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ABSTRACT

EXPERIMENTAL STUDY ON THE BEHAVIOR OF A
PRESTRESSED NINETEEN PARALLEL WIRE STRAND
(PWS) IN SUSPENSION BRIDGES UNDER
HYDROCARBON POOL FIRES

Modern suspension bridges are constructed by increasing use of high perfor-
mance tension members in which parallel wire strand (PWS) type, has been used as
a suspender (hanger) cable for long-span suspension bridges. The main cables of a
suspension bridge system support the total bridge deck load through these suspender
cables. This study focuses on the special effects of open-air hydrocarbon type pool fires
which may possibly outcome of a freighter truck crash or sabotage ever since the quan-
tity and flammability of its contents poses one of the worst-case threats to a nearby
abovementioned suspender cables. Most of the research on bridge fires is based on the
theoretical finite element models whose validity has not been checked experimentally.
In this thesis, experimental testing was built to have a full understanding in the behav-
ior with regard to tensile strength and ductility of PWS system which was subjected to
in-service stresses and fire loading. Each specimen contains 19 galvanized wires with
1860 Mpa grade of 5.1 mm diameter and 4 meter length in between socket ends. The
program includes static loading tests at ambient temperature and transient elevated
temperature tests while specimens held at constant load level at 45% of ultimate load
capacity. The specimens exposed to UL-1709 standard fire and a realistic gasoline pool
fire scenario until the rupture. Thus, for the insulated specimen static test after cooling
was conducted. It is shown through these test results that the high-strength bridge
wires are very susceptible and critical tension components when exposed to a pool fire
load and these results can be used as an actual data for developing relevant design

strategies for mitigating fire hazard in suspension bridges.
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OZET

ASMA KOPRULERDE HIDROKARBON HAVUZ
YANGININA MARUZ KALAN ONGERILMELI
ONDOKUZ ADET PARALEL TEL DEMETININ (PWS)
DAVRANISINA DAYALI DENEYSEL CALISMA

Modern asma kopriilerde yiiksek performansh tasiyici elemani olan aski kablo-
lar1 i¢in paralel tel halat (PWS) sistemi tercih edilmektedir. Asma koprii sisteminde,
tabliyelerin toplam yiikii bu aski kablolar1 vasitasi ile ana kabloya aktarilir. Bu tez
caligmasi, yukarida bahsi gegen aski kablolarinin yakininda tanker kazasi veya teror
eylemi gibi durumlardan kaynaklanabilecek agik hava hidrokarbon tipi havuz yanginlar-
min o6zel etkilerine odaklanmaktadir. Bu durumda olusabilecek 1s1 miktar1 aski kablo-
lar i¢in olabilecek en ciddi tehditlerden birisidir. Giintimiizde asma kopri yanginlar:
iizerindeki aragtirmalarin ¢cogu, gecerliligi deneysel olarak kontrol edilmeyen veya edile-
meyen teorik sonlu eleman modellerine dayanmaktadir. Bu tez calismasinda, PWS sis-
teminin ¢ekme mukavemeti ve siineklik iizerindeki yanginin etkisi incelenmistir. PWS
numunesi 5.1 mm ¢apmda 4 metre nominal uzunlugu olan yiiksek mukavemetli (1860
Mpa) 19 adet galvanizli tel ile tellerin her iki ucuna sabitlenmis soketlerden olugmaktadir.
Program, oda sicakliginda yapilan statik testlerin yani sira yiiksek yangin testlerini
icermektedir. Yangin testi i¢in yalitimsiz numuneler azami yiik kapasitesinin 45%’i
kadar yiikte sabit tutularak UL Standart yangini ve tanker patlamasi ile olugan bir
yangin senaryosu teller kopana kadar uygulanmigtir. Ayrica, yangin izolasyonlu nu-
mune i¢in yangin testi sonrasinda teller oda sicakligina diigtiikten sonra statik test
uygulanmigir. Test sonuclarina gore havuz yanginina maruz kalan yiiksek mukavemetli
koprii tellerinin hassas ve kritik cekme elemanlar: oldugu anlagilmistir. Ayrica asma
kopriilerde yangin tehlikesini azaltmak i¢in bu aragtirma ¢aligmasinda elde edilen ver-

iler ilgili tasarim yontemlerin geligtirilmesi i¢in kullanilabilir.
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1. INTRODUCTION

This thesis study focuses on the special effects of open-air hydrocarbon pool
fires which may possibly outcome of a freighter truck crash or sabotage ever since the
quantity and flammability of its contents poses one of the worst-case threats to a nearby
a suspender cable on suspension bridge. Therefore, this thesis presents the results of
an experimental investigation for the tensile properties of a nineteen (19) parallel wire
strand with socket heads at elevated temperature when held at constant stress level.

Further, the program also includes static test after cooling.

In this chapter the motivation for research is presented as well as the contribution

to state-of-the-art and scope of the project.

1.1. Motivation for Research

The bridges are constructed to serve a variety of drivers and to resist for about 100
years. Thus, bridges are exposed to extreme natural events such as wind storms, fire,
and earthquake events all through their service life. Recently, bridge fires turn into a
spreading concern for engineering community as a result of fast development of ground
transportation and enhanced shipping of hazardous materials such as flammable and
spontaneously combustible materials (FHWA, 2012; Garlock et al., 2012). Since most
bridges are freely accessible; they are susceptible to vandalism or sabotage that can
generally give rise to explosions and fires. As fire is a catastrophic force in nature, flames
may threaten structural integrity of a bridge and lead to over-costing of maintenance

and repair service, notable delay to marine and road traffic flow and even potential loss

of life.

There have been various fire incidents in bridges which have been recorded in the
literature (Garlock et al., 2012; Bai et al., 2006; Astaneh et al., 2009; SAIC, 2002).
More detailed literature review about recent bridge fire incidents and corresponding re-

search provided in Chapter 2.3 - Fire Hazards in Bridges. Generality of these scenarios



have begun by crash of vehicles, for instance fuel tankers, freight trucks and multiple
car collisions either with vehicles or bridge members. In some cases, fires may induce
significant deterioration of capacity of structural members, due to loss of strength and
stiffness properties of constituent materials, which often lead to partial or full collapse
of bridges (Paya et al., 2012; Davis et al., 2008; Guthire et al., 2009). Even in the case
of minor fire incidents, where no collapse occurs, proper investigation, inspection and
maintenance, in the aftermath of a fire incident, is required before the bridge is opened
to traffic. Shutting down a bridge for maintenance would require traffic detouring to
nearby routes which can impose significant traffic delays in the affected region. Even-
tually, this would stress the flow of traffic and affect the commuters’ pattern in the

surrounding highway networks (CALTRANS, 2012).

Fire hazard in the bridges can be overcome to a certain extent through provisions
of appropriate fire resistance to structural members, such as cables, cable anchorages,
girders, prestressed concrete beams and decks. Fire resistance is defined as the time
duration at which a structural member exhibits adequate performance in terms of
integrity, stability and temperature transmission to the unexposed side. In general,
fire resistance is achieved via proper design, selection of materials and detailing of the
structural members. Unfortunately, at present, there is no standardization or common
approach to designing for fire resistance of structural members in suspension bridges,
especially for the cables and cable anchorages. This is based on the rationale that
bridges are open structures and fire safety measures are not needed in the event of fire.
While structural building designs for fire have been codified and are under constant
scrutiny and analysis, the literature concerning bridge design standardization for fire is
nonexistent. Although bridges are open structures, extreme fire events indeed occur as
localized fires if enough flammable materials or hydrocarbon fuels are present. These
incidents result in fire plumes where a building fire is usually considered as a confined

compartment fire (Gross and Cauffman, 2011).

Moreover, the fire conditions for bridge systems vary greatly from those of build-
ing structures. This has been associated to the fact that collisions occur at high veloc-

ities because burning of petrol based fuels, which have comparably low flash points, in



an open environment. Hence, bridge fires may reach remarkably high temperatures (in
the range of 800-900°C) within the first several minutes of fire initiation and increasing
to 1000°C or more in the first thirty minutes (Shutt, 2008; Stoddard, 2004)- all while
releasing a greater amount of heat energy. Such fires are categorized as hydrocarbon
fire in fire engineering research field. Figure 1.1 shows that the hydrocarbon curve
experiences a more rapid rise to a higher maximum temperature by comparison with
the E119 curve for building fires. The severity of such vehicular fires may produce high
thermally induced forces in the critical components of structural elements and cause
reductions in material properties, and, in some cases, over-costing losses such as loss

of a wiring in cables of suspension bridges.
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Figure 1.1. Standard fire curve.

The proper heat transfer conditions when modeling the bridge fire have been in-
tensively investigated by bridge engineering community. The complex nature of fires
adds more challenges and complexities. Accordingly, in order to find a solution and
an understanding from which engineers may work in addressing the complexities of a
problem, fundamental closed-form solutions are essential. Unfortunately, in range of
the bridge engineering world aforesaid closed-form solutions for modeling the temper-
ature distributions and the heat transfer in particular structural components are also

missing.



The most critical of such components in the most critical bridge system that
may exist in a particular region is the main cable of a suspension bridge. However,
when it comes to fire exposure risk on suspension bridges, the most critical members
are arquably suspender cables and the anchorages of these cables. Inasmuch as, these
aforementioned suspender system connects the bridge deck to the main cable and a
vehicle fire on the bridge deck poses a significant threat to the integrity of the sus-
pender cables and its anchorages. Briefly, the vehicles (potential risks) passing close
to suspender system including the socket material are more vulnerable structural ele-
ments of a suspension bridge when compared with main cables, as shown in Figure 1.2

(Photograph by the author from 3¢ Bosphorus Bridge, 2015).

Figure 1.2. Passing through a vehicle nearby the suspender cable.

The long spans are only made possible by the presence and function of the main
cable and suspenders. These cables are (typically) non-redundant structural elements
that serve to carry the dead and live loads from the bridge deck and live loads on it,
respectively. More detailed information about suspension bridge concept provided in

Chapter 2.1. According to literature review in Chapter 2.2 - Fire Hazards in Bridges,



the failure of these cables would undeniably mean the failure of the bridge structure
leading to significant economic effects and even potential loss of life. Unfortunately, in
similar fashion to other areas of bridge engineering, a generally accepted practice for

modeling fires and their energy transfer to these cables does not exist.

The suspender cables and main cables of suspension bridges represent the struc-
tures load-bearing element. In recent years, they are typically composed of tens of
thousands of parallel high-strength galvanized steel wires. Most generally, a wire with
a diameter 5-5.5 mm is used in the main cables whereas wires with a diameter 7 mm
are used for parallel wire strands in suspender cables. These cables are terminated with
steel sockets, as said cable anchorages and connections, which transfer the tensile force
from end-to-end structural components, as shown in Figure 1.3 (Photographs by the
author from 3" Bosphorus Bridge, 2015). The socket contains an inner cone, which
receives the end of the strand. The cavity between wires and cone is filled either with
a hot casting material such as zinc alloy or more newly with a cold casting material
which is resin socketing system. When applying the axial load, the wires and casting
material drawn into the interior conical recess in the socket. Subsequently, axial load is
transmitted between strand and socket by a wedging action, Figure 1.3 illustrates the
socket and nut from inside the deck. More detailed information about cable anchorage

and connection concept provided in Chapter 2.1.3.

Figure 1.3. Typical suspender system components; main cable, cable band, suspender

cable (left-hand side), End Anchor of cable; socket and nut (right-hand side).



Aforementioned components of the suspension bridge are under constant attack
by environmental factors-such as rain, wind, intense heat, UV radiation, etc.-that, over
time, lead to the initiation and progression of corrosion. As is known, corrosion can lead
to any number of issues affecting the wires strength and ductility including cracking,
corrosion pitting, section loss, embrittlement, and in-service wire breaks (Betti et al.,
1998, West et al., 2005). As such, the life expectancy and structural integrity of the
suspension bridge is highly dependent on the condition of these components (Shi et
al., 2007). Unfortunately, due to aging and the aforementioned corrosion issues, (Main
and Luecke, 2010) and Haight et al., 1997) found that three of four major suspension
bridges analyzed had lost approximately 30% of their original cable strength. They
found that factors of safety for the cables which once ranged between 2.7 and 4.5 are

now in the range of 2.0 to 3.0 (Main and Luecke, 2010).

Besides of the cold-drawn wires above-mentioned unpleasant condition, the sock-
eting materials (including both hot and cold casting medium) critical temperatures for
socket material is also considerably low. Isabel and Roger (2012) reported that the
estimated failure manner at high temperatures is “socket draw” where the socketing
media in the socket creeps in an intolerable way, allowing relative movement between

strand and socket. At the limit, the strand pulls entirely through the socket.

It is quite obvious from the aforementioned fire events, the reduction of the safety
factors of cables and the poor performance of the strand sockets at elevated temperature
that if positioned properly fire poses a significant risk to the integrity of the suspender
cables and the socket material therefore the entire structure itself. Despite the severity
of the threat of and the shocking numbers associated with fires on bridge infrastructure,
fire safety and design for bridges remains an under-studied and under-codified area of
bridge engineering. As cited in Garlock et al. (2012), the NFPA 502: Standard for Road
Tunnels, Bridges, and Other Limited Access Highways acknowledges the threat of fire,
but states rather generally that bridges or elevated highways “shall be protected” from
“high-temperature” exposure (NFPA, 2008) - with no guidance on how such protection
should be provided. Furthermore, the European standard for traffic loads on bridges

(CEN, 2003) fails to address the handling of fire loads in any of its provisions Garlock



et al. (2012). As such, recent years have seen an increase in the amount of attention
paid to the issue of bridge fires with researchers studying their effects on a variety
of bridges and specific structural components. For instance, Mendes et al., (2000)
studied the effects of a ship fire on the girders of a cable-stayed bridge (Vasco da Gama
bridge) while Bennetts and Moinuddin (2009) considered the effects of fire on the actual
tendons of a cable-stayed bridge, and, in line with the structural component of interest
in this work, Main and Luecke (2010) analyzed both low- and high-temperature effects
on the main cables of suspension bridges. Gross and Cauffman (2011) suggest treating
fire as a design load to ensure that bridges are able to survive these kind of fire events
and conclude that experiments must be conducted to verify bridge fire response in

order to implement performance based design.

Although the motivation of analyzing the fire resistance of bridge components
exists in all, each of these studies has taken drastically different approaches to model-
ing and defining the fire hazard on their respective bridges of interest. As such, it is
important to provide reliable data from experimental finding in order to check compat-
ibility and to improve fire modeling techniques and to provide valuable data for future

researchers.

In brief, the properties of cold-drawn steel and socketing materials are more
susceptible to elevated temperature and degrade at an earlier rate when compared to
hot-rolled mild steel. More detailed information about micro-structure and chemical
composition of high-strength wire and socketing materials provided in Chapter 2.1.1.
Therefore, the mechanical properties of PWS system including high-strength parallel
wire strand and socketing material at high temperatures and after cooling performance
must be experimentally examined in order to guide the fire resistance design and post-
fire evaluation of residual load carrying capacity of PWS cables and the socket material

for suspension bridges.



1.2. Contribution to State-of-the-Art

The bridge design and analysis world lacks the guidance of standardized codes
for considering fire scenarios. Although such standardization is absent, a number of
researchers have applied state-of-the-art fire modeling techniques in an attempt to
accurately depict the scenarios of interest in their particular problems. Motivated by
actual bridge fire incidents, these researchers which mentioned in Chapter 2.2.2 brought
modeling standards from the fire engineering community into their bridge analyses,
thereby providing a roadmap for the efforts of future researchers. Furthermore, such a
lack of standardization has forced these researchers to base their studies of temperature
distributions and mechanical responses within structural components on finite element
models with backing from neither experimental findings nor fundamental analytical

solutions.

From another view, the author claims that even if no collapse in case of a suspen-
sion bridge fire, engineers are often uncertain in how to evaluate fire-induced damage
due to a lack of experimental findings on bridge structural members such as suspender
cables. Previous experimental fire research has focused on buildings but bridges are
very different to buildings as their structural members usually sustain bigger loads,
larger span lengths, and have different boundary conditions and cross sections. These
specific features make advisable the development in parallel of both experimental and

theoretical studies (Garlock et al., 2012).

One of main focus of the thesis is the high-strength galvanized PWS system,
which is commonly used for main cables and recently used in suspender cables of
modern suspension bridge applications and the anchoring component of the suspender
cables which is called socket material. This thesis presents a detailed review of the
state-of-the-art on fire hazard in bridges, based on literature review. Thus, bringing
a database to the bridge community with reliable data for the mechanical and tensile
properties of parallel wire strands (PWS) and socket material at high temperatures

and after cooling.



The objective of this research to experimentally evaluate the effects of a nine-
teen PWS and socket systems under elevated temperatures caused by a truck/vehicle
related fire. The experimental setup will evaluate the overall behavior of PWS sys-
tem and measure the extension-temperature history of the collection of strands. The
steel material properties at elevated temperatures will be evaluated for an individual
strand for the future supplemental numerical analyses. The numerical analyses will be

validated by these experiments. The testing objectives are as follows:

(i) Determine the mechanical properties of the high-strength for a nineteen parallel
wire strand including:
e Tensile properties at ambient and elevated temperature,
e The reduction in ultimate strength at elevated temperature,
e The rupture temperature of steel strand or socket draw when held at a constant
load level,
(ii) Identify the critical temperatures below which socket draw does not affect the
integrity of the connection in the case of hydrocarbon pool fire.
(iii) Investigate the relationship between extension, temperature, and time at the
given temperature load from hydrocarbon standard fire (UL-1709) and realistic

pool fire scenario.

1.3. Scope of the Research

The remainder of the thesis is divided into six chapters. Chapter 2 is focused on
the background of the structural components of suspension bridge along with the me-
chanical properties of cold-drawn wires which forms PWS system at and after elevated
temperature. Chapter 3 outlines the testing program and the experimental setup and
test procedures. Chapter 4 presents the observations of the testing program. Chapter
5 provides an evaluation of the test results. Chapter 6 summarizes the results of the
thesis, and also provides conclusions and recommendations for future research on this

topic.
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2. BACKGROUND

In this chapter, the background of this research topic is presented. Firstly, an
extensive literature review for major structural elements of suspender system in sus-
pension bridge included, then a detailed literature review of the state-of-the-art on fire
hazard in bridges investigated, lastly the studies previously completed on the mechani-
cal properties of high-strength steel wires and socket material at elevated temperatures

based on the literature review included.

2.1. Major Structural Elements of Suspender System in Suspension

Bridges

The suspension system includes a parabolic main cable and a vertical suspender
cable connecting the deck to the main cable. The suspension system is in tension and
requires considerable anchorage at both ends. The cables are fracture critical and load
path non-redundant. Figure 2.1 shows plan view of a typical suspension bridge. The
most common suspension bridge system has three spans: a large main span surrounded

by shorter side spans.

SIDE SPAN MAIN SPAN SIDE SPAN

| STIFFENING TRUSS AND DECK |

IDENTIFICATION OF MAJOR ELEMENTS

LOW POINTS IN MAIN SPAN — LOW POINT IN SIDE SPAN —
PANEL AT EACH SIDE OF PANEL ABOVE ANCHORAGE
MIDSPAN OR BENT SADDLE

LOCATION OF LOW POINTS

Figure 2.1. Typical suspension bridge.
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The parts of the cable system other than the cable itself, such as the anchorages
of the suspenders to the cable, affect the performance of the wires. They are discussed
below in relation to the bridge component they are part of. Therefore, the major
structural elements are identified along with the low points of the cable, which are
significant for understanding suspension bridge concept and the evaluation of the test

results which are referred to in Chapter 5.

In this chapter, only major structural elements of suspender system are examined.
Thus, the main focus of this study is that PWS hanger cables, on which research reports
have rarely been written up to now and its socketing system for both main cables and

suspenders for long-span suspension bridges.

2.1.1. High-strength Galvanized Steel Wires for Bridge Cables

Figure 2.2 shows the timeline of the maximum tensile strength of zinc-coated
(galvanized) cable wire and the maximum center span of suspension bridges in the
world. A significant increase in wire strength made it possible for the Akashi Kaikyo
Bridge to become the world’s longest suspension bridge in 1998. Compared with the
Humber Bridge, the longest bridge before that time, an increase of about 200 N/mm2
wire strength enabled a roughly 600 m span increase in the Akashi Kaikyo Bridge.
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Figure 2.2. Timeline of wire strength and center span (Hirakida et al., 2008).
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The necessity of expanding for the center span length obviously increases the
needed main cable diameter. The diameter upper limit of the main cable is considered
to be around 1.1 to 1.2 m from the perspective of ease of construction and quality.
The strengthening of a bridge wire and an enhancing in allowable bearing force are

well-known to be effective for fixing up this cable diameter constraint.

2.1.1.1. An Overview of Strengthening Steel Wires. Steel is an alloy which consists of

iron and carbon (carbon being between 0.002% and 2.1% of the total weight) and high
strength can be achieved for wires by transforming the microstructure to a pearlite
lamellar structure with an approximately 0.8% carbon content as shown in Figure 2.3.
Exceeding 0.8% carbon content results in a structure that is hard but brittle and tends
to fracture under cold-drawing. In pearlite state, the steel has a laminar microstructure
with alternative soft and hard layered phases. The interval between the layers is called

lamellar spacing.

The key to allowing high strength and ductility for pearlitic steel is to form a
clear lamellar structure (as shown in Figure 2.4) and reduce the layer spacing through
the use of both heat treatment (patenting) and cold working (cold-drawing). The
patenting process involves heating or austenitizing (as shown in Figure 2.3) a wire rod
and subsequently rapidly quenching into a lead or salt bath held at 500-600°C (Tarui,
et al., 2002). Cold-drawn process is characteristically drawing the high carbon wire rod
through a die or a continuous series of dies at temperatures beneath the recrystallization
temperature. Therefore, the cold-drawn process is reducing the steel rods diameter,
in other words, it’s a metal-reducing process. The process of cold-working is clarified
by Callister and Rethwisch (2008) as an escalation in the dislocation density which in

turn increases the stress required deforming the metal.

Thus, the phenomenon of lamella collapse occurred due to the heat effect during
the zinc-coating (galvanizing) process at around 450°C. This had been a serious obstacle
to increasing wire strength for a long period of time. Adding Si and Cr to the steel

helps maintain the lamella structure, which was discovered through extensive research
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activities and eventually led to an approximate 200 Mpa increase in its tensile strength,
which had been unachievable until then (Takahashi et al., 1994). Also, through the
observations of the microstructure at an atomic level, it is now well understood that Si
and Cr have an inhibitory effect on carbon diffusion from the cementite layered phase
(hard carbide phase shown in black in Figure 2.4). This wire with a clearly layered

microstructure may be regarded as a naturally formed composite material.
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Figure 2.3. Iron-carbon phase diagram.

Figure 2.4. Differences in layer configuration (Tarui et al., 1994); (a) Traditional wire

(b) Si and Cr added wire.
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2.1.1.2. Chemical Composition of High-strength Wires. The following table lists in-

cluding the elements in cable wire and their approximate weight by percent. Note that
accordingly AISI Classifications, approximately 0.8-2.0% and 0.3-0.8% carbon content

considered as high-carbon steel and medium-carbon steel, respectively.

Table 2.1. Elements in wire and approximate weight by percent.

Weight by Percent
Element Minimum | Maximum

Carbon 0.65 0.84

Sulfur 0.04

Phosphorus 0.04
Manganese 0.8

Silicon 0.15

Nickel 0.12
Chromium 0.1

2.1.2. Parallel Wire Strand (PWS) Cables

The PWS cables has a great tensile strength and maintenance convenience com-
pared with the other cable types. Nevertheless, the advantages of using strands with
parallel wires had been known for a long time, the problems related to the reeling
process excluded the introduction of these strands in actual construction for many
years. The reeling obstacle is related with the detail that the curving of a PWS with
undistorted cross sections would cause an elongation of the wires at the outside and a
contraction of the wires at the inside of the curve. With reels of realistic dimensions,

the required strains in the wires would result in intolerable stresses.

In the 1960s, real tests on the reeling options were uncovered in the USA, and it
was concluded that the PWS, through a local distortion of the wires inside the bundles,
could actually be reeled and unreeled without generating intolerable permanent distor-
tions. From a description of the trial test with a 37-wire strand, the author claimed
that the strand was found to continue considerably its original shape while being un-

reeled and reeled. After static tests showed that repeated reeling did not affect the
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mechanical or physical properties of the strand (Durkee, 1966). Thereafter, the tests

with 61-, 91- and 127-wire strands were conducted.

2.1.2.1. PPWS Cables for Main Cables. Main cables of suspension bridges are the

most vital components in these superstructures. Such cables consist of many thousands
of pre-fabricated parallel high-strength steel wires, and the typical diameter of a bridge
wire is about 5 mm. The main cable size is adapted over the towers to follow the angle
changes and the difference in stresses between the side span and the main span. The
main cables are supported by saddles at tower top and anchored in anchorage blocks

located in both ends of bridge.

Parallel wire cables are categorized by the construction methods, such as the
air-spinning (AS) method and pre-fabricated parallel wire strand (PPWS) method.
The core of the cable consists of closely-packed galvanized steel wire strands as shown
in Figure 2.5. Inner strands usually have hexagonal cross-sections to optimize the
compaction operation. The cross-sections of the strands adjoining the periphery are

adjusted so as to give the entire cable core a circular cross-section after compaction.

Figure 2.5. Detail view of a single 127-wire strand (left-hand side), the outline of a
Cable Band (right-hand side).

For PPWS, each hexagonal strand is composed of 127 wires as presented in below
Figure 2.6 and Figure 2.7. Suspension bridge cables are loaded in tension; they transfer

the entire weight of the bridge deck and any traffic that might be on it, more than
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several hundred thousand tons, to the suspension towers, and to anchor points at each

end of the bridge.

Figure 2.6. PPWS cable of 127 wires, used in the Akashi Kaikyo cables.

The core is wrapped by a continuous, pre-tensioned wire layer, and it is radially
clamped at regular intervals along its entire length to ensure geometrical integrity and

tightness, and to enhance strain transfer to any broken wires.

Figure 2.7. PPWS with #127 of 5 mm wires (Bisan Seto Bridges).

The parallel wire cables were used for the Brooklyn Bridge for the first time
(completed in 1883) and are used for most modern suspension bridges. A mid-sized
bridge cable, such as the one used in the Manhattan Bridge in New York, can be about

50 cm in diameter, with about 8.500-9.000 wires while larger cables, approximately
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0.75 m to 1 m in diameter (e.g. the 3" Bosphorus Bridge, Verrazano Narrows Bridge
and the George Washington Bridge), contain about 14.000-28.000 wires. For instance,

37? Bosphorus Bridge cable properties as shown in below Table 2.2.

Table 2.2. Cable Properties of 3" Bosphorus Bridge.

Main Stiffening | Hanger
Division Unit Cable Cables Cable
(PPWS) (PSS) (PWS)
Young’s modulus (E) | MPa 205.000 195.000 195.000
Specific weight (p) kg/m3 7.998 9.100 9.500
Material | Tensile Strength MPa 1.860 1.960 1.770
Properties | (Minimum) (£, )
Diameter of one mm 5.4 15.7 -
wire (Poire)
Section Area of one strand mm? 2.905 150 -
Properties | (Astrand)

2.1.2.2. PWS for Suspender Cables (Hanger cables). The main cables of a suspension

bridge system support the total bridge deck load through suspender cables. The sus-
penders are attached to the main cable at clamshell clamps, which are also termed

cable bands as shown in Figure 2.8.

Cable Panel
. - T~
Main Cable el v

Cable Band *Main :::""
Cable i
A1 Iy
Suspenders
mQ 1 2.5 5

Figure 2.8. Schematic elevation view of a suspension bridge with major structural

elements highlighted.
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An alternative suspender cable of the parallel-wire strand cable with straight
wires was proposed in the 1990s under the name “New PWS Cable” as presented in
Figure 2.9. In PWS suspender cable, the wire bundle is a little twisted with a long
way to ease reeling and unreeling and force the strand self-compacting when exposed
to an axial tension. The PWS cables are also characterized by having the protecting
polyethylene cover which is usually used in long span cable stayed bridges extruded
directly onto the wire bundle and therefore no void will occur between the wires and
the surrounding pipe. With the elimination of the spiral rope and the voids for cement
grouting the PWS Cable is more compact than traditional PWS cables or the center
fit rope core (CFRC).

It is also known that the HDPE sheath (as shown in Figure 2.9) used to prevent
from external factors such as humidity, rain, intense heat and UV radiation ignites at

330°C. When the sheath starts to burn, there is an impulsive rise in cable temperature

(PTI, 2012).

Suspenders are expected to last between 35 and 65 years. PWS cable suspenders
cannot be bent over the cable like rope suspenders, they require a socket. They are
stronger and thus lighter than rope suspenders. PWS are socketed and pin connected,
under the cable bands.

7 mm wires

Filament tape

Figure 2.9. Modern PWS cable.
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2.1.3. Cable Anchorage and Connection (Socket Material)

In suspension bridges, the components of the cable system are attached to the
deck and when connecting the superstructure and the substructure superior details
have to be worked out. Concurrently, these details are particularly vital, as the cables

constitute the main load-carrying components of the suspension system.

When it comes to the anchoring of pre-fabricated strands, the conventional way
is by socketing the ends of the strands. A socket for a PWS is simply made of a steel
cylinder with a conical cavity as illustrated in Figure 2.10 and then the broomed end
of the strand is inserted. Afterwards the conical cavity is filled with a metallic alloy
having a comparatively low melting point. Once the PWS cable is exposed to tension,
a wedge action will arise. Thereafter, a tri-axial state of stress in the cone that within

the socket will successfully support the force transmission from the wires.

This socket is generally used as a dead-end anchor where jacking equipment
cannot be easily connected; it is called as the simple bearing socket. In addition
to the simple bearing socket, other more sophisticated socket systems are also found.
Nevertheless, the simple bearing socket is selected for the experimental study and

therefore only the simple bearing socket is described in this chapter of the thesis.

C\Lrasu-c' ‘
] B,OO R] - i 4
1700 N 4 'T'—' ——

400°C

R ——
‘ 450°C

5 L - 5 T » Time in Minutes

Figure 2.10. A typical simple socket for a strand (left-hand side), influence of pouring

temperature on the ultimate strength of wires (right-hand side).
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In point of fact that the high strength mechanical properties of the wire is reached
throughout the cold-drawing method as it mentioned in Chapter 2.3 below. In this
regard, a strength decrease might occur on condition that the metallic alloy needs an
elevated pouring temperature. This situation is shown in Figure 2.10 which indicates
the outcome of breaking tests with cold-drawn wires exposed to pouring temperatures

of 350°C, 400°C, and 450°C at varying time intervals.

It look as if the decrease in strength will be upwards of 10% if a pouring tem-
perature of 450°C is continued for farther than four minutes. The pouring metal is
made of alloys containing zinc, lead, copper or aluminum. It is likely to preserve below
the pouring temperature of 350°C with lead alloys. Nevertheless, in the cause of dis-
advantageous creep properties and severe health consequences, these alloys have been
disallowed recently. As an alternative, non-ferrous metals (alloys based) mainly on zinc
are preferred, needing a pouring temperature of 400-450°C. A great resistance against
creep appears to be succeeded by a Zn-Cu alloy with 2% Cu on weight percentages
(BS EN 1774:1998).

When it comes to cold-drawn wires the strength drop explained above is not as
much of importance as the wires have previously been exposed to high temperatures

throughout the galvanizing process.

The inside of the socket material might be filled with a hot casting material
(for instance the metallic alloys categorized above). However, in order to increase the
fatigue resistance of the anchorage it was chosen to use a cold casting material consist
of epoxy resin, zinc dust, and small hardened steel balls (diameter 1-2 mm) (Andra,
and Zellner, 1969). In order to anchor PWS more advanced socket, as presented in
Figure 2.11 (left-hand side) was successful developed by F. Leonhartin 1968-1970, when
Mannheim Bridge was built. In this system, the wires are put through holes in a locking
plate at the termination of the socket. The wires arranged with button heads in order

to upgrade the resistance in opposition to the slipping of individual wires.



21

Steel Tube
=

[ ‘\ # Epoxy Compound

| | + Zinc Dust

—<

¢ Epoxy Compound
+ Zinc Dust
+ Steel Balls

| Locking Plate

Button Heads

n
1

=

Ca

Cover Plate

Figure 2.11. A socket for parallel wire strand (left-hand side), HiAm socket for PWS
(right-hand side).

Figure 2.11 illustrates a classic socket based on the usage of a cold casting ma-
terial. To specify the developed fatigue resistance of this socket it was known as a
“HiAm” socket, where HiAm imply high amplitude. It began to widely use the cold
casting anchorage for hanger or suspender cables. Until now all wire hangers of cold
casting anchorage adopt the epoxy-base resin and steel shot as cold casting padding.
There are typically two kind of cold casting preferred for Resign Socketing System as

following;:

(i) Polyester base binder: Polyester has styles of saturation and unsaturation polyester.
The shortage of polyester base binderies greater shrinkage rate, lower glue tenac-
ity, worse chemical resistance and waterproof.

(ii) Epoxy-base adhesive: Epoxy-base adhesive is composed of epoxy resin, curing
agent, increased toughness agent, epoxy resin solidified has good physical and

chemical property.
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Table 2.3. Comparison of performance between Epoxy Resin and Unsaturation

Polyester Resin.

Item/performance Epoxy Resin | Unsaturation Polyester Resign
Tensile Strength (Mpa) 65~80 50~70

Elasticity Modulus (Mpa) 100~150 90~100

Elongation (%) 2~5 1.5

Shear Strength (Mpa) 30~50 10~20

Distortion Temperature (°C) 180 60~80

Max. Permissible Temp. (°C) 110~121 60~80

Hot Shortness (%) 1~2 7

Chemical Resistance Good Fine

Note: The contrast (including performance comparison) can be regarded as the
materials of a general comparison due to their values depend on the formula and

requirements of specific occasions.

For the simple bearing socket the measurements will usually be within the in-
tervals specified in Figure 2.12, as long as the socket is consist of steel with a yield
stress of 250-300 MPa. Commonly, the slope 5 of the conical cavity will be slightest

for sockets with cold casting material and largest for sockets with metallic alloys.

f_“"-.o
d;
=l 5
s h = 4d,-5d,
ds =2.5d-3d,
-
tanf=g-1»
.
L g J
I< 21

Figure 2.12. Typical dimensions for bearing socket.
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While analyzing the compressive stress, the bearing area does not always cover
the whole area of the socket end. Hence, when it comes to use shim plates shaped
as displayed in Figure 2.13, the effective bearing area is assumed to contain only the
shaded areas. Only if an enlarged bearing area is necessary, a socket with a collar, as

shown in same Figure 2.13, might be used.

Figure 2.13. Bearing area (left-hand side), socket with collar to increase bearing area

(right-hand side).

As well as the sizing of the socket end in order to confirm the transmission of
the strand force as compression, analyzing of the wall thickness is also needed as the
side pressure from the casting material causes a ring tension within the socket walls.
The designation of the wall thickness is regularly depending on the following estimated
technique. The method lie behind to safe dimensions in general terms that the ultimate
strength of the strand anchor will not be controlled by the socket itself (Schleicher,
1949).

The effective length of the cable socket is supposed to be 2/3 of the total length,
as demonstrated in Figure 2.14. Additionally, it is assumed that the pressure from
the casting material performs under an angle ¢ with the internal surface of the strand
socket wall, equivalent to a coefficient of friction u = tang. Although, the hot casting
materials tan¢ will regularly be preferred to a value of 0.2, the cold casting materials

filled in HiAm sockets will provide a value of tan¢ equal to 0.45.
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Figure 2.14. Idealized force transmission from the socket to the casting material

inside the cone.

The entire ring tension P, is obtained by:

T

b= 2rtan(¢ + B) 21

where T is the strand force and [ is the conical cavity.

Assuming that the ring tension is taken by the effective part of the strand socket
with a height of h.fr= 2/3h causes to the following equation:

3, 3 T

T 2ht, Amtan(é + B)

(2.2)

where ¢, is the average thickness of the strand socket wall in the effective part.

It is essential that the axial stress in Section I-I, as shown in Figure 2.14, shall

be confirmed, as the entire strand force T" must be transferred through this section.

24
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2.1.4. Cable Bands

These cable bands (or clamps) also impose significant compressive radial loading
on the main cable surface and facilitate load sharing of the strands underneath the
band through enhanced surface friction as shown in Figure 2.15. Some of the clamping
action is also provided by the cable bands that serve as attachment points for the PWS

cable or vertical suspenders that connect the bridge deck to the main cable.

Cable bands consist of two cylinder halves bolted together over the circumference
of the cable. The number of bolts per cable band is dependent on the slope of the
cable at the suspender attachment point. The friction from squeezing against the

cable prevents it from sliding down the cable.

Figure 2.15. Hangers connected with fork sockets to cable bands (left-hand side),
Cable Band in the Akashi Kaikyo Bridge (right-hand side).

2.2. Fire Hazard in Bridges

2.2.1. Structural Fire Engineering

It is well known that fire is a severe hazard and poses a significant threat to struc-

tures including buildings and bridges. When fire subjects to the structural member,
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thermal elongation and weaken material properties of the material are expected. Since
fire is such a severe threat, codes and specifications have been put in place to minimize
its potential destructive effects. The basic concepts of structural fire engineering are to
prevent structural collapse and to prevent the spread of fire, and to limit the damage.
Life safety and economic impact are the primary factors that govern the required fire
resistance. Fire resistance is provided through passive and active systems. Passive
systems, such as intumescent paints and sprayed on fire resistant materials, are always
in place. Active systems, such as sprinkler systems, fire extinguishers, or oxygen sup-
pression systems, require a triggering mechanism before they provide fire suppression.

Fire resistant design of structures can be simply expressed as followed:

Required Fire Resistance < Provided Fire Resistance

For buildings, the required fire resistance is a function of the type of construction,
type of structural element, the importance factor, and the height or area. The provided
fire resistance is a function of the structural member’s ability to maintain its function
at elevated temperature. Structural fire resistance for buildings is required by the IBC
(2012). Specifications oft