specimens were nominally identical. The primary difference was the number of
strain gages used to capture the response of the strand (Table 2.2). In addition, the amplitude of the

displacements during the fatigue test was slightly larger for Specimen 3.

Table 2.2 Experimental Parameters for Small-Diameter Specimens

Fatigue Limits )
Specimen Number of — : Displacement
P Strain Gages Minimum Maximum Amplitude
(in.) (in.)
1 10 1.35 2.60 1.25
2 16 1.35 2.60 1.25
3 32 0.80 2.20 1.40

" First 3.4 million cycles for Specimen 1 were run under load control with the
loads applied at midspan.

2.2.3 Testing Program

The hydraulic actuator used to test the small-diameter specimens did not have an internal
displacement transducer. Therefore, the fatigue tests for Specimen 1 were started under force control.
The test was not as stable as desired, so an external displacement transducer was added to the system after
approximately 3.4 million cycles — the same time that the loading frame was moved near the north quarter
point.

For the remainder of the fatigue test for Specimen 1 and for all subsequent tests, the fatigue test
was run under displacement control. To maintain stability of the test system, the specimens were pulled
upward only. The minimum displacement during each fatigue test was above the neutral position for the
specimen.

Periodically during the fatigue tests of the small-diameter specimens, the static stiffness and strain

response was measured. In addition, the hydraulic actuator was disconnected from the specimen and the
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first six natural frequencies were measured. The objective of these periodic tests was to quantify changes
in the structural characteristics of the specimens as damage accumulated.

2.2.4 Acoustic Monitoring

During each fatigue test, the acoustic response of the test specimens was monitored using a
SoundPrint® system from Pure Technologies Ltd. The acoustic sensors were set in a trigger mode, which
was calibrated to detect wire breaks in the small-diameter specimens. The system provided a time stamp

and location for each acoustic event.

2.2.5 Autopsy

At the conclusion of each fatigue test, the specimen was disassembled. The number and location
of wire breaks were documented. The observed wire breaks were compared with the wire breaks detected
by the acoustic sensors to evaluate the sensitivity of the acoustic monitoring system.
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CHAPTER 3: FATIGUE RESPONSE OF STAY-CABLE SPECIMENS

Each of the twelve stay-cable specimens resisted more than two million fatigue cycles during the
experimental phase of this research (Figure 3.1). The criterion for stopping each fatigue test was not
established in advance. In some cases, the test was terminated after a large number of wire breaks had
been detected. In other cases, the test was terminated after the specimen survived a large number of
fatigue cycles with relatively few wire breaks. The number of wire breaks experienced by the test
specimens varied widely (Figure 3.2): zero wires fractured during the fatigue test of Specimen 5, while
one hundred fifty wires fractured during the fatigue test of Specimen 12.

The results of the fatigue tests are summarized in Table 3.1. It should be noted that damage
within the test specimens accumulated gradually with the number of loading cycles at the beginning of the
fatigue tests (Figure 3.3). The presence of one or two wire breaks had essentially no impact on the
structural integrity of the stay-cable specimens. However, the rate of damage did increase during the
fatigue tests, and this increase occurred at a different number of loading cycles for different specimens
and for different locations within the same specimen.

The extent of the observed damage in the stay-cable specimens is summarized in Section 3.1, the
influence of the experimental parameters on the fatigue life is discussed in Section 3.2, the mechanisms
that caused failure of the individual wires in the strands are discussed in Section 3.3, the relationship
between the structural integrity of the test specimens and the number of wire breaks is presented in
Section 3.4, and the sensitivity of the acoustic monitoring system is summarized in Section 3.5. Detailed
discussions of the response of each specimen and the observed damage are documented in Appendix D.

Table 3.1 Summary of Fatigue Tests of Stay-Cable Specimens

_ Number | Displacement Number of Observed Wire Breaks"

D Specimen of Amplitude Number of

Type Strands i) Cycles Deck Center | Tower Total
1 Grouted 19 +1.6 2,808,398 0 11 14 25
2 Grouted 19 +1.6 2,865,103 1 16 52 69
3 Grouted 19 +1.6 4,961,560 13 62 9 84
4 Grouted 19 +1.1 8,775,245 3 0 28 31
5 Ungrouted 19 +1.6 5,211,106 0 0 0 0
6 Grouted 13 +1.6 6,486,024 0 11 17 28
7 Grouted 19 +1.6 2,246,869 17 65 37 119
8 Ungrouted 19 +1.6 6,200,593 2 0 2 4
9 Grouted 19 +1.6 2,634,309 3 61 12 76
10 Grouted 19 +1.1 5,614,211 8 21 23 52
11 Hybrid 19 +1.1 4,640,450 7 9 0 16
12 Grouted 19 +1.6 2,703,958 29 86 35 150

" Multiple breaks in the same wire are included in the totals.
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Figure 3.1 Number of Fatigue Cycles for Cable-Stay Specimens
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3.1 OBSERVED DAMAGE

At the conclusion of each fatigue test, the specimen was disassembled and the damage to the
strand and grout was documented (Appendix D). The damage was concentrated near the ends of the
specimens and at midspan, where the transverse loads were applied.

Three hundred eight wire breaks were identified at the ends of the cable-stay specimens. Nearly
50% of the wire breaks (Figure 3.4) occurred within the anchor head, with more than 15% within the
wedges. Approximately 25% of the wire breaks were located within the threaded nut used in phase 1 or
the smooth end sleeve used in phase 2. The remaining wire breaks were distributed along the transition
region. All wire breaks occurred within 20 in. of the inside face of the anchor head.

Percent of Wire
reak

o
IS

8 12 16 20 24

Distance from Inner Face
of Anchor Head, in.

Wedges
Anchor Head

Figure 3.4 Distribution of Observed Wire Breaks at Ends of Stay-Cable Specimens

In spite of the congestion of the strands at the tension ring, no wire breaks were identified in this
region. In addition, no wire breaks were identified in the vicinity of the intentionally crossed strands in
Specimen 3.

Three hundred forty-two wire breaks were observed at midspan of the test specimens (Figure
3.5). Nearly 85% of the wire breaks occurred within the metal clamp used to attach the hydraulic actuator
to the test specimens, with more than 50% of the wire breaks directly beneath the head of the actuator.
Only 5% of the wire breaks occurred beyond the PE cushion and all wire breaks were within 20 in. of
midspan.
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Figure 3.5 Distribution of Wire Breaks at Midspan of Stay-Cable Specimens

The distributions of wire breaks within the cross sections at each end and at midspan are
summarized in Figure 3.6 through Figure 3.8. For the grouted test specimens, the wire breaks at the ends
tended to occur in the layers of strand at the top or bottom of the cross section. Only in Specimens 1, 2, 6,
and 12 did the wire breaks occur in an inner layer of strand. The large number of wire breaks in the top
and bottom layers of Specimens 2 and 12 likely caused the damage to spread to the inner layers.
However, in Specimen 1, the presence of the grout void seems to have influenced the damage pattern.
Specimen 8, which was ungrouted, was the only specimen to experience wire breaks in the middle layer
of strands.

At midspan, wire breaks in the inner layers of strands were more common, especially when most
of the wires in the outer layer fractured. Corroded fretting product was often observed in the vicinity of
the wire breaks (Figure 3.9). The amount of observed corrosion tended to increase as the number of wire
breaks increased.
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O Unbroken wire @ Broken wire ® Wedge Failure

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3

(d) Specimen 4 (e) Specimen 5 (f) Specimen 6

(9) Specimen 7 (h) Specimen 8 (i) Specimen 9

(j) Specimen 10 (K) Specimen 11 (I) Specimen 12
Figure 3.6 Summary of Wire Breaks at Tower End of Stay-Cable Specimens
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O Unbroken wire @ Broken wire ® Wedge Failure

(a) Specimen 1 (b) Specimen 2 (c) Specimen 3

(d) Specimen 4 (e) Specimen 5 (f) Specimen 6

(g) Specimen 7 (h) Specimen 8 (i) Specimen 9

(j) Specimen 10 (K) Specimen 11 (I) Specimen 12
Figure 3.7 Summary of Wire Breaks at Deck End of Stay-Cable Specimens
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(j) Specimen 10 (K) Specimen 11 (I) Specimen 12
Figure 3.8 Summary of Wire Breaks at Midspan of Stay-Cable Specimens
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Figure 3.9 Corroded Fretting Product on Surface of Strand at Midspan — Specimen 12

In the vicinity of wire breaks, the grout was often severely cracked (Figure 3.10 and Figure 3.11).
Longitudinal cracks in the grout were characteristic of wire breaks, whereas fine circumferential cracks
were observed in regions that were undamaged (Figure 3.12). These circumferential cracks were
representative of cracks observed along the free length of the cables on the Fred Hartman Bridge (Figure
3.13). The width of the circumferential cracks in the test specimens tended to increase with time as the
grout was exposed to the environment. These cracks were believed to be caused by shrinkage of the
grout.

e 4

Figure 3.10 Condition of Grout at Deck End Immediately after Removing
PE Pipe — Specimen 10
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Figure 3.11 Longitudinal Cracks in Grout, Corrosion of Strand, and Wire Breaks
near Midspan of Specimen 1

Figure 3.12 Hairline Transverse Grout Cracks — Specimen 1
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Figure 3.13 Hairline Transverse Grout Cracks - Fred Hartman Bridge

The strands were observed to be most severely congested in the vicinity of the tension ring
(Figure 3.14). The strands around the perimeter of the cross section were not encased in grout at this
location.

Tension Ring

Figure 3.14 Exposed Strand at Tension Ring — Specimen 1

3.2 INFLUENCE OF EXPERIMENTAL PARAMETERS ON FATIGUE LIFE

Among the experimental parameters considered in this set of experiments, the fatigue life of the
cable-stay specimens appeared to be most sensitive to two. The ungrouted specimens (Specimens 5 and
8) experienced far fewer wire breaks than the grouted specimens (Figure 3.2). In addition, the fatigue life
was considerably longer for the three specimens that were subjected to lower-amplitude displacement
cycles during the fatigue tests (Specimens 4, 10, and 11).
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The lateral stiffness of the test specimens was used as quantitative means of comparing the
fatigue response. The response of the specimens was not monitored continuously during the fatigue tests,
but key data were recorded on a daily basis. The fatigue tests were run under displacement control;
therefore, the applied forces necessary to achieve the target displacement levels provide an indication of
the lateral stiffness. Representative data, including the variation of the peak applied loads and the
occurrence or wire breaks, are plotted in Figure 3.15 as a function of the number of loading cycles. Data
for all test specimens are presented in Appendix D. The average of the applied loads in the two directions
divided by the peak displacement is defined as the average dynamic stiffness.
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Figure 3.15 Variation of Applied Loads during Fatigue Test of Representative Cable-Stay
Specimen

In order to correct for variations in the stiffness due to grouting and number of strands, the
normalized dynamic stiffness was used to compare specimen response. The value of the average dynamic
stiffness at any point in time was divided by the average dynamic stiffness at the beginning of the fatigue
test.

The response of six grouted test specimens subjected to displacements of £1.6 in. is plotted in
Figure 3.16. During the first 500,000 cycles, the changes in stiffness were modest, but by 1.5 million
cycles four of the six specimens experienced a 5% reduction in the average dynamic stiffness. The
change in stiffness increased sharply between 1.5 and 2 million cycles. Three of the specimens
(Specimens 7, 9 and 12) experienced between 15 and 20% reductions in stiffness by 2 million cycles.
The damage accumulation was slower in Specimens 1 and 2, which experienced between 5 and 10%
reductions in stiffness by 2.5 million cycles. Specimen 6 exhibited the best behavior of the group.
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The reductions in dynamic stiffness for the grouted specimens seem to be closely related to the
number of wire breaks experienced at midspan. Specimens 7, 9, and 12 experienced more than 60 wire
breaks at midspan (Figure 3.8) and exhibited the most pronounced reductions in dynamic stiffness. In
contrast, Specimens 1, 2, and 6 experienced 16 or fewer wire breaks at midspan and exhibited better
fatigue performance. These trends seem to indicate that Strand A exhibited better bending fatigue
performance that Strand B, but data from Specimen 3 are not available to confirm this trend.

11

Normalized Dynamic Stiffness

0.7
—0— Specimen 1 —&— Specimen 2
+— Specimen 6 --%--Specimen 7
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0.6 ‘ : ! !
0 1,000,000 2,000,000 3,000,000

Number of Cycles

Figure 3.16 Variation in Average Dynamic Stiffness of Grouted Specimens with 1.6-in.
Displacement Amplitude

The response of two grouted test specimens subjected to displacements of £1.1 in. is plotted in
Figure 3.17. The average dynamic stiffness of these specimens remained essentially constant for the first
3 million cycles. The stiffness decreased rapidly between 3.5 and 4.5 million cycles. Data from
Specimen 4 are not available to evaluate the sensitivity of the fatigue response to the type of strand.

The response of the two ungrouted specimens is plotted in Figure 3.18. Both specimens
experienced more than 5 million cycles with less than a 10% decrease in the average dynamic stiffness.
These data also support the hypothesis that Strand A exhibited better bending fatigue performance than
Strand B, but one of the strands in Specimen 8 was misaligned, and significant fretting damage was
observed during the fatigue test near the tension rings (Figure 3.19). However, in spite of this observed
damage, the wire breaks occurred within the anchor head for Specimen 8.
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Figure 3.17 Variation in Average Dynamic Stiffness of Grouted Specimens with 1.1-in.
Displacement Amplitude
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Figure 3.18 Variation in Average Dynamic Stiffness of Ungrouted Specimens
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Figure 3.19 Reduction of Cross-Sectional Area of Strands Due to Fretting — Specimen 8

3.3  FAILURE MECHANISMS IN WIRES

During the autopsy of the test specimens, the fracture surface of each wire break was examined
using a microscope. The wire breaks were caused primarily by fretting fatigue, which occurs when two
adjacent wires rub against each other under cyclic loading. The initiation of a fatigue crack occurs at the
contact point between the two wires; the fatigue crack continues to grow outward in a semi-circular
manner until the loss in cross-sectional area due to the crack is sufficient to cause a tension failure.

Two types of fretting fatigue failures were most common. The first type occurred due to fretting
between the center wire and an outer wire, as shown in Figure 3.20. This type of fretting can lead to
fracture of the center wire, the outer wire, or both wires at the contact point. The second type of fatigue
failure was due to fretting between two adjacent outer wires as shown in Figure 3.21. Failures caused by
fretting of adjacent wires in the strand, center-outer and outer-outer, represented nearly 90% of the
observed wire breaks.

A third, less common type of fatigue failure was observed where the fatigue crack initiated at a
point that was not in contact with other wires in the strand. The point where the first tooth on the wedge
engaged the strand often served as the initiation point for this type of crack (Figure 3.22 through Figure
3.24). This type of fretting failure represented approximately 6% of the total.

Occasionally fatigue failures were also observed to initiate at a point where an exterior wire was
not in contact with the other wires in the strand. It is unknown what caused this type of failure, although
possible sources are corrosion, defects on the wire, or fretting with the helical spacer wire (Figure 3.25).
The remaining 5% of the wire breaks were in this category.
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Figure 3.21 Fretting between Adjacent Outer Wires
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Extent of fatigue crack

Figure 3.22 Isolated Fatigue Failure at Wedge
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Figure 3.23 Fracture Initiation Figure 3.24 Typical Tooth Mark
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Figure 3.25 Fatigue Failure Caused by External Source

3.4 LOSSOF STRUCTURAL INTEGRITY

As discussed in Section 3.2, the average dynamic stiffness can be used to evaluate changes in the
structural characteristics of the specimens as damage accumulated. The initial and final values of the
average dynamic stiffness are reported in Table 3.2, as is the maximum number of wire breaks at a single
location. In several of the test specimens, multiple breaks occurred in the same wire over very short
distances. As discussed in Appendix D, the tension in the wire dropped to zero after the first wire break,
and subsequent wire breaks did not exhibit a tensile failure, but were characterized by fatigue crack
growth only. Therefore, the number of wire breaks reported in Table 3.2 for Specimens 3, 6, and 12 is
less than the total number of wire breaks observed during the autopsy (Table 3.1), but represents the loss
of cross-sectional area available to resist tension in the stay.

The ratio of the final average dynamic stiffness to the initial average dynamic stiffness is defined
as the average dynamic stiffness ratio. The average dynamic stiffness ratio for the grouted specimens is
plotted in Figure 3.26 as a function of the number of wire breaks at one location divided by the total
number of wires. This parameter is of interest, because the data from the acoustic sensor systems
installed on the Fred Hartman and Veterans Memorial Bridges can be used to track the number of wire
breaks at a single location. Although the data are sparse, a loss of approximately 10% of the wires at a
given location corresponds to a 10% loss in lateral stiffness.
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Table 3.2 Summary of Variations in Stiffness and Frequency during
Fatigue Tests of Cable-Stay Specimens

Average Dynamic Average Fundamental Wire Breaks
Soecimen Stiffness Dynamic Frequency Frequency at One Location
P Initial Final Stiffness | Initial Final Ratio ]
— — Ratio Location | Number | Percent
(kip/in.) | (kip/in.) (Hz) (H2)
1 4.73 4.45 0.941 — 12.0 — Tower 14 10.5
2 4.75 4.03 0.847 12.5 115 0.920 Tower 52 39.1
3 — — — — — — Midspan 55 41.4
4 — — — 12.5 — — Tower 28 21.1
5 3.90 3.84 0.986 13.8 13.5 0.978 — 0 0
6 3.14 2.86 0.914 115 11.0 0.957 Tower 17 18.7
7 4.79 4.04 0.843 13.3 11.1 0.835 Midspan 63 47.4
8 4.11 3.90 0.948 13.9 13.4 0.964 Tower 2 15
9 4.97 3.72 0.750 12.5 10.5 0.840 Midspan 61 45.9
10 4.62 3.79 0.821 13.0 11.8 0.908 Tower 23 17.3
11 4.55 4.11 0.904 15.0 13.3 0.887 Midspan 9 6.8
12 4.75 2.70 0.568 13.1 10.0 0.763 Midspan 83 62.4
" Multiple breaks in the same wire are not included in the totals.
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Figure 3.26 Sensitivity of Dynamic Stiffness Ratio to Number of Wire Breaks
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The measured values of the fundamental natural frequency at the start and end of the fatigue tests
are also reported in Table 3.2. Frequency data are much easier to measure in the field than stiffness data.
However, as indicated in Figure 3.27, the natural frequencies are not as sensitive to fatigue damage as the
lateral stiffness ratios. A 10% change in the fundamental frequency corresponds to between 10 and 40%
loss of wires at the critical location.
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Figure 3.27 Sensitivity of Fundamental Frequency Ratio to Number of Wire Breaks

3.5 SENSITIVITY OF ACOUSTIC MONITORING SYSTEM

The acoustic monitoring system was used during the fatigue tests of all twelve specimens. As
indicated in Table 3.3, the acoustic sensors provided a reasonable estimate of the number of wire breaks
observed during the autopsy. The sensors used for Specimens 1 through 4 were prototypes, and the
sensors used for Specimens 5 through 12 are similar to those installed on the Fred Hartman Bridge.
Among the specimens in phase 2, the largest discrepancies between the observed number of wire breaks
and the number of wire breaks detected by the acoustic sensors occurred in Specimens 7 and 12. These
specimens experienced the largest number of wire breaks, and multiple breaks in the same wire were
observed in both specimens. Therefore, the differences are not considered to be significant.
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Table 3.3 Comparison of Observed Wire Breaks and Wire Breaks Detected by Acoustic Sensors

D Observed” Detected by Acoustic Sensors Difference
Tower | Midspan | Deck | Total | Tower | Midspan | Deck | Total | Tower | Midspan | Deck

1 14 11 0 25 14 11 0 25 0 0 0
2 52 16 1 69 49 17 1 67 -3 +1 0
3 9 62 13 84 10 63 13 86 +1 +1 0
4 28 0 3 31 26 0 1 27 -2 0 -2
5 0 0 0 0 0 0 0 0 0 0
6 17 11 0 28 17 11 0 28 0 0 0
7 37 65 17 119 36 62 16 114 -1 -3 -1
8 2 0 2 4 2 0 2 4 0 0 0
9 12 61 3 76 12 62 3 77 0 +1 0
10 23 21 8 52 23 20 9 52 0 -1 +1
11 0 9 7 16 0 8 7 15 0 -1 0
12 35 86 29 150 36 84 28 148 +1 -2 -1

" Multiple breaks in the same wire are included in the totals.

The longitudinal distributions of wire breaks detected by the acoustic sensors at the ends and at
midspan are shown in Figure 3.28 and Figure 3.29, respectively. All the wire breaks were correctly
located within 2 ft of the inside face of the anchor head; however, the reported locations of the wire
breaks were nearly uniformly distributed within this region. The centroid of the actual distribution of
wire breaks was closer to the inside face of the anchor head (Figure 3.4). At midspan, the reported
locations of the wire breaks provided a better estimate of the actual distribution (Figure 3.5).
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CHAPTER 4: FATIGUE RESPONSE OF SMALL-DIAMETER
SPECIMENS

As discussed in Chapter 2, the small-diameter specimens were designed to be simple
representations of the prototype, grouted stay cables. The objective of this set of experiments was to
monitor changes in stiffness, frequency, and strain as damage accumulated. The results of the fatigue
tests are summarized in Table 4.1. Specimen 1 collapsed after all wires in both strands fractured at the
north end. In order to avoid possible damage to the testing equipment, the fatigue tests for the other two

specimens were terminated before failure.

Table 4.1 Summary of Fatigue Tests of Small-Diameter Specimens

Displacement Number of Observed Broken Wires'
D Amplitude Numbler of North ngd ngd South
. Cycles Position | Position
(in.) End o 1 End
1 1.25 5,044,194 14 0 2 0
2 1.25 4,715,555 7 0 — 0
3 1.40 1,651,467 10 0 — 0

Multiple wire breaks were not considered in the totals.

" Load Position 1 was at midspan, Load Position 2 was at the north
quarter point.

The extent of the observed damage in the small-diameter specimens is summarized in Section 4.1,
the measured relationships between the transverse stiffness and natural frequencies and the level of
damage is discussed in Section 4.2, the measured strain response is summarized in Section 4.3, and the
sensitivity of the acoustic monitoring system is summarized in Section 4.4. Detailed discussions of the

response of each specimen and the observed damage are documented in Appendix E.

4,1 OBSERVED DAMAGE

Due to the location of the applied transverse loads, damage in the small-diameter specimens was
concentrated near the north end (Table 4.1). At least half the wires fractured at this location in each of the
test specimens, and all the wires fractured in Specimen 1. Approximately 45% of the wire breaks
occurred within the north anchor head and 50% of the wire breaks occurred within 4 in. of the inside face
of the anchor head (Figure 4.1). All wire breaks occurred within 8 in. of the inside face of the anchor
head.

The distributions of wire breaks within the cross section are shown in Figure 4.2. Multiple wire
breaks were observed in individual wires in Specimens 2 and 3. The level of damage was extremely high

in all three specimens at the conclusion of the fatigue tests.
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Figure 4.1 Distribution of Observed Wire Breaks at North End of Small-Diameter Specimens
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Figure 4.2 Summary of Wire Breaks at North End of Small-Diameter Specimens

4.2 LOSSOF STRUCTURAL INTEGRITY

The fatigue tests were stopped periodically to measure the transverse stiffness and natural
frequencies of the test specimens. In many cases, these tests were conducted shortly after the acoustic
monitoring system detected a wire break. With the exception of Specimen 1, all the wire breaks occurred
at the north end of the specimens, so the damage may be considered to be concentrated in one area, rather
than distributed, along the length of the test specimen.

4.2.1 Transverse Stiffness

The transverse stiffness was determined by applying static loads to the test specimens and
measuring the resulting displacements. The variation of the stiffness reduction ratio — the measured
stiffness divided by the initial stiffness — is plotted in Figure 4.3 through Figure 4.5 for Specimens 1
through 3, respectively.
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Figure 4.3 Sensitivity of Transverse Stiffness to Number of Wire Breaks — Specimen 1

For Specimen 1, the loads were initially applied at midspan, and all five stiffness measurements
were taken with the actuator in this position. The two wire breaks shown in Figure 4.3 occurred near
midspan, and were confirmed during the autopsy of the test specimen. The stiffness of Specimen 1 varied
by less than 5% during the 3.2 million fatigue cycles documented in Figure 4.3.
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Figure 4.4 Sensitivity of Transverse Stiffness to Number of Wire Breaks — Specimen 2

For Specimen 2, the transverse stiffness was within 10% of the initial stiffness until five wire
breaks had been detected (Figure 4.4). The final stiffness was measured at the conclusion of the fatigue
test, when the autopsy indicated that all seven wires in the top strand had fractured. In spite of a 50% loss
in the cross-sectional area of the strand, the transverse stiffness decreased by only 25%.
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Figure 4.5 Sensitivity of Transverse Stiffness to Number of Wire Breaks — Specimen 3

Specimen 3 exhibited a 20% reduction in stiffness after the sixth wire break had been detected
(Figure 4.5). At the conclusion of the fatigue test, the autopsy indicated that 10 individual wires had
fractured at the north end, and the stiffness decreased by less than 40%. For this condition, only four
wires were intact (less than 30% of the total number of wires).

4.2.2 Natural Frequency

The natural frequencies of the first six modes of vibration were also measured periodically during
the fatigue tests. The variation of the frequency reduction ratios — the measured natural frequency divided
by the initial natural frequency — is plotted in Figure 4.6 through Figure 4.8 for Specimens 1 through 3,
respectively.

For Specimen 1 (Figure 4.6), the first three natural frequency measurements (NF 0O through NF 2)
occurred before repositioning the hydraulic actuator. The two wire breaks detected during this period
occurred at midspan of the specimens. While the higher frequencies exhibited modest reductions in these
tests, the fundamental frequency was not sensitive to the damage.

Natural frequency measurements NF 3 and NF 4 occurred after the hydraulic actuator was
positioned near the north quarter point, and all additional wire breaks occurred near the north anchor
head. The first appreciable change in all six natural frequencies was observed after the sixth wire break
was detected at the north end. However, the changes were less than 10% in all cases.

The last set of natural frequencies (NF 4) was obtained after approximately 4.5 million fatigue
cycles. Because Specimen 1 collapsed, it was not possible to measure the natural frequencies at the
conclusion of the fatigue test.
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Figure 4.6 Sensitivity of Natural Frequencies to Number of Wire Breaks — Specimen 1

Specimen 2 also exhibited very slight changes in the natural frequencies with the first two wire
breaks (Figure 4.7). The changes in natural frequencies were less than 5% until the fifth wire break was
detected. In spite of the fact that all seven wires in the top strand had fractured at the time of NF 8, the
changes in natural frequency only slightly exceeded 10% in the first two modes of vibration and were less

in the higher modes.
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Figure 4.7 Sensitivity of Natural Frequencies to Number of Wire Breaks — Specimen 2

Specimen 3 exhibited the most pronounced relationship between natural frequency and damage
(Figure 4.8). By the time that six wire breaks were detected, all six modes exhibited a 10% reduction in
frequency. At the conclusion of the fatigue tests, ten of fourteen wires were fractured, and the lower
modes exhibited a change of nearly 20%.
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Figure 4.8 Sensitivity of Natural Frequencies to Number of Wire Breaks — Specimen 3

4.3 STRAIN MEASUREMENTS

Strains were measured at various locations along all three, small-diameter specimens. In order to
capture the maximum strain response, gages were positioned within 2 in. of the north anchor head in all
cases. These gages tended to exhibit nonlinear trends with increasing load (Figure 4.9). It is believed that

cracking of the grout caused these trends.
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Figure 4.9 Strains Measured at North Anchor Head — Specimen 2

The most complete set of data was obtained for Specimen 3 (Section E.3.2). The data indicated
that the highest stresses occurred near the north anchor head (Figure 4.10), as expected. However, for
closely-spaced gages, the magnitude of the stress did not always decrease with distance along the span.
These trends were also believed to be caused by cracking of the grout.
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Figure 4.10 Variation of Maximum Stress along Length of Specimen 3 after 2,000 Fatigue Cycles

The gages in the immediate vicinity of the anchor heads tended to fail after several hundred

thousand fatigue cycles.

Therefore, it was not possible to monitor changes in these stress levels as

damage accumulated. However, the stresses at other locations did not vary considerably with the number

of cycles (Figure 4.11).
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Figure 4.11 Variation of Maximum Stress along Length of Specimen 3 after 750,000 Fatigue Cycles

The stress data plotted in Figure 4.10 indicate a maximum bending stress of approximately 35 ksi

in the strand near the north anchor head. The first wire break in Specimen 3 was detected after 415,000

fatigue cycles. This fatigue life is consistent with the range observed for strand tested in air at this stress

range (Appendix A).
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4.4  SENSITIVITY OF ACOUSTIC MONITORING SYSTEM

The acoustic monitoring system was used during the fatigue tests of all small-diameter
specimens. As indicated in Table 4.2, the acoustic sensors provided a reasonable estimate of the number
of broken wires observed during the autopsy. Because the total number of broken wires at the north end
of the test specimens was such a high fraction of the total number of wires (Figure 4.2), it is not surprising
that the number of breaks detected by the acoustic sensors was slightly less than observed.

Table 4.2 Comparison of Observed Wire Breaks and Wire Breaks Detected by Acoustic Sensors

D Observed Broken Wires” Detected by Acoustic Sensors Difference
North | Midspan | South | Total | North | Midspan | South | Total | North | Midspan | South
1 14 2 0 16 12 2 0 14 -2 0 0
7 0 0 7 6 0 0 6 -1 0 0
3 10 0 0 10 8 0 0 8 -2 0 0

" Multiple wire breaks were not considered in the totals.

The longitudinal distribution of wire breaks detected by the acoustic sensors at the north end is
shown in Figure 4.12, respectively. All the wire breaks were reported within 3 ft of the inside face of the
anchor head; however, the centroid of the actual distribution of wire breaks was closer to the inside face
of the anchor head (Figure 4.1).
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CHAPTER 5: EXPECTED LOCATIONS OF FATIGUE DAMAGE
IN GROUTED STAY CABLES

At the beginning of this project, the research team identified six locations where they considered
the likelihood of fatigue damage in the prototype stay cables to be high: (1) immediate vicinity of the
anchor head due to high bending stresses, (2) wedges due to high local stresses and crack initiation during
stressing, (3) tension ring due to fretting between adjacent strands, (4) along free length due to fretting
between outer strands and helical spacer wire, (5) within grout voids due to the increased chance of
corrosion, and (6) at the location of inadvertently crossed strands due to fretting between strands. While
it was not possible to evaluate each location under prototype conditions, the bending fatigue tests of the
stay-cable specimens provided valuable information about the fatigue performance of grouted stay cables
and the locations where fatigue damage is expected.

In the test specimens, fatigue damage was concentrated in two areas: the ends of the specimens
and the immediate vicinity of the applied loads. These are the areas of highest calculated moment — and
bending stress in the strand. Therefore, it is not surprising that damage was concentrated in these areas.
At first glance, the damage near the applied loads is not representative of the prototype response.
However, the clamps used to attach the hydraulic dampers to the stay cables on the Fred Hartman Bridge
(Figure 5.1) are very similar to the clamp used to attach the hydraulic actuator to the test specimens. A
large fraction of the wire breaks detected on the Fred Hartman Bridge to date have been located in the
lower 25 ft of the cables. Therefore, the possibility of wire breaks in the vicinity of the dampers must be
considered.

= r

Figure 5.1 Hydraulic Damper Installed on the Fred Hartman Bridge
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5.1 HIGH BENDING STRESSES

As shown in Figure 3.4, approximately 50% of the wire breaks observed at the ends of the stay-
cable specimens occurred within the anchor head. In most cases, the failures in this region were caused
by fretting of adjacent wires within the strand. The teeth of the wedges initiated only 6% of the total
number of wire breaks. All wire breaks occurred within 16 in. of the inside face of the anchor head. Near
the loading clamp, more than 50% of the wire breaks were within + 5 in. of the centerline of the actuator
and all wire breaks were within + 20 in. of the centerline (Figure 3.5). Less than 10% of the wire breaks
occurred beyond the PE cushion used as a transition between the PE pipe and the steel clamp.

These observations indicate that the wire breaks are rather tightly distributed in the regions of
highest calculated bending stress. In addition, the cross sections shown in Figure 3.6 through Figure 3.8
indicate that the strands positioned near the extreme fibers of the cross section are most likely to be
damaged due to fatigue. This observation is consistent with the calculated locations of maximum bending
stresses if the cross section is idealized as a composite section and strains are assumed to vary linearly
with depth throughout the cross section.

In the laboratory, it was easy to identify the presence of wire breaks at the completion of the
fatigue test by opening the PE pipe. Longitudinal cracks in the grout accompanied wire breaks in all
cases (Figure 3.10 and Figure 3.11). However, TxDOT is cautioned that opening the PE pipe may cause
damage — due to the formation of shrinkage cracks — and compromise the corrosion protection system for
the cable. Therefore, it is recommended that openings in the PE pipe not be cut unless a large number of
wire breaks have been detected in a localized area and the possibility of stay replacement is being
considered seriously.

5.2 OTHER FACTORS

Evidence of congestion of the strands near the tension ring was observed in the laboratory tests.
Grout cover was negligible (Figure 3.14) under the tension ring, and relatively large reductions in the
cross-sectional area of the strands (Figure 3.19) due to fretting of an ungrouted specimen (Specimen 8) in
this region. However, the large confining stresses in this region did not appear to influence the fatigue
performance of the strand. No wire breaks were observed near the tension rings. It is believed that the
stress ranges in the strand are sufficiently low at this location that the fatigue life is not a concern.

Similarly to the prototype stays, a helical spacer wire was used along the free length of the test
specimens to center the strands within the PE pipe. Very few wire breaks were caused by fretting
between the strand and the spacer wire. While there is a possibility of this type of damage near the
connection between the hydraulic dampers and the stay cables, the risk is considered to be low.

Two of the specimens were constructed with grout voids. The void in Specimen 1 was only
detected at the conclusion of the fatigue test. The void in Specimen 9 was intentionally created during
construction and was filled before beginning the fatigue test. The distribution of damage in Specimen 9
was not unique, and there was no indication that the filled void had an influence on the fatigue
performance. However, in Specimen 1, the wire breaks tended to occur within the grout void and the
strands exposed within the void appeared to be more vulnerable to fatigue damage. No evidence of
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corrosion was observed within the grout void in Specimen 1. The risk of corrosion is considered to be
much greater, however, on the Fred Hartman and Veterans Memorial Bridges. Therefore, if voids are
detected near the tower anchorages of either bridge, it is recommended that they be filled with grout to
reduce the likelihood of corrosion damage.

Given the length of the stay cables on the Fred Hartman and Veterans Memorial Bridges, it is
likely that some of the strands in some of the stays were inadvertently crossed during construction. The
fatigue response of Specimen 3 demonstrated that the risk of fretting fatigue due to crossed strands is also
low.

5.3 SUMMARY

Based on the results of the bending fatigue tests of twelve, large-scale, stay-cable specimens, the
fatigue damage is expected to be concentrated in the regions of highest bending stress: the ends of the
stay cables and any location where a damper or restrainer is attached to the stay.

The saddle detail used at the pylon of the Veterans Memorial Bridge was not evaluated
experimentally in this investigation; therefore, no information was provided about the susceptibility of
bending fatigue failures at the saddle.
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CHAPTER 6: EFFECTIVENESS OF NONDESTRUCTIVE METHODS IN
IDENTIFYING FATIGUE DAMAGE IN STAY CABLES

The use of grouted cables for cable-stay bridges is most appropriate when corrosion of the strand
is the primary serviceability limit state considered in the design of the bridge. The grout provides a high
pH environment, which promotes the development of a passive layer on the surface of the strand and
reduces the risk of corrosion. However, both the Fred Hartman and Veterans Memorial Bridges
experienced large-amplitude cable vibrations during their service lives, and the fatigue limit state must
also be considered when evaluating the remaining service life of these bridges. Unfortunately, the grout
eliminates the possibility of conducting a visual inspection for fatigue damage and greatly increases the
complexity and cost of replacing a cable. In the laboratory, the presence of longitudinal cracks in the
grout proved to be an excellent indicator of wire breaks in the strands. However, in order to inspect the
grout, the PE pipe, which is a critical component of the corrosion protection system, must be
compromised. Given the harsh environmental conditions that both these bridges experience, the risk of
corrosion can not be neglected. Therefore, the possibility of fatigue damage in grouted stay cables must
be evaluated using non-visual means.

The usefulness of two nondestructive methods for evaluating fatigue damage in grouted stay
cables is discussed in this chapter. Natural frequencies are often used as a global indicator of damage,
while acoustic sensors have been installed on both the Fred Hartman and Veterans Memorial Bridges to
identify local damage as it occurs. When faced with the task of maintaining cable-stayed bridges that
have experienced large-amplitude vibrations in the past, two issues must be addressed: (1) how much
fatigue damage was induced by the fatigue cycles that occurred before the dampers and restrainers were
installed? and (2) can future fatigue damage be detected in a reliable manner as it occurs?

6.1 NATURAL FREQUENCIES

Due to their long length and relatively small cross section, stay cables are often idealized as
strings for a preliminary analysis. One of the advantages of this idealization is the simple relationship
between the fundamental frequency and the tension in the stay:

1 /T

1
where f; is the fundamental frequency in Hz, L is the length of the stay, T is the applied tension, and m is
the mass per unit length. Ideally, as wires break in the strands, the tension decreases and the natural
frequency decreases, although at a slower rate. Therefore, changes in the natural frequency can be related
to changes in the tension in the cable caused by fatigue damage.

However, the tension in a grouted stay cable is not directly related to the minimum cross-
sectional area of the wires along the length. Consider, for example a strand where all the wires have the
same initial stress. When a wire break occurs in a seven-wire strand due to fatigue damage, the stress in
the damaged wire drops to zero at the location of the break, but the stresses in the other wires increases,
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such that the strand is carrying nearly the same tension force. Due to the spiral configuration of the wires
in the strand, the stress in the damaged wire increases with distance from the wire break. Although this
research did not determine this critical distance, at some point, the stresses are again evenly distributed
among all the wires. In addition to the ability to redistribute stresses among wires, some tensile force can
be carried through the grout. The pronounced longitudinal cracks in the grout are an indication of these
tensile forces. Because the tension in the stay cable does not decrease in proportion to the number of wire
breaks, the measured natural frequencies are not sensitive to the number of wire breaks at a single
location.

The fundamental natural frequency was measured at the beginning and end of seven bending
fatigue tests of grouted cable-stay specimens (Figure 3.26) and the lowest six natural frequencies were
measured periodically during the fatigue tests of the three small-diameter specimens (Figure 4.6 though
Figure 4.8). In all cases, large number of wire breaks occurred — 25 to 50% of the wires at a given
location — before the natural frequencies changed by more than 10%. Therefore, natural frequencies can
not be considered to be a reliable indicator of damage in grouted stay cables. In addition, even if fatigue
damage did occur during the large-amplitude vibrations of the stay cables in the past, it is unlikely that the
natural frequencies could be used to assess this damage. The initial level of tension is not known reliably
in the cables. Therefore, it would be inappropriate to measure the frequency in a stay, note that it is less
than the frequency obtained by calculation using the nominal properties of the materials, and attribute the
change in frequency to fatigue damage in the stay. The changes in frequencies are not sufficiently
sensitive to detect fatigue damage in a reliable manner.

6.2 ACOUSTIC MONITORING

The same acoustic monitoring system that has been installed on both the Fred Hartman and
Veterans Memorial Bridges was used to monitor the fatigue performance of the cable-stay and small-
diameter test specimens. Slight differences between the number of wire breaks detected by the acoustic
sensors and the number of wire breaks observed during the autopsy of the specimens were observed, but
primarily in test specimens that experienced a large number of wire breaks and multiple wire breaks in the
same wire (Table 3.3 and Table 4.2).

Because the geometry of the cable-stay specimens more closely models that of the prototype
stays, the discussion will focus on those specimens. All the observed wire breaks in the cable-stay
specimens occurred within 16 in. of the inner face of the anchor head (Figure 3.4). The acoustic sensors
provided an excellent estimate of the total number of wire breaks at the ends of the specimens; however,
the estimated locations of those breaks tended to be further from the anchor head than observed (Figure
3.28). This is not surprising, due to the large volume of steel at the ends of the specimens, the location of
the acoustic event is more difficult to pinpoint. Therefore, when wire breaks are reported on the Fred
Hartman or Veterans Memorial Bridges within 3 ft of the anchor head, the possibility that the wire break
is within the anchor head should be considered.

In contrast, the acoustic sensors provided a better estimate of the locations of the wire breaks near
midspan of the test specimens. The actual damage was observed to be distributed within £20 in. of the
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centerline of the loading clamp (Figure 3.5). This distribution was similar to that from the acoustic
sensors (Figure 3.29).

6.3 SUMMARY

The research conducted during this project did not identify a reliable means of assessing the
extent of existing fatigue damage in a grouted stay cable. A nondestructive method of detecting the
presence of longitudinal cracks in the grout is one potential option, but an ultrasonic method has not been
validated for this application.

The acoustic monitoring systems installed on the Fred Hartman and Veterans Memorial Bridges
provide a reliable means of detecting wire breaks as they occur. Given the history of large-amplitude
displacements in these cables in the past, it is strongly recommended that the acoustic monitoring be
continued. Acoustic monitoring can not provide information about the level of damage that occurred
before the sensors were installed. However, given the susceptibility of the grouted stay cables to fretting
fatigue damage after the first wire breaks, the acoustic monitoring system does provide a means of
detecting an accumulation of damage.

TxDOT should be cautioned, however, that the actual locations of a wire break may be 2 to 3 ft
from the location identified by the acoustic sensors. If multiple wire breaks are detected at the same end
of a stay, or near the connection to a damper, it would be prudent to assume that these breaks have
occurred at the same location, even if the acoustic sensors indicate that the wire breaks are separated by
several feet.
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CHAPTER 7: SUMMARY AND CONCLUSIONS

Large-amplitude vibrations of the stay-cables on both the Fred Hartman and Veterans Memorial
Bridges have been observed during their service lives. Although dampers and restrainers have been
installed to minimize the likelihood of large-amplitude vibrations in the future, the risk of fatigue damage
to the stays remains a concern. Complicating matters is the fact that visual inspection of the grouted stay
cables for fatigue damage can not be accomplished without severely compromising the corrosion
protection system for the stays. Given the harsh environmental conditions that these bridges face, this
option is not recommended unless a threshold amount of fatigue damage has occurred.

Faced with these challenges, the Texas Department of Transportation elected to install an acoustic
monitoring system on both bridges. The system provides the ability to monitor the formation of wire
breaks in near real time.

The results of the bending fatigue tests conducted during this research project provide TXxDOT
with the basis for evaluating the acoustic data from the stay cables and making decisions regarding
maintenance and repair strategies. The conclusions most closely tied to this decision-making process are
summarized below.

7.1 LOCATION OF FATIGUE DAMAGE

The fatigue damage is expected to be concentrated in the regions of high bending stresses: the
ends of the cables and any location where a damper or restrainer induces local bending in the stay. The
laboratory tests indicated that the risk of fatigue damage was low at the tension rings, along the free
length of the stays, and in the vicinity of unintentionally crossed strands. While grout voids at the tower
end of the test specimens had only a slight influence on the fatigue performance, these voids have the
potential to be a source of corrosion if the PE layer of the corrosion protection system is compromised.
Therefore, it is recommended that any grout void detected during routine maintenance of the stay cables
be filled.

The bending fatigue characteristics of stay cables passing through a saddle at a pylon — which is
the case on the Veterans Memorial Bridge — were not evaluated in this program. Therefore, no
information is available about special fatigue concerns in the vicinity of the saddle details. However, it is
reasonable to assume that the risk of fatigue damage is higher within the saddle than along the free length
of the stay.

7.2 PARAMETERS THAT INFLUENCE FATIGUE LIFE

Reducing the amplitude of the displacements had the largest influence on increasing the fatigue
life of grouted stay cables of the parameters studied (Figure 7.1). Reducing the displacement amplitude
by 30% increased the number of loading cycles corresponding to a 10% reduction in stiffness from
approximately 1.5 million to approximately 4 million in the test specimens. TxDOT has already
accomplished much larger reductions in displacement amplitude on the Fred Hartman Bridge by installing
dampers and cable restrainers. While the local bending issues identified in Section 7.1 are introduced by
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these vibration mitigation methods, the risk of fatigue damage due to low-amplitude, local bending is
much lower than the risk of fatigue damage due to large-amplitude vibrations.
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Figure 7.1 Sensitivity of Average Dynamic Stiffness for Grouted Specimens
with Nineteen Strands to Displacement Amplitude during Fatigue Tests

7.3 MECHANISMS THAT CONTRIBUTE TO FATIGUE FAILURE OF THE STRAND

Approximately 95% of the wire breaks that were identified in the laboratory tests were caused by
fretting fatigue: 90% were caused by fretting between adjacent w