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Abstract

Cable-stayed bridges are massive structures which rely on their structural elements such
as deck girder, towers and stay-cables for their stability. The bridge stay-cables can be
considered as the most flexible elements of the cable-stayed bridges, and thus their
structural stability integrity is verified for several phenomena which might affect them.
Wind and wind/rain induced vibrations for bridge stay-cables were comprehensively
studied by researchers worldwide; however recent projects have identified a new type of
cable vibrations caused by ice accretion formed around the cable circumference. The
current research proposed two ice accretion profiles for inclined bridge cables and has
experimentally investigated the wind-induced vibrations of the two models for the bridge
stay-cables with ice accretion, under different vertical (inclination) and horizontal (yaw)
angles, and for different wind speeds. Initially, three models of the bridge cable with 1.0
cm and 2.0 cm ice profile were tested in the wind tunnel of cross-section 61 cm x 90 cm,
and a maximum wind speed of 30 m/s. In total 6 cases with 1.0 cm ice thickness and 3
cases with 2.0 cm ice thickness were investigated and the vertical and torsional
oscillatory displacements were recorded for wind speeds from 1.5 m/s to 15 m/s at
intervals of 1.5 m/s. The wind-induced vibrations were analyzed and were compared with
the response reported for cables without ice and with the rain-induced response for stay-

cables.

Computational Fluid Dynamics (CFD) simulations were performed to observe the drag,
lift and pressure coefficients around the surface of the accreted cable models yawed and
inclined at o = 0° B =0° and a = 60°, B = 15° under the effect of 10 m/s and 15 m/s
wind speed applied for both cases. A verification for galloping divergent instability was
conducted based on the Den Hartog formulation and the vertical vibrations obtained from

the wind tunnel experiment.
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Chapter 1 Introduction

1.1 Background

Long-span cable-stayed bridges are slender and complex structures that can span large
distances and thus are used in geographical areas with wide water openings and high
vehicular traffic. The Port Mann Cable-stayed Bridge, constructed in 2012 between
Coquitlam and Surrey in British Columbia, is the second-longest cable-stayed bridge in
North America. With its 470 m main span, a total length of 2,020 m and 10 lanes opened
to traffic, the bridge itself is very elegant and efficient for commuting [1], however,
recently this bridge brought more challenges for the engineers designing the stay-cables,

especially during the winter season.

Figure 1.1. Port Mann Bridge, Vancouver, Canada [1]

In general, cable-stayed bridges can achieve long spans of up to 1,500 m. Like other
relatively complex structural systems, cable-stayed bridges have many uncertain design
problems that need to be solved, otherwise imminent bridge failure might occur and thus
it would become a real disaster [2]. The difference between cable-stayed bridges and
suspension bridges is that they transfer loads differently; thus for cable-stayed bridges,
the deck loads are directly transferred to the pylons through the stay-cables, while for

suspension bridges, the main cables carry the deck loads through the vertical cables
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called hangers. For most cases, the main spans of suspension bridges are longer than the
spans of cable-stayed bridges, hence the number of structural elements (cables) for the
cable-stayed bridges is lower than that of the suspension bridges. In addition, the
construction process is more complicated for the suspension bridge, which is why most
cable local failures happen for suspension bridges. For instance, the Tacoma Narrows
Bridge which was opened in 1940 in the U.S. state of Washington, it was a suspension
bridge, and was the third-longest suspension bridge in the world at that time [3].
However, due to wind effects the bridge collapsed and the structural elements which
ruptured first were the hanger cables of the bridge. Moreover, the deck flutter was
observed as the failure mode of the bridge, and it is the main reason for the Tacoma
Bridge collapse [3]. Critical failures were not reported, however numerous cable — stayed
bridges reported unexpected wind-induced vibrations of stay-cables. For example, Fred
Hartman Bridge in Houston, Texas, has experienced large amplitude cable vibrations,
which could be critical for the bridge stability. Zuo et al 2005 [4] reported the field
measurements for the Hartman Bridge to observe the large amplitude vibrations due to
wind and rain effects. Results have shown that kind of vibration occurs occasionally, so it
is very important to understand the vibration mechanism of the stay-cables, which can be
considered as a serviceability criterion failure. Therefore the vibrations of bridge stay-
cables became a major research topic for bridge designers. To clarify the aerodynamic
phenomena associated with the inclined stay-cables and to improve the design
recommendations in order to avoid potential failure problems that might occur during the
life service of the bridge the research related to cable-stayed bridges needs to be further
expanded and the effect of ice accretion in combination with strong winds must be
detailed [5].

The cable-stayed bridges, due to the slenderness and the light weight, both the lateral and
torsional stiffness are much lower than regular continuous bridges, however, they can
achieve longer spans and are also usually built in open and vast areas such as rivers,
coasts and valleys where strong winds are registered. The turbulence of the wind speed is
unpredictable, therefore, wind fluctuations are often characterized as a long period signal;
for regular bridges, the natural period is lower, which means their vibrations do not

become resonant in wind, but for cable-stayed bridges, the natural vibration period is



longer, which might coincide with the wind signal period and thus tends to be resonant in
the wind, becoming a major reason of concern for many of the wind-induced vibrations

registered for cable-stayed bridges [6].

1.2 Research motivation

From the wind design perspective, usually the inclined stay-cables are verified for the
wind drag and lift forces, which are transferred to both the pylons and the deck; however,
the bridge designers realized that the cables are dynamically responding elements, and
significant vibrations were observed in the past couple of years, which could not be
clearly explained [6].

Several bridge-inclined cable models were used and improved with the purpose of
predicting the aerodynamic cable instabilities in different aspects of wind-induced
behaviour however the vibrations of the stay-cables due to wind and ice accretion
received less attention. For electricity transmission lines, in the 1930s, Davison [7]
analyzed the iced cable galloping and attributed the occurrence of cable vibrations during
the freezing rainstorms, in the order of change in the lift aerodynamic force, while the
wind was blowing across the conductor. Also, Den Hartog [8] made a series of
calculations and proposed a mathematical description about the boundary for galloping,
which is broadly used nowadays for galloping verification of any type of structure
exposed to wind action. In the 1960s, Davenport [7] introduced the expression for the
aerodynamic damping of a cylinder submerged in flow, for both along-wind and across-
wind directions, and the instability criterion is nowadays referred to as the drag crisis as
presented by Martin et al, 1999 [9]. At the same time, torsional galloping vibrations were
observed by Nigol and Buchan, 1999 [10] and they concluded that if the iced conductor is
eccentric, the instability is imminent; they also obtained the corresponding critical
condition, after which Macdonald and Larose, 2009 [11] proposed a general expression
for verifying the galloping instability occurrence, based on the quasi-steady aerodynamic
damping of an inclined cylinder, however without the ice accretion or rain conditions.
The fluid flow field formed around the bridge cable elements interact with the surface of
the cable and can lead to a significant cable response. To determine the flow field, the

shape of the real structure and the characteristics of the oncoming flow, Leihhard, 1966



[12] classified six different flow regimes corresponding to the Reynolds number; these
regimes can also be recorded as maps with the change in the Strouhal number, which is a
very important parameter for obtaining the vortex shedding frequency of the structure. In
reality, the flow field around the stay-cables on bridges or around transmission lines
could be altered when exposed to a freezing condition because the smoothness and the
form of the cable is modified by the ice profile, which could potentially make the cable
prone to various types of wind-induced vibrations. The majority of the research
conducted up to the present for aerodynamic phenomena of the bridge stay-cables
considered the circular shape of the cable but the inclined cable cross-section is an
ellipse. However, no results have been presented for the bridge stay-cables affected by
different types of ice profiles, with circular or ellipse cross-section considered, and the
wind loading conditions that could lead to a drastic drop of the Strouhal number, as an
indirect indicator for the evolution of the drag and lift-force coefficients [13].

As the bridge span increases, the vibrations for the cable tend to accentuate, especially
under the combined effect of the wind load, the traffic load and the self-weight of the
bridges. The wind-induced vibrations occur differently, for the three different cable
surface conditions, which are dry cables, wet cables and ice-accreted cables. In particular,
the ice accretion accumulates with rain or snow falling, which is deposited on its surface,
and it can change the shape of the cables, causing aerodynamic instability. Thus the ice
accretion can be considered as a time-dependent modification factor of the shape of the
exposed objects, and in general there are three different forms of ice formations that
could affect the accretion at the surface of an object: hoar frost, in-clouds or fogs and
precipitation icing. Research indicates that the ice accretion from the light precipitation at
low temperatures could accumulate more than other ice formations, thus it could lead to
large-amplitude vibrations for cable-stayed bridges [11].

Several experimental and numerical researches were conducted to analyze the influence
of the ice accretion on the aerodynamics of transmission lines, for which the stability
criteria were formulated [14], however, there is scarce knowledge about the aerodynamic
vibrations of the ice-accreted stay-cables of cable-stayed bridges. It should be
emphasized that the diameter of the transmission lines is much smaller than that of the
bridge cables, and the two conditions cannot be directly compared because of very



different characteristics for ice accretion, such as the shape and thickness of the ice, etc.
Also field measurements are difficult to conduct for ice accretion on bridge cables, due to
the high-altitude location of the cable and due to the complexity of installing measuring
devices along the stay-cable, in order to get wind-induced vibration modes. The shape of
ice accretion could accentuated the wind-induced vibrations; for example, galloping
vibration can occur for the cable with ice accumulation, when usually the galloping is not
expected for circular-section cylinders or cables, as Den Hartog criterion specifies [14].
Papers also indicate that, besides the modification of the cross-sectional shape, the
difference between a simple cable and a cable with ice accretion or rain-induced rivulet is
the alteration of the surface roughness, which influences the aerodynamics of the cable,
especially in the proximity of the critical Reynolds (Re) number; observations for various
wind excitation mechanisms of cables, in the critical Re number range, could also help in
understanding the wind-induced vibrations of the stay-cable with ice accretion [15]. For
cables located both on the middle span or on the side span of the bridge, the vertical
inclination angle and the horizontal inclination angle vary, determining a relative angle of
attack with the wind direction, and the cable vibrations might occur simultaneously,
despite the wet or dry condition of the cable[16][17].

An important experiment was conducted by Demartino et al, 1999 [10] to investigate the
aerodynamic behaviour of ice-accreted cables, in the climatic wind tunnel of the
DTU/Force Technology collaborative climatic wind tunnel, demonstrating that the ice
accretion has a tendency to form on the windward part of the cable, and the ice profile
has a rectangular configuration rather than the cone geometry reported for the airfoil ice
accretion.

In 2014, just two years after completion, The Port Mann Bridge was closed to traffic
because of the ice falling from the stay-cables which became dangerous for the traffic and
people on the bridge; actually due to wind effects, the cables vibrations increased, which
made it easier for the ice to detach from the cable and fall. Therefore, the stay-cables
aerodynami