Structures in a changing climate highlights the effect of uncontrolled
pollution, by human activities, on the environment. The book explains the
processes leading to the corrosion of a typical steel structure subject to
pollution from substances in the air, that arises from both natural and
man-made pollutants.lt is explained in two stages: Stage one where
pollutants such as sulphur dioxide, carbon dioxide, chloride, etc are
identified and quantified including their effect on materials. The reaction
of the above air quality parameters with climate change parameters such
as temperature, relative humidity, precipitation is analyzed through dose-
response functions from several researchers, leading to the estimation of
corrosion losses in steel structures. The second stage of the work used the
estimated corrosion loss to determine their effect on a typical railway
bridge loading in terms of moment of resistance and shear resistance. From
the results, it is determined that overtime, increasing pollutant loading on
the environment will cause failure of structures except this phenomenon is
built into the design stage and carried out through proper maintenance.
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CHAPTER ONE
INTRODUCTION

1.1 BACKGROUND OF STUDY

“Then the Lord rained down burning sulphur on Sodom.........
out of the heavens”. Gen. 19:24, NIV Bible (2005). Does the
situation of the current climate reflect this quote? What can be done

to ensure that similar disaster does not affect the universe?

Deterioration of materials due to air pollution come at high cost and
the damage pose a long term effect on available infrastructure
provided at high cost to the economy of the nation. Duke (2011)
writing in this shrinking land, climate change and Britain coasts
notes that “The oceans are the grave yards of the lands. Lands
became eaten away by the action of the seas, and it is no surprise
to find that most of the world’s shorelines are in a state of erosion.
The fringes of Britain, its cliffs and beaches are shrinking,
disappearing into the surrounding sea because of coastal flooding,
erosion and land sliding. Is climate change speeding up the
process; are our homes, our villages and towns, at risk?” the author
asked. Feenstra (1984) has observed that “the effect of atmospheric
pollutions on building is the best evidence of the examples of
damages related to the heating of fossil fuels. The pollution form of
damage to buildings is seen in discoloration, failure of protective
coating, loss of details in carvings and structural failure”. In this
regard, it is important to observe that the rate of this damage has
increased greatly since the industrial revolution. While much work

on the effect of climate change has centered on coastal erosions,
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marine infrastructure, building and cultural artifacts, more need to be
done on many steel bridges and other railway infrastructures which

dot the nation’s highways and rail lines.

Dose-Response approach was used to determine the rate of
corrosion of a road steel bridge with rail line at grade, located in

Guildford (see figure 1.1) while determining its load carrying

capacity over time.

Fig 1.1 Typical U-Frame Railway Bridge showing atmospheric

pollutant deposits arrowed.

1.2 STATEMENT OF PROBLEM

As noted by Ayoade (2004), it is now increasingly clear that
man is capable of inadvertently influencing global climate through
anthropogenic heat production and the emission of green-house
gases. Despite quite extensive experimental test programme, such
as the assessment of global warming damages by Extern E (1998)

project, the prediction of the likely corrosion loss of materials is still
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rather low, even though the various factors that influence
atmospheric corrosion are known.

The effect of such loss on structure in place need to be further
studied to engender better understanding of structural failure

possibilities or its reliability.

1.3 OBJECTIVE OF STUDY

The objectives of this study are therefore summarized as follows:

i Determine the Dose-Response model of weathering steel in
UK using weather parameters for London.

ii. Estimate the deterioration of a steel bridge in Guildford over
time using the dose-response function approach.

iii.  Calculate the resistance of a steel bridge structure over
time subject to such deterioration.

iv.  The general objective of this research is to study the factors
that actually have impact on the service life existence and
progress of deterioration of structures exposed to

atmospheric weathering.

1.4 SIGNIFICANCE OF STUDY

Structural failure as a result of pollutant exposure does not
occur unless where there is wrong design of the structure or the

owner has not carried out routine maintenance.

However, valuation of material damage is complex for a number of
reasons which include material type and the nature and importance
of the object. Cost of replacement and maintenance can be easily
determined provided that there are clear guidelines as to what

action should be taken and at what time, example replacement of
11



steel member when a given depth of material has corroded, Extern
E (1998).

This study therefore tries to understand how air quality affects the
corrosion of materials of construction especially steel in unsheltered

condition.

1.5 LIMITATION OF CLIMATE AND POLLUTION DATA
Numeric determination of climate and pollution parameters is
required to calculate the deterioration rates for steel in London over
time. According to Brimblecombe et al (2008) it is important to note
that there is the need for caution in the use of long term millennium
data that involve historic, non-instrument and instrument records for

future predictions as they are inhomogeneous.

Data used in this work being a secondary data obtained from the
reference above need to be treated with caution. The reliability of
the data will be improved upon with future information as they occur.
For the Dose-Response function, the work utilized the already
determined functions by Kucera et al., (2005) for the Multi-Assess
project in multi-pollutant exposure case and further work done on
the subject by Mikhailov (2001) and ISO 9223 (2012) etc.

1.6 CHAPTER SUMMARY

This chapter introduced the subject of impact of climate
change on the rate of deterioration of existing structures. It also
looked at the significance and objective of the study while noting
past research on the subject. Detailed literature review to determine

what is known and any gap in knowledge will therefore follow.
12



CHAPTER TWO
REVIEW OF RELATED LITERATURE

2.1 CLIMATE AND CLIMATE CHANGE

Climate is a term used widely to describe the “average
weather” for a given region over decades or more or being used to
refer to condition across the entire planet. The nature of the earth’s
climate at both the regional and global scale is the result of an
interconnected system driven by the uneven heating of the planet by
solar radiation. This system ftransfers heat from low to high
latitudes, and involves all the Earths sphere: the atmosphere,
hydrosphere (mainly the ocean), cryosphere, biosphere and
lithosphere. It tends to keep the Earth’s radiation budget in balance
globally so that, incoming radiation is equaled by outgoing radiation
(Wilson et al., 2001).

The climate in any given region involves both the average of the
weather and the typical extent to which condition followed from the
average. “The term ‘weather’ refers to the daily changes in the state
of the atmosphere at a specific location. Climate involves variables
such as temperatures, humidity, windiness, cloudiness and
precipitation” (Danny Harvey, 2000). Climate is much more than the
atmospheric variables, but depends on all other components that
interact together to form part of the climate system. This made
climate system study wide ranging and multi-disciplinary viz
Meteorology, Physical and Chemical Oceanography, Atmospheric
and Soil chemistry, Cloud and Aerosol Physics, Marine and

Territorial Ecology and Engineering. In recent years media attention
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has focused on changing world climate and the impacts on the
human experience, this may cause (Hart, 2000). Research has
shown that the climate is changing globally, with the world being
about 0.6°C warmer than one hundred year ago (Hulme & Jenkins.,
1998). “The warmest year ever recorded have been (in increasing
order) 1990, 1995, 1997 and 1999; the last year 2010 being the
warmest since about 1204” (Lamb, 1995). In the United Kingdom,
five of the six warmest years in the 340 year Central England
Temperature series occurred since 1988. Several researches from
sources estimate possible rate of global warming over the next
century to range from “0.16°C per decade to 0.35°C per decade. In
the same period global sea-level is predicted to rise from between
2.4cm per decade to 10.0cm per decade” (Hart, 1997).

2.2 Global Warming

The term “greenhouse effect” is used to describe the tendency
of the atmosphere to create a warmer climate than would otherwise
be the case (Danny Harvey, 2000). When radiation hits a surface or
a gas molecule, it loses energy which causes the wave length of
that radiation to lengthen (Wellburn, 1994). Earth’s surface
warming, either by solar radiation or by re-radiated infrared (IR)
causes evaporation of water and upward convection of air, both of
which transfer energy from the Earth’s surface back into the

atmosphere.

According to Ayoade (2004), the near consistent increase in the
Earth’s temperature since 1970s has been explained by two factors.
The first is the increase in anthropogenic heat production as a result

of increase in urbanization and industrial activities worldwide. The
14



second and more important factor is the increase in the generation
of greenhouse gases such as CO2, methane, nitrous oxide and
chlorofluorocarbons (CFCs) by various human activities especially
transportation and manufacturing activities. It is estimated that CO2
and CFCs account for about 80% of global warming. These and
other greenhouse gases absorb infrared terrestrial radiation
preventing it from escaping to space thus warming the earth’s
atmosphere. It is estimated that if the present rate of increase in
COz2 in the atmosphere continues, it will be 450ppm in 2050 and
between 500 and 600ppm in 2075.

2.3 IMPACT OF CLIMATE CHANGE

Climate influences man in diverse ways. Man in turn
influences climate through his various activities such as in industry
and manufacturing, transportation and burning of coal and other
fossil fuels (Ayoade, 2004).

2.3.1IMPACT OF CLIMATE ON SOCIETY

Changes in climate exert a lot of influence on human beings
and the degree to which a particular environment is exposed to
damage by climate reasons is termed its vulnerability. The human
nature to adapt and withstand adverse climate impacts, however, is

termed its resistance.

Studies have indicated that the ability of society to withstand
adverse climate is not a linear function of its wealth or degree of
development (Burton et al., 1978). As observed by (Critchfield,
1974) energy, human health and comfort are more susceptible to be

affected by climate than any other factor in the physical
15



environment. Example, though ultraviolet rays help to form vitamin
D in the skin and devitalize bacteria and germs, they can also cause
sunburn and inflammation of the skin. In fact, ultraviolet rays
coupled with intense heat can cause cataract of the eye. On the
positive side also, fresh air, mild temperature, moderate relative

humidity and sunshine also have healing value.

Economic activities such as in manufacturing industry, commerce,
utilities, agriculture and animal husbandry, transport and
communication are all influenced to varying degree by climate.
These human economic activities can only be successfully pursued
under right climate conditions (Mather, 1974; Smith, 1975, Hobbs,
1980)

Climate also influences the way a house is built and the type of
dress humans wear and they vary from culture to culture and from
climate zone to another. In this regard, (Griffiths, 1976) has noted
the classification of the world into zones with respect to their clothing
requirements to meet normal human body heat balance. Building
location, materials choice, designs and method of air-conditioning of
structure is affected by climate and weather conditions. In addition,
however, the building structural safety and ability to carry the
stresses arising from the prevailing climate during its anticipated
lifetime must be guaranteed (Smith, 1974; Critchfield, 1974).

Since construction activities take place in outdoor conditions, current
weather condition with regard to rain, flood, snow, high winds, and
temperature extremes can affect it adversely. Estimates of the
number of workable days for construction purposes are made using

information on the weather variables (Smith, 1975).
16



2.3.2 IMPACT OF HUMAN BEING ON CLIMATE
Examples of attempts to control weather by human include
seeding to augment precipitation or suppress hail or lightning or to

clear fog or modify the structure and movement of hurricanes.

Man may also influence climate inadvertently through his various
actions and activities such as urbanization and industrialization, oil
drilling activities, falling of trees, farming activities, draining of
marshes or creation of artificial lake when rivers are dammed to
provide water for various uses or for generation of hydroelectric

power.

The greatest impact of man on climate is evident in urban areas.
Here, the actions of man have such a tremendous impact on climate
that the climate prevailing in urban areas is quite distinct in
character from that in the surrounding rural areas (Ayoade, 2004).
This point is clearly seen in the results achieved by this work where
the corrosion in the urban/Industrial area is higher than for a rural

area by a factor of between 2 and 3 respectively.

According to (WMO, 1965) the balance between the sources from
which pollutants arise and the factors favourable to their dilution and
dispersal within the atmosphere determine whether or not a

pollutants will constitute a hazard to human health and welfare.

2.3.3 AIR POLLUTANTS
Either by natural or man-made process, the release of
substances that are not of natural origin into the air from other

sources is termed air pollution.
17



Buildings are affected by corrosions due to air pollution, metals are
oxidized and there is deterioration of plants. In the United States
alone, property damage due to air pollution is estimated to be over
$10.0 billion a year while damage to crop alone amounts to over
$500 million a year (Maunder, 1970).

Research has also shown that in Great Britain, the larger the city the
higher the incidence of bronchitis-emphysema (McDermoll, 1961).
Other disease associated with air pollution includes influenza, lung

cancer, asthma and pulmonary heart disease.

Working hand in hand with meteorologists, urban planners can
contribute to air pollution control through proper urban design,
involving zoning, proper land use planning and site selection as well

as the use of green areas and buffer zones (Bach, 1972).

2.3.4 FUTURE OF WORLD CLIMATE
According to the SMIC report (1971), past land use from their

natural vegetation to pasture and for agricultural purposes has
affected the climate though not by choice.

The modification of the natural vegetation has affected several
important climate parameters such as surface roughness as well as

the hydrological properties of the surface (Lockwood, 1979).

According to Barry and Chorley (1976), were it not for the removal of
CO:2 from the air by the land biosphere and the oceans, the increase

of the pollutant in the atmosphere would have been about 20%.
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Studies such as those carried out at the Hadley Centre (SCOPAC,
2001) predict that in Southern England:
- It will continue to get warmer
- Rainfall will continue to increase in winter and decrease in the
summer, but with an overall increase in both total and effective
rainfall.
- Sea level will continue to rise
- There is also the possibility of higher number of extreme
weather, rainfall and storm events.
Essentially, these predictions would appear to be continuation of
current trends but with expected increased rate of change.
Finally, human’s Engineering skills and ability to deploy his
technological capability is required now and in the future as it
grapples with the challenges of ensuring that it does not live at the

mercy of the climate.

2.4 BUILDING MATERIALS AFFECT BY CLIMATE
CHANGE

As the climate change, man-made response to overcome the
earth is affected in many ways, such as in:
2.4.1 WOOD

In many Engineering structures, such as building, railway and
bridge structures, wood form part of the materials exposed to the
environment. Direct atmospheric pollution does not however affect
wood as much as the problem caused by water and humidity.
Uncontrolled variations of relative humidity in the environment and
precipitation are the principal hazard to the preservation of wood in
and outdoors (Kozlowski, 2007).



Woods are complex materials and they differ greatly in their porosity
and water resistance. Example is the hard wood, though few of
them can withstand outdoor exposure without protection. A greater
bulk of exposed wood, such as softwood, if left unprotected would
become water logged and develop excessive porosity through
bacterial action or rot (Banks and Evans., 1984). The use of wood
as a construction material saves a lot of energy and hence helps to
reduce global warming. However, cutting down of trees to form
timber for construction also contributes to global warming by
reducing the amount of oxygen regenerating plants in earth natural

system.

Timber shrinks with change in moisture content especially under
unsheltered condition. BS 5268-2 and Eurocode 5 indicate three
types of service class of wood in use to include:

Service Class 1 for moisture content at 20°C and relative humidity of
65% per annum. Service Class 2 is for moisture content at 20°C and
relative humidity of 85% per year and Service Class 3 is used to
indicate wet condition at temperature and relative humidity greater
than Class 3 (Ozelton et al., 2008).

Class 3 is used for fully exposed timber under external use and
creep deflection of beams in this category can be affected by

method of drying and loading condition.

2.4.2 NATURAL STONE
Serious attack on natural stone by atmospheric pollutants is
confined to limestone and calcareous sandstones (UKBERG, 1990).

It has been observed that stone, particularly granite, are not
20



seriously affected by pollution. Stone damage problems are also
known to occur through frost damage or by crystallization of soluble
salts. The occurrence of weathering of stone is mainly due to

carbon dioxide present in the atmosphere.

According to (Cooke and Gibbs, 1994), CO: dissolves in rain-water,
producing an acidic solution. The acidic rain-water reacts with
calcium carbonate in the stone to form soluble calcium bicarbonate.
In the presence of SOz, the rain-water acidity increases and a much

faster chemical attack occurs.

2.4.3 MASONRY

Research by (UKBERG, 1990) has shown that there is low
evidence of damage to brickwork by industrial pollutants. Bricks are
noted to be stable without protection except when damaged by frost
acts. Renderings are also not adversely affected by acid pollutants

but a substrate can be affected by sulphate action.

2.4.4 CONCRETE

The main binding material for concrete is Portland cement, an
alkaline material subject to acid attack. The damage to concrete as
a result of climate impart may be in the form of spalling, surface
erosion and corrosion of embedded steel. Apart from surface
erosion, damage to concrete may likely be in form of natural
carbonation and ingress of chloride ions as against interaction with
pollutants such as SO (Etern E, 1998a).

Corrosion of embedded steel reinforcement in concrete affects its

durability. The alkaline nature of the cementitious concrete protects
21



the reinforcement from corrosion. Expose of concrete to air and rain
over a period of years neutralizes the alkalinity, causing the pH of
the cement paste to fall and leaving the steel open to corrosion
(UKBERG, 1990). The interactions of CO2 and SO2 in the
atmosphere with calcium hydroxide of the cement Paste bring about
the neutralization of the pH (Lahdensivu et al., 2009).

2.4.5 WEATHERING (CARBON) STEEL

Carbon steel is high strength, low alloy weldable structural
material which possesses good weather resistance in many
atmospheric conditions with minimal need for protective coatings
(The Steel Construction Institute, 2003). Weathering steel contains
alloying elements such as Nickel, Copper, Phosphorus and
Chromium (SCI, 2006; Kihira et al., 2005).

Additional thickness is added to steel, which is outside the
calculated section resistance, to take care of the slow rusting
overtime in unpainted weathering steel. This additional thickness is
dependent on prevailing atmospheric condition as determined in
clause 4.5.6 of BS 5400-3; 2000.

Metals atmospheric corrosion is achieved by electrochemical
process, which takes place in corrosion cells with anodes and
cathodes as shown in figure 2.1.

Fe »FeZ*+2e .....cccooeviiiiiiiieeiiecn, 2.1
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Anode Reaction: 2Fe - 2Fe” + 4e’

Cathode Reaction: O, + 2H,0 + 4e” % 40H"

Atmosphere

Thin Film Electrolyte

Figure 2.1 Steel corrosion formations in anode reaction according to
Etern E, 1998a

A wet electrolyte is needed for atmospheric corrosion. This is
enhanced by such climatic parameters as precipitation, humidity,
temperature and degree of atmospheric pollutants. Sulphur dioxide
causes most damage, of all the atmospheric pollutants, while in
coastal regions chlorides also play a considerable role (EternE,
1998a).

The role of NOx and ozone in the corrosion process of metals is not
yet fully understood, though there is evidence (Kucera, 1994) to
suggest that ozone play a significant role in quickening some
reactions.

2.5 EFFECT OF CLIMATE CHANGE ON CLIMATE
PARAMETERS
2.5.1 TEMPERATURE

The world temperature is predicted to rise over the next
century. This increase of some few degrees will be critical to many
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aspects of our lives and the health of ecosystems and agriculture
(Brimblecombe et al., 2007).

By definition the degree of hotness of a body as measured by a
thermometer is its temperature. One critical aspect of temperature
that affects large structures is seasonal changes. Large seasonal
changes in temperature impose greater stress on buildings and
structures. The temperature data for this work is based on Central
England Temperature Record (CETR) with modification for past
records, shown in Table 3.1 below (Brimblecombe et al., 2008;
Manley, 1974; Parker and Horton, 2005; Parker et al., 1992).
Generally, studies have shown that temperature have correlation
with corrosion rates (ECE, 1984). Temperature is noted to increase
the rate of reaction, though for steel the rate decrease with increase

in temperature and it also dries the surface.

2.5.2 RAINFALL

Corrosion of metals by rainfall is dependent on the pH of the
rain, intensity, duration and amount. Though rainfall acidity is not
easy to estimate, it is known from twentieth century measurements
and records to be low (Brimblecombe et al., 2008). Coal ash
present in the past century tended to make rainfall alkaline, hence a

pH value of 5.5 is used for this work as in table 3.1.

The presence of SOz decreases the pH of rain, and causes faster
chemical attack. This can occur by the dissolution from rain acidity
or attack of dry deposition of pollutant. As reported in (Wang et al.,
1997, Misawa et al., 1974), “hygroscopic SO: in the industrial

atmosphere often lowers the pH of water, wets rust layer and
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dissolves the initial corrosion products of y-FeooH, and also
promotes the phase transformation of y-FeooH to amorphous ferric
oxyhydroxide and a-FeooH”. This transformation for weathering

steel is known to takes place within the first three years of exposure.

2.5.3 RELATIVE HUMIDITY

Relative humidity is one of the climate parameters included in
most of the established dose-response functions. It defines the
percentage of vapour density to saturation vapour density at any
given time. For relative humidity, the transformed variable is Rheo =
(Rh-60) when Rh>60; otherwise 0 is used in the dose-response
function (Kucera, 2007).

As indicated by Brimblecombe et al., (2007) cycles of relative
humidity causes crystallization and dissolution, which exert stress
on structural materials in which weathering salts are present,
Arroyave et al (1995); Henriksen and Rode (1986) concluded that at
high relative humidity, SO2 might form ferrous sulphate, which would
attract water and be dissolved on steel surfaces, thereby

accelerating the corrosion with little contribution from NO..

2.5.4 TIME OF WETNESS

For weathering steel, the time of wetness (TOW) may be
interchangeably used with relative humidity. This is because steel
show high critical humidity for corrosion process (Leuenberger-
Minger et al., 2002).

Bartonj and Cherny (1980) has shown that there is a correlation

existing between corrosion under absorbed water films and the
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amount of SO2 absorbed by the films over a period equal to TOW as
in

fay = C[SOJA. TOWB ., 2.2

The power functions take into consideration the nonlinearity of this

expression regarding both SO2 and TOW.

The deposition of atmospheric pollutants such as sulphate dioxide
on outdoor structures such as buildings and bridges is influenced by
time of wetness or humid condition. Water soluble gases such as
SO:2 and other particulate matters can be deposited more effectively

under humid environment than in dry condition.

2.6 FACTORS AFFECTING AIR QUALITY

Chemical composition of the atmosphere is of great
importance to the corrosion process because of their
thermodynamic and kinetic effect on corroding material. By
thermodynamics, we look at the effect of heat in changing the
physical and chemical processes of the material. Thermodynamics
therefore defines how stable the material will be under the inherently
prevailing conditions of the environment. Kinetic effect on the other
hand affects the rate of oxidation of a metallic material in an
environment. Mellanby (1988) observed that the most important
pollutant that affects structural materials are sulphur dioxide and
oxides of nitrogen and their oxidation products, together with
chlorides and particulate matter. Ozone was also considered as its

presence affects the quality of the air.
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2.6.1 SULPHUR DIOXIDE

Emission of this substance arises from man’s activities such
as in different fuel use. The observed decline in United Kingdom of
SO emissions since 1980 has been attributed to equal proportions
to energy economies, reduction in sulphur content of fuels, changes
in fuel use patterns (e.g. to natural gas) and industrial

modernisation.

Results of site monitoring have revealed that over the past 30 years,
the decrease in urban SO:2 concentrations have clearly arisen
primarily from the decrease in domestic and industrial/commercial
emissions (Mellanby — 1988)

SO2+NO2—SO3+NO .., 23

2.6.2 SMOKE

While the current United Kingdom average smoke
concentration of urban annual means is 17ugm=, that of central
London is put at between 25-35ugm= .This represent a fall from the
1960 average of 140ugm= with some areas as high as 350ugm-.
The consequence is that motor, especially, diesel vehicles are often

the predominant contributor to smoke concentration.

2.6.3 OXIDES OF NITROGEN

Estimates from Warren Spring laboratory (UKBERG, 1990)
indicates that United Kingdom annual emission of NOx was almost
flat from 1905 to 1945 but increased by a factor of 2 to date. This
increase is attributed to increased oil consumption by the transport

sector. Peak hourly concentration are affected by meteorological
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conditions and for long it is put at an average of 60-80ugm for NO-
and 40 - 65ugm- for NO

2NO+02 — 2NO2 e, 24

ANO+ 02 —» 4NO2- 02

2.6.4 OZONE

These are not considered as primary pollutants. It is produced
in high concentrations in the stratosphere by UV irradiation and
transported into the free troposphere to supplement ozone produced
there photo chemically (UKBERG, 1990). For the United Kingdom,
the average annual concentration in urban areas range from 20-
40ugm while for rural area it is 40-60ugm .For reason of area of
primary production, ozone depends on meteorological variation for
its dispersal. Apart from that, it also depends on sufficient sunlight
and favourable air mass trajectory to transport it from source to its
receptors. Hydrocarbons in the atmosphere can be oxidized by
ozone as follows:

RH+ O3 5> RCHO + O2. coeeoviiiiiiiiiiieee 25

2.6.5 CARBON DIOXIDE

This is not considered as pollutant gas. However, its presence
in the air does add to the acidity of rain water and thereby cause
some degradation to limestone and concrete. Combustion of fossil
fuels has caused a considerable increase in atmosphere
concentration of CO2 from approximately 290ppm in 1870 to 340 in
1985 (Brimblecombe, 1986). As a result, attacks by CO2 on
calcareous stones proceeds more rapidly because the CO:2
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concentration increase leading to a higher partial pressure and more
decay and directly because of the low pH (UKBERG, 1990).

Table 2.1 show unsheltered concentration of some important

pollutant in different types of environment according to BS EN ISO

9223 (2012)

Pollutant Concentration/deposition Source
(yearly average value)

SO2 rural: 2 — 15 (ug/m?) The main sources
urban: 5 — 100 (ug/m?3) for SOz are the
industrial: 50 — 400 (ug/mq) | use of coal, oil

and emissions
from industrial
plants.

NO2 rural: 2 — 25 (ug/m?) Traffic is the main
urban: 20 — 150 (ug/m?3) source for NO2

emissions.

HNO3 rural: 0,1 — 0,7 (ug/m?3) HNO:s is
urban/industrial: 0,5 — 4 correlated with
(ug/m3) NO:z. High

concentrations of
NO2, organic
compounds and
UV light increase

the concentration.

20 — 90 (ug/m?®)

Oz is formed in
the atmosphere

by an
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interactions
among sunlight,
oxygen and
pollutants. The
concentrations
are higherin
polluted rural
atmospheres and
lower in high-

traffic urban

areas.
H2S normally: 1 — 5 (ug/m?®) There are some
industrial and animal natural sources,
shelter: for instance
20 — 250 (ug/m3) swamps and
volcanic activities.
The pulp and
paper industry
and farming give
the highest
concentrations.
Cly normally: 0,1 (ug/m?®) The main source
some industry plants: up to | is emissions from
20 (ug/m?®) the pulp and
paper industry.
Cr 0,1 — 200 (ug/m?®) The main sources

depending on geographic

situation —

are the ocean and

de-icing of roads.
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in marine atmospheres
300 — 1 500 (ug/m?3)

NH3

normally

low concentrations: < 20
(ug/m?)

close to source: up to 3
000 (ug/ m3)

Fertilization in the
agricultural area
source and
emissions from
industry and food
production can
give the highest

average values.

Particles-PM1o

rural: 10 — 25 (ug/m3)
urban/industrial: 30 — 70

(Mg/m?)

Rural: largely inert

components

Urban: high-
concentration
traffic areas,
corrosive

components

Industrial:
emissions from
production can
give high

concentrations.

Particles (dust

deposits)

rural 450 — 1 500
[mg/(m?.a)]
urban/industrial: 1 000 — 6
000 [mg/(m?.a)]

Rural: largely inert

components

Urban and
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industrial:
corrosion active
components
(804%, NOg3', CI)

Soot rural: < 5 [mg/(m?-a)] Coal and wood
urban and industrial: up to | burning is a major
75 [mg/(m?.a)] source.

Diesel soot from
cars is another

source.

NOTE: This table introduces general limits of concentrations or
deposition of pollutants. The real (actual) intervals are different in the
particular parts of the world, depending on the level of
industrialization and the application of measures for the abatement

of pollution (legal measures, end-of-pipe technologies, etc.).

2.7 DOSE — RESPONSE FUNCTIONS

Literally, this is the function that determines the impact of the
application of a certain quantity of a substance on the receptor. For
air pollution the dose-response function is usually stated directly in
terms of prevailing ambient concentration, hence the term exposure-
response (E-R) function is sometimes used to describe the function
according to EternE. Environmental impacts of dose response
functions are liberally considered as measured data are globally
used to predict equation on local scale. In this regard, dose-

response functions are geographically transferable.
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2.7.1 ENVIRONMENTAL PARAMETERS:

Dose-response functions include such climate data as
temperature (T), relative air humidity (Rh), gaseous emissions in the
air (SO2, NO2 and Os3) and amount of precipitation. Difficulty in
obtaining time of wetness (TOW) resulted in its exclusion (Mikhailov,
2001).

Though polluting gaseous emissions such as SO2, NO2 and O3z were
included in the statistical analysis, the negative correlation between
NO2 and O3 (NOz2 level is low in rural and high in urban atmosphere,
while O3 is the reverse) is observed. Note that it is difficult to identify

the effect of NO2 and O3 separately. See paragraph 2.6.3.

2.7.2 ESTIMATION OF CORROSION LOSSES

The additive corrosion losses k in terms of fay and wet fwet
precipitates is considered (Mikhailov, 2001):
K=faytK+fwed™ 2.6
K = fay (T, Rh, [SO2], [03] . t& + fuet (Rain, [H™. ... 27
where t is time, and k and m are constants and
fary = ¢ [SO2]* TOWB as earlier noted in equation .
The term fwet describes the effect of precipitates and their acidity.
fwet = Cr (Rain, [H']) oo 2.8
where Cy is a constant, Rain is the amount of precipitates and [H*]
is the concentration of hydrogen ions in the precipitate. Cn value
can be negative (washing effect) or positive.
The effect of chlorides in precipitates on fwet is expressed similarly.
fwet = CcL Rain [CLT oo 2.9
where CcL is a constant, and [CL] is the concentration of chloride in

the precipitates. Chloride effect is however noted for marine
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(coastal) environment. The corrosion loss equation is nonlinear

hence the use of nonlinear regression analysis method.

Many researchers have tried fixing a general function for dose-
response that relates to all environmental parameters.
Meteorological and site differences have however limited their
success. A listing of some of these function considered in this work

is as follows:

Lipfert (1987) gives annual loss for unsheltered zinc:

M. = [t°7® + 0.46 loge (™)].[4.24 + 0.55Fe2.SO. + 0.29CL- +
0.029H s e et e e e e e e 210

Zinc though not an important construction material is used in steel
coating as in galvanization. Its low corrosion rate and preference to

the substrate recommend it as protective coating.

Butlin et al (1992) suggested for unsheltered zinc in one year loss
as

ER=1.38+0.038S02+0.48p  .cooivvriiiniiiens ceneen 2.11

This function has been revised by Kucera (1994) to include ozone
and time of wetness terms

ML = 14.5 + 0.043.TOW. S02.05 + 0.08.H" ................ 212

For the multi-Assess exposure, Kucera (2005) used for the carbon
steel the dose-response function as

ML = 29.1+{21.8 + 1.38[SO2>®Rheoe™ + 1.29 Rain[H'] +
0.589PmM0Jt%8. .. i e e e 213
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Weathering steel, an alloy of Nickel, Copper etc. has the dose-

response function as shown for outdoor application (Mikhailov,

2001).

In(ML) = 3.54 + 0.33 In(t) + 0.13 In(SO2)+0.020Rh+0.059(T-10)
10T I~ 1 0 1 PP 2.14
and

In(ML) = 3.54 + 0.33 In(t) + 0.13 In(SO2)+0.020Rh-0.036(T-10)
for T>10°C ... oot s e s e e e 2.15

where t = time in years, T = Air temperature, Rh = Relative humidity
(%), [SO2] = SOz concentration (ugm-3), [NO2] = NO2 concentration
(ugm3), O3 = O3 concentration (ug/m?), Rain = Quantity of Rainfall
(mm), [H*] = H* concentration (mg/L) and [CL] = CL concentration
(mglL).

2.7.3 IMPACT PATHWAY

The EternE (1998a) project identified metals (steel) as one of
the pathways of acidic emissions and precursors of photo-oxidants
effect on materials. The impact pathway follows the following
routes: discoloration, materials loss and structural failure. Structural
failure from pollutant exposure is more noticeable where there is
fundamental flaw in design or the property does not have good

routine maintenance programme.
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| Dry and Wet deposition |
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| Replacement Cost | | Repair Costs | | Maintenance Cost |

Figure 2.2 Impact pathways for effect of acidic deposition in metals
(from EternE Project — 1998a).

2.8.0 FAILURE PROBABILITY OF CORRODED
STRUCTURES

According to Melcher (1999), corrosion has many variables
with uncertain nature. For this reason, the use of probabilistic model
to describe the expected corrosion of structures is appropriate and

desirable in reliability assessment.

The reliability of a structure is its ability to fulfil its design purpose for
some specified time period. A fundamental assumption of structural
design is that malfunction can occur in a finite number of failure
modes described by a family of limit states. Hence, reliability is the
probability that a structure will not attain each specified limit state
during a specified reference period. The complementary event, i.e.
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the probability that a structure will attain or exceed a specified limit
state, is called the probability of failure.

The reliability (probability of survival or no failure) of a structure is
defined as

Ps =1 - P 2.16

2.8.1 RELIABILITY AND FAILURE PROBABILITY

The limit state design process is defined by the principle of
structural reliability, ISO 2394:1998 (E). Two types of limit states
identified include Ultimate limit state and Serviceability limit state.

Total failure of a structure by any mechanism (fracture, buckling,
overturning etc.) is considered to be failure under Ultimate limit
state. Other forms of limit state may however cause a structure not
to be fit for purpose. The function g(x) describes the limit state as
g(x)>0 limit state is satisfied (safe set)
g(x)<0 failure occurs (unsafe set)
g(x)>0 failure surface
with x a vector of statistical variable which takes into account
uncertainties.
and Ps=p(g(x) <0)=p(R-S<0) .coriiiiiiiiiiiniaene, 2.17
From Melcher (2002) under normal distribution, the probability of

failure Pr of a structure is calculated from

Pt = ¢[-UR - M)/N(ORZ + 682) = O [B] wevvvereeeeieeeeeeeeeee 2.18

Where pr and pc are means and
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or and os are standard deviation of the load and resistance
variables and ¢ is the cumulative density function of the standard
normal distribution.

but reliability index (B) can be expressed as

B =" (Pr) ceeieieiie e 219

In order to solve the probability of failure function of above, the
Monte Carlo simulation or analytical methods (First Order Reliability

Method) is employed.

2.8.2 CODE REQUIREMENT FOR RELIABILITY

As earlier noted, the product of failure probability and cost of
failure defines the risk level or target level of reliability. According to
Imran et al.,, (2004) uncertainties associated with modeling of
deteriorating structures have strong influence on management
decisions, such as when to inspect and scheduling of maintenance
and repair actions. In this regard structural elements that are
frequently inspected, show warning signs if failure is approaching or
can redistribute its loads to other elements and hence less likely to
cause loss of life at failure.

ISO 2394:1998 (E) suggested for serviceability limit state a target
level of reliability, B = O for reversible and B = 1.5 for irreversible limit

states

2.8.3 IMPACT OF LOCATION OF STRUCTURE AND
CORROSION

Steel structures are not significantly affected by rural corrosion
since high ozone level governs. However, urban and marine

corrosions are significant since sulphate and chloride emission
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prevails in both environments. Kayer (1989) noted that bearing and
shear prevail in high levels of corrosion as their resistance is based
on Webs (thin member) susceptible to thickness loss effect. In the
same vein, compression members are more sensitive to corrosion

since it is subject to buckling.

In the works of Park (1999), on the effects of time dependent loads
and corrosion on bridge reliability, it was determined that failure due
to shear force is a more immediate threat to a structure than due to

moments.

Surveswaran et al (1998) examined the effect of corrosion
penetration in I|-girder structure reliability. The result indicates an
adverse rate of corrosion for the bottom 4 of the web and flange.
Corrosion attack was noted for top and bottom surfaces of flanges

as shown in figure 2.3 below
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1/4 of Web‘
and FIangT

i N

Figure 2.3 Show loss of material on a typical I-beam section

Lateral torsional buckling was determined as the most critical failure
mode affecting corroded beam; followed by shear which affect the
material loss of the bottom quarter of web and finally moment as
compression flange is less significant.

BS EN 10025 clause 3/6.5.4 defines the maximum permitted
thickness of steel parts which relates overall factor k and design
minimum temperature, the chosen material yield strength and the
Charpy test temperature of a chosen material grade. In this regard
the maximum thickness is proportionally related to the value of k

according to the code.
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2.9.0 CHAPTER SUMMARY

The chapter reviewed the current efforts made to study the
impact of human on climate and the effect of change in climate and
air quality on man. It was observed from studies that the
climate/weather will continue to change due to the damaging

influence of man’s activities on the earth.

Various building materials affected by climate change were
identified with their impact. The impact of climate change was
observed to be more noticeable in the urban areas than in the rural
setting due to the effect of industrial gases and other anthropogenic

effect in the atmosphere.
Further efforts will be made to look at the method of analysis of the

climate change using the dose-response function approach while

studying the impact of polluted environment on a bridge structure.
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CHAPTER THREE
MATERIALS AND METHODS

3.1 METHODOLOGY

The impact of climate change on built infrastructure analysis
would be achieved in two stages of examining the appropriate Dose-
Response function for pollutants and evaluating their impact on a

railway bridge structure.

In stage one, the mean and standard deviation of the pollutant data
are obtained. From the mean, a dose-response value of the annual
material loss is calculated for weathering steel. Evaluating the
impact of climate parameters in the second stage involves
probabilistic evaluation of the time to failure of various stages of
corrosion on simply supported railway bridge structure using the

moment and shear resistance and deflection checks.

3.2 DATA
The data for this work were obtained from the work of
Brimblecombe et al (2008) on estimates of recession rate of

limestone facades in London over a millennium.

This inhomogeneous data involve climate and pollutant parameters
which have historic data, non-instrument and instrument data and
future projections.

The record which represents climate around London region (Central
England Temperature Record) can be extended to Guildford which

has similar geographic and meteorologic characteristics. Key to the
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merger of earlier historical records with instrument data as observed
by Van Engelen et al (2001) was the high regression coefficient R?
of 0.73 between the data.
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Table 3.1 Climate and Pollution data used for the Dose-Response

function (Data from Brimblecombe et al 2008)

Year PMyo S0, NO: O3 | HNO; [ Temp. | pH | RH | Rain CO;
(g )m? (°C) (%) | (mm) [ ppm

1125 10 5 0.5 20 0.09 9.7 55 77 586 279
1175 13 5 0.5 20 0.09 9.8 55 77 611 279
1225 16 5 0.5 20 0.09 9.8 55 76 604 279
1275 19 5 0.5 20 0.09 9.8 55 76 609 279
1325 22 5 0.5 20 0.09 9.7 55 76 583 279
1375 14 6 0.5 20 0.09 9.9 55 77 577 279
1425 15 6 0.5 20 0.09 9.8 55 76 560 279
1475 15 6 0.5 20 0.09 9.8 55 76 558 279
1525 15 7 0.5 20 0.09 10 55 75 573 279
1575 26 20 4 20 024 9.9 55 76 549 275
1625 40 40 7 20 0.32 10 55 75 549 272

1675 60 120 20 15 047 9.8 55 75 605 272

1725 130 260 40 15 0.67 104 55 75 590 272

1775 140 280 40 15 067 102 55 74 609 277

1825 150 300 50 15 075 104 55 74 605 280

1850 160 320 50 15 075 104 55 74 591 280

1870 190 380 50 15 0.75 105 55 74 557 280
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1890

1910

1930

1950

1970

1990

2010

2030

2050

2070

2090

Mean

Variance
Standard
Deviation
Coeff. Of

Variation

200

175

160

150

70

40

30

15

14

13

12

68.36

4459

66.77

0.98

400

350

320

300

150

20

17

15

14

13

12

120.75

21073

145.17

1.20

58

53

53

60

75

75

40

20

20

20

20

27.13

628.5

25.07

15

15

15

15

40

50

40

30

30

30

30

221

79.3

8.91

0.40

0.81

0.78

0.79

0.84

1.52

1.73

0.71

0.73

0.77

0.73

0.57

0.19

0.43

0.76

11.4

11.8

12.3

1.43

1.20

55 74
45 74
45 74
4 73
4 73
5 73
52 72
55 71
55 71
55 70
55 68
52 741
0.20 4.69
0.45 217
0.08 0.03

624

579

563

591

590

604

574

551

584.2

423.49

20.58

0.04

285

290

295

305

321

383

430

530

610

730

330.36

12288.6

110.85

From table 3.1 above, temperature is seen to increase steadily from

the reference year of 2010 with a low coefficient of variation of 0.11.

Rainfall and relative humidity on the other hand has lowest

coefficient of variation and a possible decline in the value from the

reference year of 2010 moving to 2090. This is synonymous with the

prediction of change in rainfall pattern for the environment and

globally.
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3.3 DESCRIPTION OF STUDY AREA
The study area is Guildford, a borough in the South East

county of Surrey, United Kingdom and a total land area of 270.9km?.
According to Hutchinson (2006), Guildford was established around
the year 500AD with its Norman Castle founded after 1066AD. It
expanded with the arrival of a rail link between London and
Portsmouth in 1845.

Guildford which is perched by the highlands of Surrey hills has River
Wey, starting from the North Down of River Thames run through the
town and serve as the main drainage channel to the sea and means
of transportation. It is located within latitude 51° 13’ — 51° 15’N and
longitude 0° 33’ — 0° 36'W or according to the ordinance survey plan
between 147500 — 150500m.

The main soil type is the lower Greensand of the lower cretaceous,

Mesozoic sedimentary formation.

From Wisley Guildford station Records (Wikipedia 2012) the annual
temperature mean of Guildford is 10.3°C with a high of 14.55°C and
a low of 6.1°C. Precipitation of the area has an annual average of
647.1mm. All the above data correlates with the Brimblecombe et al
(2008) work for London area, hence their use in the present

research.
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Figure 3.1 Show map of study area Guildford according to Three
Regions Climate Change group (2008)

3.4 THEORY OF ANALYSIS

The importance of the analysis is to determine the consistency
and efficiency of a data set for their effective use in the estimation of
the required dose-response function. The parameters determined in
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this regard include the mean, standard deviation, variance and

coefficient of variation.

341 MEAN OF POLLUTANTS AND CLIMATE
PARAMETERS

The mean of each pollutant and climate parameter record is
calculated using the following:

N
X=1/N3Y X 3.1
i=1
Where X; is the random variables of pollutants or climate parameter

and N is the total number of observations.

3.4.2 Standard Deviation
This is a measure of variability. It indicates the dispersion or
variation from the mean. Low value shows data points are close to

mean where as high value point to a spread out from mean values.

N
G =VIAINY Xi=X) oo oo e e 32
i=1
N N
=V[N Y X&- (1IN 3 X ]
i=1 i=1

3.4.3 VARIANCE (0?)

Variance measures the degree of spread out of a set of

numbers.
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Var(X)=E[Xq-X* ... .. .. .. 33

= O'X2

3.4.4 COEFFICIENT OF VARIATION

This is defined as the ratio of the standard deviation ox to the
mean X. It is a normalized measure of dispersion of a sample data
which is expressed as a percent.

Cv=0/X N X
Where o is the standard deviation of the set of numbers or variables

and X is the mean.

3.5 EFFECT OF ANALYSIS ON MATERIALS
3.5.1 DOSE-RESPONSE FUNCTION AND ESTIMATION
OF MATERIAL LOSS

In unsheltered condition, wet deposition (through rain) of SO2
is the most important pollutant parameter for weathering steel and
zinc. Several researchers have worked on the appropriate dose-
response functions that will possibly capture the adverse effect of
climate and pollutant parameters on built structures. These include

the following:

Tidblad et al (2001), determined the dose-response function for
weathering steel to be

ML(ug/m?) = 34(S02)° exp[0.020Rh + fus(T)t*33 .
Where fus (T) = 0.059(T-10) when T < 10°C and fus (T) = -0.036(T-10)
otherwise.

Based on regression coefficient R? = 0.68 for explained variability.
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S0 is the sulphur dioxide concentration (ug/m?)

Rh is the relative humidity (%) and tis time in year.

In the work of Leuenberger-Minge (2002) the time dependent dose-
response relation for weathering steel is expressed as

ML=att . . . . . . 36

Where a, is the one year mass loss, b is a measure of passivation
and t is exposure time in years.

Using the city of Harkingen for the 4years investigation it was found
that a=31.46, b=0.35 with correlation coefficient R2 = 0.99

While noting that SO2 combined with high relative humidity is the
dominant factor for corrosion of weathering steel, Leuenberger-
Minge (2002) observed that the following dose-response function
predicts corrosion loss with reasonable accuracy.

WTSt CL (um) = 12.44+4.29 SO Tow %% . .37
Where t is in years, SOz (ug/m3), Tow (Time of wetness/exposure
time) no unit, relative humidity Rh (%) at a correlation coefficient R?
= 0.74. This function is for the case of ozone factor not considered
and with less accuracy of prediction.

When ozone factor is considered, the dose-response function
according to Leuenberger-Minge (2002) will be

WTSt CL (um) = -0.34+5.51 SO2.Tow t>%¥+0.1803 t*%7 . 3.8
The dose-response function (DRF) appropriate for environmental
protection in a world in demand for lower atmospheric SO2 emission

is needed.
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In this regard the UN/ECE 8-year programme, Dose Response
Function as in Mikhailov (2001) for unsheltered condition is
appropriate to work with, that is,

In (ML) = 3.54 + 0.33 In (t) + 0.13 In (SO2) + 0.020Rh + 0.059 (T-10)

for T<10°C .. o, 3.9
and

In(ML) = 3.54 + 0.33 In () + 0.13 In (SO2) + 0.020Rh - 0.036 (T-10)
for T > 10°C ... ... 310

Other functions considered for this work include,

The result of the Meta-analysis by Lipfert (1987) with critical and site

results indicated for unsheltered annual loss for zinc as:

ML = [t%78 + 0.46loge (H*)].[4.24+0.55.f2.SO2+0.029CL +0.029H"]
3.11

Where f2 is a function of time and relative humidity exceeds 85%

Butlin et al (1992a) suggested for the Natural Materials Exposure
programme for unsheltered zinc in one year loss as:
ER=1.38+0.38502+0.48P .. . . v e 3412
However, this function has been modified by Kucera (1994) to
include the effect of ozone and time of wetness as in

ML = 14.5+0.043Tow.S02.05+0.08H* .. .. ... .. 313

Dose-Response function for the calculation of a year corrosion loss
for carbon steel based on BS EN ISO 9223:2012 is

rcorr=1 _77_[802]0.52_exp(O.OZORH+fst)+O 1 02[C|_']0-Gzexp(°-033RH+04040T)
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where fst = 0.150 (T-10) when T < 10°C, otherwise - 0.054 (T-10),
reor= first year corrosion rate of carbon steel in ym/year and other

terms as defined in the appendix.

All the Dose-Response functions above are used to determine the
thickness loss from the surface of a corroded steel structure,

depending on the parameter of interest.

3.5.2 BS EN ISO 9223:2012

ISO 9223 is the code for the classification, determination and
estimation of corrosion of metals. Based on comparative estimation
of the various dose-response function thickness losses, the function
for this code was chosen for the analysis.
This is because it gives the result close to the average thickness
loss calculated in this work from other functions. The second reason
for the choice of the dose-response function for the analysis is
because of the critical influence of the parameters in the corrosion

rate of metals.

3.5.2.1 CLASSIFICATION

The classification defines the corrosivity of the environment by

categories.
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Classliicatlon of atmospherlc
corros|vity, determination and
estimatlon
(IS0 9223)

Correslvity determination based Corroslvity estimation based on
0On one-year cormosion losses anvironmental Information
measured wlth standard metal

specimens

Informatlve corroslvity
estimation derlved from
comparison of exposure
sltuatlon with description

of typlcal atmospherlc

Normative corroslvity
estimatlon based on
calculated comoslon losses
for standard metals

{150 9223) environments
(IS0 9223)
|
Corroslvity categorles C1- CX
(IS0 9223)
Determ|natlon of Measurement of environmental parameters
corroslon loss on affecting atmospherc comoslvity
standard speclmens {150 9225)
{ISO 92286)

Gulding corrozlon values for each
category for specliic metals
(IS0 9224)

Figure 3.2 Classification of atmospheric corrosivity according to ISO
9223

Categorization is based on the one year corrosion rate experiment
on standard specimens. The principal elements in the corrosion of
metals are temperature, humidity, pollution by sulphur and the

acidity of the air.
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Table 3.2: Categories of corrosivity of the atmosphere according to

ISO 9223
Category Corrosivity

C1 Very low
C2 Low

C3 Medium
C4 High

C5 Very high
CX Extreme

The categories, their nature of corrosivity and prevailing environment

conditions are explained below.

Corrosivity Typical environments — Examples
Indoor Outdoor
C1 Very low | Heated spaces with Dry or cold zone,
low relative humidity | atmospheric
and insignificant environment with very
pollution, e.g. offices, | low pollution and time of
schools, museums wetness, e.g. certain
deserts, Central
Arctic/Antarctica
C2 Low Unheated spaces Temperate zone,
with varying atmospheric

temperature and
relative humidity. Low
frequency of
condensation and low
pollution, e.g.
storage, sport halls

environment with low
pollution (SO2< 5
pg/m?3), e.g. rural areas,
small towns

Dry or cold zone,
atmospheric
environment with short
time of wetness, e.g.
deserts, subarctic areas
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C3 Medium | Spaces with Temperate zone,
moderate frequency | atmospheric
of condensation and | environment with
moderate pollution medium pollution (SO2:
from production 5 pg/m? to 30 yg/m?3) or
process, e.g. food- some effect of chlorides,
processing plants, e.g. urban areas, coastal
laundries, breweries, | areas with low
dairies deposition of chlorides
Subtropical and tropical
zone, atmosphere with
low pollution
C4 High Spaces with high Temperate zone,
frequency of atmospheric
condensation and environment with high
high pollution from pollution (SO2: 30 ug/m?®
production process, to 90 ug/m3) or
e.g. industrial substantial effect of
processing plants, chlorides, e.g. polluted
swimming pools urban areas, industrial
areas, coastal areas
without spray of salt
water or, exposure to
strong effect of de-icing
salts
Subtropical and tropical
zone, atmosphere with
medium pollution
C5 Very high | Spaces with very high | Temperate and

frequency of
condensation and/or
with high pollution
from production
process, e.g. mines,
caverns for industrial
purposes,
unventilated sheds in
subtropical and
tropical zones

subtropical zone,
atmospheric
environment with very
high pollution (SO2: 90
pg/m3 to 250 pg/m?)
and/or significant effect
of chlorides, e.g.
industrial areas, coastal
areas, sheltered
positions on coastline
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CX Extreme

Spaces with almost
permanent
condensation or
extensive periods of
exposure to extreme
humidity effects
and/or with high
pollution from
production process,
e.g. unventilated
sheds in humid
tropical zones with
penetration of outdoor
pollution including
airborne chlorides
and corrosion-
stimulating particulate
matter

Subtropical and tropical
zone (very high time of
wetness), atmospheric
environment with very
high SOz pollution
(higher than 250 ug/m?®)
including accompanying
and production factors
and/or strong effect of
chlorides, e.g. extreme
industrial areas, coastal
and offshore areas,
occasional contact with
salt spray

3.5.2.2 DETERMINATION OF CORROSION RATE

Determination of the corrosion rate is based on one year

exposure of metals and the measurement of the corrosion of the

standard specimens according to ISO 9224. From this test, the

numerical values of the first year corrosion rate of different metals

under various corrosivity categories were estimated as below.

Table 3.3 Corrosion rate for first year exposure under various

corrosivity categories from ISO 9223

Corrosivity Corrosion rates of metals
category Unit Carbon | Zinc | Copper | Aluminium
steel
C1 g/(m2.a) | reor <10 | feor S | reor< 0,9 | Negligible
um/a reor< 1,3 0,7 |reor<0,1 —
feorr <
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0,1

C2 g/(m2a) | 10<rewor< | 0,7< [09<reor| feor<0,6
pm/a 200 Foorr < <5 —
1,3 < reorr 5 10,1<reor
<25 01<| =06
Ieorr S
0,7
C3 g/(m?.a) | 200 <fecor | 5< [5<reor<|0,6<reor<2
pum/a <400 Feorr S 12 —
25<foor<| 15 0,6 <
50 0,7<| reon=1,3
FeorrS
2,1
C4 g/(m2.a) | 400 < reorr | 15< | 12<foor | 2<reor<5
pm/a <650 Foorr < <25 —
50 <feors| 30 |1,3<reor
80 21<| <28
Feorr S
4,2
C5 g/(m2.a) | 650 < reor | 30< | 25< reor | 5 < reor< 10
um/a <1500 | reorr< <50 —
80 <ror<| 60 |[2,8<reon
200 42<| <56
Teorr S
8,4
CcX g/(m2.a) | 1500<rcor | 60 < | 50 < reorr |  feorr> 10
um/a | <5500 ror<| <90 —
200 < feorr | 180 | 5,6 < reorr
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<700 8,4 < <10
Ieorr <

25

3.5.2.3 ESTIMATION OF CORROSION RATE

The estimation of the one year corrosion losses for carbon
steel is based on the dose-response function as stated below:
Foorr=1.77.[SO2]*52.exp(0-020RHS0+(0 102[CL-]°62exp(®-033RH+0.040T) 3 15
where fst = 0.150 (T-10) when T<10°C, otherwise -0.054 (T-10),
N=128, R?=0.85 and reorr = first year corrosion rate of carbon steel in

um/year and other terms as defined in the appendix.

3.6 EFFECT OF CORROSION (THICKNESS) LOSS ON
STEEL BRIDGE

3.6.1 DESIGN OF SIMPLY SUPPORTED RAILWAY
BRIDGE
Using the principle of limit state, a design of beam section is

made with the ultimate limit state and checked for deflection using

the serviceability limit state.

3.6.1.1 DETERMINATION OF LOADING

The combination of action is determined according to the
expression in equation 6.10 (BS EN 1990:2002)
2VG. Gkt Yo P+va 1Qc1+ 2yaiWoi Qui.. .. . 3.16
21 i>1
Where yc and yaq, represents the partial safety factors with modeling
uncertainty
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Gk, the characteristic value of permanent action
Qx, the characteristic value of variable action
P, the characteristic value of a prestressing force where applicable

Wo, is the combination factor for variable action

3.6.1.2 CALCULATION OF MOMENT AND SHEAR
RESISTANCE

These are obtained using the elastic method for simply
supported structure as
Moment, M = wL?/8 and the moment of resistance for the main girder
is calculated using Mp = Mr/ymyrs according to clause 9.9.1.2 of BS
5400 part 3
and
Shear Force, V = wL/2 while the shear resistance is given as
Vb = [tw (dw-hn)/ ymys]T clause 9.9.2.2 BS 5400 part 3
Where w is the load in kN/m and L is the span length, Mp is the
bending resistance, Mr is the limiting moment of resistance, ymis the

safety factor and yss is partial factor on characteristic yield stress.

For the shear resistance Vpis the shear resistance of the web panel,
tw the thickness of the web, dw is the overall depth of the girder, hn
height of any opening, ym and ys3 as defined above and T is the

limiting shear strength of the web panel.

3.6.1.3 VERIFICATION OF SERVICEABILITY LIMIT
STATE OF DEFLECTION

The check is made to verify the damage that will likely

adversely affect the durability of the structure. Bridges structures are
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designed so that the deflections under load do not bear on any
required clearances.

The combination actions for this check are expressed as:

> Gkjt+t P+ Q1+ XWoi Q... 3.17

21 i>1

where variables are as earlier defined.

For the verification of deflection, the equation is

8 = 5wL*x10'2/384EI (mm) < L/800 UIC Code 776-2R, 2" ed 2009
Figure 5 is used.

Where & is the deflection (mm),

w = Total Load on the structure in (kN)

L = Bridge span in (mm)

E = young’s modulus (N/mm?)

| = Second moment of area (mm?*).

The effect of cross girder section was not considered in the

determination of the deflection of the main girder section.

3.6.2 DESIGN EXAMPLE

For this work, a design example of a railway steel bridge
according to SCI publication P318 (2004) was adopted for the
analysis of moment, shear resistance and deflection of a U-Frame -

half through bridge structure.
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Main girder —____
Doubler plate

Cross girder forming

part of U-frame Trimmer girder

long trimmer)

Independent
cross-girder

Intermediate bearing
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Trimmer girder
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bearings at its ends
g T Web stiffener forming

part of L-frame

(associated cross-girder

trimmed into trimmer girder)

T section _
Rocker bearing stiffener
bearing
Longitndinal section on deck
sss DI
K Bailast
F00 under slesper
1 g5 Water 1518
f
‘V Faog P
L ™
356 x 368 x 202 UC 375
Cross girders

| 1500 centres | 1500 centres |
= et 1

Fig 3.3 Half Through bridge structure and components (SCI

Publication P318)

3.7 CHAPTER SUMMARY

The method of analysis was considered in this section. Two

stages were involved, first is the determination of the rate of material

loss through the appropriate dose-response function and the second

stage is the use of the calculated thickness loss to determine

the

bending resistance, shear resistance and deflection of the single

span railway bridge.
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4.1

STAGE ONE ANALYSIS:

CLIMATE AND CLIMATE CHANGE

62



CHAPTER FOUR
RESULTS AND DISCUSSIONS

The section describes the results achieved and the method
used in the implementation. Discussion of the results involved
detailing the effect of the result of climate change on built structure

such as a Railway Bridge located in Guilford, Surrey.

4.1 CLIMATE CHANGE PREDICTIONS
Climate change according to IPCC Climate Change 2007:

Synthesis Report refers to observable change through statistical
analysis of means and other variable properties over a period of time
usually above a decade. This change in climate with time may be

due to natural causes or it may be due to human activity.

Warming of the climate system it has been argued is responsible for
the increase in global average temperature, melting of ice and rise in
global average sea level. As observed by Houghton (2004), various
human activities in the industry, in the field, in form of deforestation,
in transportation or at home are resulting in emissions of gaseous
pollutants of increasing amounts. Carbon dioxide it is observed is a
good absorber of radiated heat coming from the earth’s surface,
increases in the quantity of carbon dioxide acts like a shield covering
over the earth surface, thereby causing the earth to warm more than

it would normally be.
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4.1.1 EMISSION SCENARIOS

Climate models predict future climate change due to human
activities. A good future climate projection depends on equally good
assumption on human behaviour and activities which include
population growth, economic growth, energy use and the sources of
energy generation. IPCC Special Report on Emissions Scenarios
(SRES, 2000) describes the group of four scenario families A1, A2,

B1 and B2 used in developing the projections of future climate.

200 7
[ post-SRES range (80%) / post-SRES (max)
180 - = B1 /
—_— AIT /
| — B2 7/
160 = ATB 7
—_— A2 y

140 1= e ATFI
120
100
80
60

40

Global GHG emissions (Gt CO»-eq / yr)

]
- ——

20 - post-SRES (min) —~ = ™ ™ = = = e

0 1 | 1 I 1 |
2000 2020 2040 2060 2080 2100
Year

Figure 4.1 Scenarios for GHG emissions from 2000 to 2100
according to SRES, 2000

The SRES Scenarios storylines as explained by Houghton (2004) is

as follows:
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A1: Describes a world with rapid economic growth, a global
population with peak in mid-century and declines thereafter, and a
new and technology driven future. Three further groups within A1
according to technology include: fossil fuel intensive A1F1, non-fossil
fuel energy source (A1T) and a balance across all source (A1B).

A2: Scenario storyline defines a heterogeneous world with main
theme of self-reliance and preservation of local identities. This
scenario presents a slower growth than previous case but with some
economic development and technological changes envisaged.

B1: In this case, the world is shown to converge with same
population growth peak at mid-century. However economic growth
will be towards a service and information industry with emphasis on
global solution to economic, social and environmental sustainability.
B2: Emphasis local solutions to economic, social and environmental
sustainability. Nonetheless, global population is projected to
increase at a lower rate than A2, slower level of economic

development and diverse technological changes than in B1 and A1.
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Table 4.1 show projected global average surface warming and sea
level rise at the end of 215t century according to Climate Change
2007: Synthesis Report

Sea level rise (m
Temperature change (°C at 2090 — 2099 | at 2090 — 2099
relative to 1980 - 1999) relative to 1980 -
1999)
Case Model-based_
range excluding
Best estimate Likely range Ll;t:;;'i':g;d
changes in ice
flow
Constant year 2000 | 0.6 0.3-09 Not available
concentration
B1 Scenario 1.8 1.1-2.9 0.18-0.38
AIT Scenario 2.4 1.4-3.8 0.20 —0.45
B2 Scenario 2.4 14-3.8 0.20—-0.43
A1B Scenario 2.8 1.7-44 0.21-0.48
A2 Scenario 34 20-54 0.23 -0.51
A1F1 Scenario 4.0 24-64 0.26 — 0.59

Models such as those of HadCM3 considered these factors in
obtaining the input parameters used in the determination of their
effect on climate change.

Uncertainties still exist due to the probabilistic nature of the emission
scenarios earlier pointed out. However, the emission uncertainties
are being tackled by the UKCPO09 through three scenarios which are
labelled High (IPCC SRES: A1F1), Medium (IPCC SRES: A1B) and
Low (IPCC SRES: B1) according to Nakicenovic et al., (2000).

4.1.2 AIR POLLUTION AND CLIMATE

According to Hulme et al (2002) in Brimblecombe et al (2008),
“London climate will change over the current century. From the
model analysis using the HadCM3, temperature is expected to rise
by 4°C by 2080 under the A2 Emission Scenario and precipitation

will increase in winter and decrease in the summer”. London air
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pollution was observed to have increased from the industrial

revolution period (1700 -1970), see table 4.2 below and the analysis

in appendix. The decrease in the volume of SOz and other pollutants

after the 1970’s is indicative of the effect of regulation and

monitoring that followed. First the use of coal for domestic and

industrial purposes was minimized, then regulation on smoke

abatement was developed and following the era of European Union,

monitoring activities were improved.

Table 4.2 Mean values of parameters from

differing time periods.

Year PMio S0, NO: O3 HNO3 | Temp. | pH RH Rain CO;
(g )m? (°C) (%) | (mm) [ ppm

1125-

1675 22.08 19.17 296 19.58 0.15 9.83 550 76.00 580.33 280.21

1675-

1970 144.09 289.09 49.91 1727 0.80 10.51 5.05 74.00 591.73 287.00

1970-

2010 46.67 62.33 63.33 4333 147 1137 473 7267 578.67 352.00

2010-

2090 16.80 14.20 24.00 32.00 0.82 1296 544 7040 580.20 536.60
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4.2 TEMPERATURE

Temperature projection is one of the widely used parameter in
the determination of global climate change. Houghton (2004)
describes a global average rise due to increase in greenhouse
gases of 0.6°C by 2000 and projected to increase in the range of 2°C
to 6°C in 2100.

Change in Temperature with time

12.00 /
O _____________—-—-——""FTJ.2294x270.1232x+ 9.7548
= 10.00 R¥=0.9972
5 800
ol
2 6.00
E
@  aAnn
2 4.00

2.00

0.00

1125-1675 1675-1970 1970-2010 2010-2090
Time-Years

Figure 4.2 show Temperature change with time as a result of

increase in greenhouse gases.

During the 20th century, the annual mean of Central England
temperature warmed by about 1.1° C. The 1990s were exceptionally
warm, by historical standards, about 0.6° C warmer than the 1961-

1990 average as observed in the Hadley Centre (Met office) records.

Temperature of South England is project to increase the highest in
summer under the high emission scenario according to Land Use
Consultants (2003) and by 2080s the increase is expected to reach

5°C. For low emission scenario, the summer temperature is
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expected to rise between 2 - 3°C for the same period. The impact of
this will be a rise in the number of extreme warm days with a
corresponding decrease in the number of heating degree days
especially in winter.

4.3 RELATIVE HUMIDITY

There will be change in rainfall patterns, making summer drier
and winter wetter, with the resultant decrease in relative humidity. It
is projected that rainfall and evaporation will decrease in summer
and autumn under the high and low emission scenarios. The
reduction in relative humidity is shown in the figure 4.3 below to be

slow with time.

Change in Reiative
76.00
® 7500 \

£ 7400
=

‘£ 73.00
2 7200

£ 71.00 y=-0.0667x- 1.4m

é 70.00 R2=0.9923
£ sa00
68.00
67.00
1125-1675 1675-1970 1570-2010 2010-2090
Time-Years

Figure 4.3 Reduction in Relative humidity with time

4.4 SULPHUR DIOXIDE

The dominate form of emission in United Kingdom is burning of
fuels containing sulphur, typical of coal and heavy oils, used by

power plants and refineries. Domestic use of coals for heating and
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other purposes is reducing in significance, though still in use in some
regions in the country. Pollution caused by SO: emission cause
acidification of soils and water, often further down the source of

production in form of acid rain.

2 / \ y =-15.84In(x) + 108.78
w~ 150.00 A2 =0.0052

g 00053
100.00 j%\

Time-Years

Figure 4.4 Sulphur dioxide reductions with Time

From the graph Fig 4.4 above, it is evident that the policy on
pollution abatement embarked upon since the 1970’s has given rise

to a reduction in sulphate concentration in the United Kingdom.

4.5 CARBON DIOXIDE

It is projected, according to UKCIP98, that by the 2020s,
carbon dioxide concentrations for the Medium-low and Medium-high
scenarios would be, respectively, 19% and 34% higher than the
1961-90 average of 334ppm, and by the 2080s, 49% and 109%
higher. As shown in in table 4.2 and figure 4.5 below, emission from

carbon dioxide is increasing rapidly and becoming larger with time.
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Figure 4.5 show an extract of the carbon dioxide
emission by fuel sources in 2010 (DECC, 2012)
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Figure 4.6 show the projected increase in carbon dioxide

Concentration with time

4.6 AIR QUALITY ANALYSIS - SOz, NO2, O3, CO2
4.6.1 ESTIMATION OF DOSE-RESPONSE FUNCTIONS

Table 4.3 below shows the comparison of the result of eight

dose-response functions from various authors and the result

obtained from each. The different results obtained may be attributed
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to the nature of analysis and the parameters input used in the
analysis. For example, while some used SOz, RH and Temperature
only in their formulation others added the effect of O3, PH and

particulate matter in the equation.

An average dose-response function was determined as in table 4.4
and figure 4.7 and used in the calculation of the thickness loss in the
work. The average function is a plot of the mean of the highest and

lowest at all the points of the one year functions.
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Table 4.3 Determination of Mass Loss based on several dose-

response functions
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Table 4.4 Mass Loss based on several dose-response functions and an

average dose-response function.

Time(t) | Year | PM10 | S02 | NO2 | O3 | HNO3 | Temp. PH RH Rain
Avg. Dose-
Respone
Years (ug )m (C) (%) | (mm) | (um)
1 2010 30 17 40 40 1.15 11.8 52 72 582 26.54
20 2030 15 15 20 30 0.71 12.3 55 71 590 68.75
40 2050 14 14 20 30 0.73 12.9 55 71 604 94.44
60 2070 13 13 20 30 0.77 14.4 55 70 574 112.93
80 2090 12 12 20 30 0.73 13.4 55 68 551 126.41
200.00

—+—1509223
/ —— Multi-Assess Project

100.00 / W ——=— Meta-analysis by Lipfert

=== Butlin in NMEP

Mass Loss(pm/year)
B
8

50.00 —&— Mod Butlin by KUCERA

= L-Minger Switzerland

mE
2010 2030 2050 2070 2090

-50.00 Function

2nd L-Minger

Time (year)

Figure 4.7 show the comparison of the dose-response functions from

various researchers and the average dose-response function

DISCUSSION OF RESULTS

The following regression functions were based on the curves

generated from excel for the various authors:
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ISO 9223 function, y = 2390.9In(x) -18154 with coefficient R? =
0.9978 .. s N

The parameters for this function include sulphur dioxide,
temperature, relative humidity and chloride. Since the structure is
outside the coastal area the chloride factor was ignored.

Multi-Assess Project function,y = 2675.1In(x) — 20306 with error
coefficient, R? = 0.8353 e, .. 4.2

Multi-assess project according to Kucera (2005) considered such
factors as sulphate dioxide, relative humidity, precipitation, acid
concentration in rain, time in years and particulate matter in the

dose-response function.

UN ECE 8-yr Programme function, y = 2131.3In(x) — 16167 the
coefficient, R* = 0.8659 .. 43

Using the Mikhailov (2001) function, the parameters in use include
time in years for the data, sulphur dioxide, relative humidity and

temperature.

Meta-Analysis by Lipfert (1987) gave regression function, y =
3147.9In(x) — 23944 with R2=0.9947 .. e e 44

Parameters used for the calculation include time in years for the
data, acid concentration in rain, a function which defines the fraction
of time relative humidity exceeds 85%, sulphur dioxide, and chloride

concentration.
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Butlin in NMEP function, y = 3683.7In(x) — 27982 and coefficient
R2=0.9999 SO e e e ... 45
Material loss by Butlin (1992) used such factors as sulphur dioxide,

and precipitation in its estimation.

Mod. Butlin by Kucera (1994) function, y = 2112.5In(x) — 16042
the coefficient Rz = 0.9999 4.6

A modification made by Kucera (1994), added the ozone
concentration, time of wetness and acid concentration in rain as
factors in the calculation of the dose-response function which gave

the above regression function.

L-Minger in Switzerland (2002) function, y = 2401.6In(x) —
18203 with coefficient R2 = 0.7944 . e 4.7
In this analysis, such parameters as sulphur dioxide, time of

wetness, time in years and ozone were considered.

2" L-Minger without Ozone (2002) function, y = 1482.7In(x) —
11222 the coefficient R2=0.7513 .. . . - X

A less accurate prediction was obtained disregarding the ozone

factor to obtain the above function.

Ave. Dose-Response with regression function, y = 2503.2In(x) —
19002 and error coefficient, R2=0.9525 . ... ... ... 49

From the outputs of the various functions, it is observed that the
function closest to the average value is the ISO 9223 function hence

the use in the work for the calculation of the thickness loss.

76



Table 4.5: Annual max/min corrosion rate with the

average corrosion based on the all the dose-response

functions.
Time(t) Year Min Max Average
Years (um) (um) (Hm)
1 2010 -5.62 40.58 17.48
20 2030 32.66 104.91 68.79
40 2050 64.12 128.02 96.07
60 2070 87.68 145.24 116.46
80 2090 101 179.29 140.15
200
.-
ih /
4 / —— Lower Limit
% 100 / e
% = Upper Limit
8
7 50
= Average
= / Corrosion
0 |
2010 2030 2050 2070 2090
-50
Time(Years)

Figure 4.8 Average corrosion rate against time

DISCUSSION

Figure 4.8 shows the average corrosion rate over time, which
discribes the average of the upper and lower bounds of the various
dose-response functions stated above. It is obtained as shown in

table 4.5 above by establishing the highest and lowest points in
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figure 4.7 for comparison of the dose-response function from various
researchers. The maximum and minimum points obtained is
averaged to establish the average corrosion rate against time. A plot
of the maximum, minimum and the average values is shown in figure
4.8 which compares with the ISO 9223 result for the same time

frame.

4.6.2 ANALYSIS OF THE POLLUTANTS

According to ISO 9223 categorization, the table 4.6 shows the
values of the thickness loss with their classification while table 4.7
indicates the calculation of the thickness losses against time in years

and the parameters used.

Table 4.6- classification of mass loss

according to ISO standard

Year | ISO 9223 ISO Classification
(um) Range Category
2010 29.58 25<ML<50 C3
2030 56.02 50<ML<80 C4
2050 80.72 80<ML<200 C5
2070 102.20 80<ML<200 C5
2090 123.09 80<ML<200 C5
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Table 4.7 Calculation of thickness loss against time

Time PMu [80z | N0 | Os |0 |Temp.| pH | RH | Rain 9'32%
Year

Year (Mg )m? (°C) (%) | (mm) | (um)

1 2010 30 17 40 40 115 118 52 72 582 2958

20 2030 15 15 20 30 071 123 55 71 590 56.02

40 2050 14 14 20 30 073 129 55 71 604 80.72

60 2070 13 13 20 077 144 55 70 574 1022

30

80 2090 12 12 20 30 073 134 55 68 551 123.09
Mean 16.8 142 24 32 082 1296 544 704 580
Variance 4456 2.96 64 16 003 081 001 1.84 311
[S)teavrjdard 668 172 8 4 017 09 012 136 17.7
ngff'Of 04 012 033 013 02 007 002 002 0.03

STD yr 2010-Mean 13.2 28 16 8 033 -1.16 0 é4
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Figure 4.9 Difference in mean against various pollutant parameter

change

4.6.2.1 TIME VARIATION OF PARAMETERS

Each of the parameters is analyzed for the effect of change in

value on thickness loss. A change in percentage made an increase

in the value of each of the parameters. This indicates that with an

increase each year of the parameters the thickness loss tends to

increase

Table 4.8 - Effect of Percentage change on parameters relative

to 2050 values

%age ISO
change 2050 Refernce year parameters 9223
S0 Thicknes Thicknes | ISO

(Mg )m- [ sLoss | Temp | Thickness | RH s Loss 9223 | DRF1(u

3 (®m) | -(C) |Loss (um)| (%) | (um) | (um) |m)
-20 11.2 21.99 10.32 28.39 56.8 18.59 29.58 29.58
-10 12.6 23.38 11.61 26.48 63.9 2143 26.44 56.02
0 14 24.70 12.9 24.70 71 24.70 24.70 80.72
10 15.4 25.95 14.19 23.04 78.1 28.47 21.48  102.20
20 16.8 2715 15.48 21.49 85.2 32.81 20.90 123.10
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%age change vs SO2
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Figure 4.10 show increase in SO2 with percentage increase

Percentage change
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Figure 4.11 show increase in temperature with percentage increase

%age change vs Relative Humidity
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Figure 4.12 show increase in relative humidity with

increase
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Thickness Loss vs SO2
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Figure 4.13 Increase in thickness loss with SOz increase

Thickness Loss vs Temperature
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Figure 4.14 show a decrease in thickness loss with increase in

temperature
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Thickness Loss vs Relative Humidity
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Figure 4.15 show increase in thickness loss due to increase in

relative humidity

DISCUSSION

From the figures above, increase in temperature does not
increase thickness loss as shown in figure 4.14 as against other
parameters sulphur dioxide and relative humidity which increases
thickness loss with their increase. Example, from the figures, a 10%
increase in SOz will cause a 5% increase in thickness loss, which for
a 20mm thick web will give rise to a reduction of 1mm thickness. A
10% increase in temperature on the other hand will cause 7%
decrease in thickness loss. Increase in relative humidity by 10% will
cause a 15% increase in thickness loss. It is therefore observed that
increase in relative humidity will increase the amount of water
vapour hence dissolved SOz and other gases and also increase in

the time of wetness of corrosive materials on the structure.
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4.6.2.2 SPATIAL VARIATION OF PARAMETER

In this regard, it is observed that location affects the rate of
loss of materials from steel exposed to the climate change. Materials
exposed to the rural area is least affected while those in industrial
environment is most affected as seen in figures below. Table 4.9 -
4.11 shows the use of the ISO 9223 dose-response function to
obtain the thickness losses over time for rural, urban and industrial
environments. To obtain these values, the SO is varied for the rural,
urban and industrial areas while the temperature and relative
humidity is kept constant. A plot of the thickness loss against time for

various environments gives the rate of corrosion.

Table 4.9 : Rural values of
SO2(2 < SO2<15)

I1ISO
Time Year | PMsyo | SOz | NO: (o) HNO: | Temp. pH [ RH | Rain 9223

Year (wg )m (°C) (%) | (mm) | (um)

1 2010 30 17 40 40 1.15 11.8 52 72 582 29.58
20 2030 15 15 20 30 0.71 123 55 7 590 56.02

40 2050 14 14 20 30 0.73 129 55 71 604 go72

60 2070 13 13 20 30 0.77 14.4 55 70 574 102.20

80 2000 12 12 20 30 073 134 55 68 951 42309
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Table 4.10 : Urban values of

S0,(5<S02<100)
ISO | 1s0
Time | Year | PMy | S0z | NO2 | Oz | HNO3 | Temp. | pH RH | Rain | 9223 9223
Year (Mg )m™® (°C) (%) | (mm) | (um) [ (um)
1 2010 30 78 40 40 115 118 52 72 582 6532 65.32
20 2030 15 69 20 30 071 123 55 71 590 5847 123.79
40 2050 14 64 20 30 073 129 55 71 604 5443 178.22
574
60 2070 13 60 20 30 077 144 55 70 4758 225.80
80 2090 12 55 20 30 073 134 55 68 551 4612 271.92
Table 4.11 : Industrial values of SO2(50< SOz <400)
ISO ISO
Time | Year | PMyo | S0, | NO, | Os; | HNOs | Temp. | pH | RH | Rain | 9223 | 9223
Year (ug )m (‘c) (%) | (mm) [ (um) (pm)
1 2010 30 360 40 40 115 118 52 72 582 14468 14468
20 2030 15 315 20 30 071 123 55 71 990 12878 27347
40 2050 14 295 20 30 073 129 55 71 604 12049 393.96
574
60 2070 13 270 20 30 077 144 55 70 104.02  497.98
80 2090 12 250 20 30 073 134 55 68 951 101.35 599.32
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Figure 4.16 Corrosion rate for rural environment
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Figure 4.17 Corrosion rate for urban environment
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Corrosion rate with Industrial value of
$0,(50<50,<400)
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Figure 4.18 Corrosion rate for Industrial environment

DISCUSSION

From both the table and the figures, it is shown that sulphur
dioxide corrosion is much higher for industrial area than in rural
environment. The effect is therefore a higher thickness loss in the
industrial area than in the rural. The rate of corrosion is shown to be
1.17um/a, 2.58 ym/a and 5.68 pym/a for rural, urban and industrial
areas respectively. This shows that SO2 corrosion rate compared for
rural to industrial is approximately five times while urban compared
to industrial and rural compared to urban rate is slightly above two

times for each.

4.6.2.3 DEPTH OF CORROSION

Steel corrosion rate with time for outdoor exposure is not
constant. From ISO 9224, it is shown to decrease with exposure by
the relation:

D = reorrosion*t\° 410
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Where t is the exposure time in years, reorrosion is the rate in the first
year expressed in pm/a and b is the metal-environment-time
exponent, which for carbon steel is 0.026

The following expressions show the rcorosion used for the
determination of the depth of corrosion for the various environments
viz rural, urban and industrial.

For the rural area, reorrosion (2<S02<15) = 3259.8In(x) — 24738...4.11
Urban environment had, reorrosion (5<S02<100) = 5281.9In(x) —

40104 ... .. . .. 412
and the industrial area has, rcorrosion (50<S02<400) = 11623In(x) -
88252.. ... e e eee ... 443

Table 4.12 below show the depth of corrosion as determined with

the expressions above

D = reorrosion*t"°

reorrosion(high) = 3259.8In(x) - 24738

reorrosion(@verage) = 3006In(x) - 22834

lcorrosion(low) = 2752.2In(x) - 20931
(5<S02<100) = 5281.9In(x) - 40104

leorrosion(50<S02<400) = 11623In(x) - 88252

l'corrosion
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Table 4.12 Depth of corrosion penetration for various environment

Depth of corrosion

penetration(mm)
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4.7

STAGE TWO ANALYSIS:

EFFECT OF CLIMATE CHANGE ON STRUCTURES
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4.8 IMPACT ON A RAILWAY BRIDGE STRUCTURE

The following are the analysis carried out to determine the
effect of material loss on the railway bridge structure. The worked
example is of a twin-track bridge spanning 36m as in SCI
Publication P318, ILES (2006). The bridge is square at its ends and

the slab is wholly on top of the cross girders.

General arrangement

Cross section
1000

3400

[ c/c tracks |
1965

200
2800 Rail level
vvvvvvvv..“‘:‘:‘:“./
QSOOI TO GO IO N ta% u et Ya%
1488
200 50 clear gap \ 25 thick waterproofing
|‘_ﬁ 9640 ‘J‘
Arrangement of doublers and web stiffeners
| 36 m span |
= “1
Y Doubler flange
/ Top flange
= "/
D =2.80m| —] | | | | | | | | | | 7 Rail level
Fixed L Free
Elevation

Figure 4.19 show the cross-section arrangement of the bridge
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DESIGN PARAMETERS

The design is for 2 standard gauge tracks on straight
alignment, track speed up to 160 km/h. Access walkway is provided
on one side of the track and a continuous position of safety on the
other side. The track is located with approximately 100 mm
clearance between the outer edges of the walkway and the inner
edges of the top flange, to allow for possible future realignment of
the track.

Heavy traffic, 27 x 106 tonnes/annum was used for the analysis.
Grade S355 steel and grade C40 reinforced concrete was used.
Loading

Nominal ULS SLS

kN/m _Factor Load Factor Load

DEAD LOAD
Main girder 0.267 m2 x 77 kN/m® plus 10% 22.61 1.0 24.87 1.00 22.61
Cross girders 2.04 kN/mx4.80m/3.0mecrs 6.53 1.10 7.18 1.00 6.53

Slab 4.8 m x 0.25 m x 25 kN/m? 30.00 1.20 36.00 1.00 30.00
Haunch 0.96 m x 0.25 m x 25 kN/m?® 6.00 1.20 7.20 1.00 6.00
Ballast 4.525 m x 0.49 m x 21 kN/m? 46.56 1.75 81.48 1.20 55.87
Track 2No x 2.0 kN/m x (5.07/9.64) 210 1.20 252 1.00 2.10
Waterprfg (4.8+0.89 m) x 0.025 m x 24 kN/m33.41 175 597 1.00 3.41
Services Say 0.80 1.20 0.96 1.00 0.80

166.18 127.32
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Track position, relative to girders

Centre
of tracks o -

9.64m N
1

Figure 4.20 show track position for the girder

LIVE LOAD

Nominal

uLs SLS

kN/m Factor Load Factor Load

EUDL 2 tracks x 4162 kN/36m x (5.07/9.64) 121.68 1.40 170.35 1.1 133.85

Nosing (EUDL) 100 kN x 2/36m x 1.338/9.64 0.77 1.40
Walkway (far) 5 kN/m? x 0.7 m x 1.05/9.64

BENDING MOMENTS

ULS Dead load
ULS Live load

SLS Dead load
SLS live load

166.18 x 36%/8
172.00 x 36%/8

127.32 x 36%/8
135.08 x 36%/8
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0.38 1.50

1.08 1.1 0.85
057 1.0 0.38
172.00 135.08

26920kNm
27860kNm
54770kNm

20630 kNm
21880 kNm
42500 kNm



Main girder - section properties

900 x 60

/ 120
|y 1000 x 60 Compression | i
» 7 kY == -
big|= 482 7 2
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/ _ _ _ | Plastic _ _
Elastic neutral axis T
D = 2800 — | neutral Ex?s%i - T
1571
¥t = 1460
Y o—e— Y T—Ci— —
Tension ‘{‘\ 20
Elastic Plastic

Figure 4.21show girder section properties

Girder make-up

yield strength (py)

Doubler 900 x 60 mm 335 N/mm?
Top flange 1000 x 60 mm 335 N/mm?
Web 2560 x 20 mm 345 N/mm?
Bottom flange 900 x 60 mm 335 N/mm?
Bottom doubler 800 x 60 mm 335 N/mm?

Elastic properties for vertical bending

The second moment of area is calculated as follows:

Ixx = [(1*0.06%)/12 +(1*0.06*1.252)] + [(0.9*0.06%)/12
+(0.9%0.06*1.372)] +[(0.9*0.06%)/12 +(0.9*0.06*1.312)] +
[(0.8*0.06%)/12 +(0.8*0.06*1.432)] + (0.02*2.56°%)/12

Ixx = 0.4141 m*

Area A, is obtained using the following format:

A =0.9%0.06 + 1.0*0.06 + 2.56*0.02 + 0.9*0.06 + 0.8*0.06

A =0.2672 m?
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The elastic modulus is estimated from

Z = lx/y for the doublers, top and bottom flanges as shown below.
Zita = 0.3091 m® Yo = 1.460 m

Zi=0.3236 m? yn =1.340 m

Zyt = 0.2957 m3

Zbia = 0.2836 m®

Plastic properties
Zpe = Mpe/335 = 0.3212m® ypr =1.691 m yr =1.109 m

Mpe = 107600 kNm (based on yield strengths appropriate to
element thicknesses) and determined as follows:
The design strength of steel reduced by appropriate partial factors,
is pylys, where ys = 1.05x1.1 and py are listed above as yield strength
according to BS 5400-3
Mpl = Rib (D-yp) +Rit.Yp + Rwyp2/2d + Ry (d-yp)?/2d
Tensile Resistance of Bottom Flange
R+ Ria = 60 x 900 x (335/(1.05x1.1))x102 + 60 x 800 x
(335/(1.05x1.1))x10°3

= 15714+13968 = 29682kN
Tensile Resistance of Top Flange
Rit+ Ria = 60 x 1000 x (335/(1.05x1.1))x103

+ 60 x 900 x (335/(1.05x1.1))x10°3

= 17460+15714 = 33174kN

Tensile Resistance of web

Rw = dtwpy = (2800-240) x20 x (345/(1.05x1.1))x10°3
= 15360kN
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Check if: R+ Rw= R : PNA lies in web
33174+15360 >29682
PNA: y, = ((2800-240)/2)x((29682-33174+15360)/15360)
=989mm
Therefore, plastic moment capacity, is
Mpe = 29682(2800-1109) x103 + 33174x1109x
103 + ((15360/2)x(989%/2500))10 + ((15360/2)x(2500-
989))x10®
=107600kNm

Shape limitations
bro = 482 mm > 7t,\(355/0 y) = 420 x 1.029 = 432 mm Non-compact
according to BS 5400-3, 9.3.7.3.1
Clear web depth = 2544 mm m = (1109 — 128)/2544 = 0.3856
Limit for compact web: 34 tu/m\(355/ G yw)
=680 % 1.014 / 0.3856 = 1788 mm Non-compact according to
BS 5400-3,9.3.7.2

Effective sections

Web: yo/tu\ oyw /355 = (1460 — 120)/ 20V(345/355)= 60 < 68 Web
fully effective according to BS 5400-3, 9.4.2.5.1

Slenderness of main girders

le = kaksksl1 to BS 5400-3, 9.6.4.1.3

l1 = (ElclrdRr)%2 9.6.4.1.1.2

Ic for a 1000 x 60 flange and 900 x 60 doubler = 0.008645 m*

l1 = (205x108x 0.008645x3.0x0.0001453)%2% = 5.272m

X= |1/(\/2E/c 6e,max)
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X = 5.272%/ (V2x205x10°x0.00865 x0.0000686)
=0.852
ks=2.22 + 0.69/(X+0.5)
= 2.730
k2=1.0 (load on girder at bottom flange level)
ks = 1.0 (no rotation restraint in plan at supports)
le=1.0%1.0x2.730 x 5.272=14.39m
For slenderness of U-frames, ALt is given by:
ALt = le/ry according to BS 5400-3, 9.7.2
The value of ry is that for the top flange plus one third of the depth
of the web.
For that section:
Ic = 0.008645 m*
A=0.131
rye = 0.257 m
Hence
AT = 14.39/0.257 =56.0

Moment of resistance of main girder

Consider buckling mode:

L/le = 36/14.39 = 2.50, Hence there will be two half waves and lw
=18.0 m

For input to Figure 11 : BS 5400-3

At V[(0 yo/355)( Mut/ Mpe)] = 56.0(335/355)(95010/107600)
=52.6

le/lw = 14.39/18.00 = 0.80

From Figure 11a Mr/Mut = 0.698
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Hence Mr = 0.698 x 95010 = 66320 kNm
Mpb = MR/(ymyss) = 66320/(1.05 x 1.1) = 57420 kNm
This is slightly more than the applied moment and will probably be

satisfactory.

Check on dynamic performance

Dead load 127.5 kN/m (nominal DL + 100 mm extra ballast)
Deflection = 5x127.5x36%/(384x205x106x0.414) x1000 = 32.8mm
This value is below the upper limit for a span of 36 m in Figure 5 of
UIC 776-2R

Live load (Nominal value, 2 tracks) 121.6 kN/m

Deflection = 5x 121.6x36%/(384x205x10°x0.414)x1000 = 31.3mm
Span/deflection = 36000/31.3 = 1150.2

This ratio is better than the limit of 800 in Table 4 of UIC 776-3R for

a single deck

Shear resistance
Loading at ULS

Shear (kN)
Dead load 166.18 x 36/2 2991
Live load (RU EUL) 2 x (2094 x 1.4) x 5.07/9.64 3084
Nosing 100 x 1.4 x 1.338/9.64 40
6115

Clear Depth of web dwe = 2560 mm
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Spacing of stiffeners  a = 3000 mm
3000

<~

—
Flanges are parallel and straight, so use clause
9.9.2.2 of BS 5400-3 according to ¢l 9.9.2.1
¢ =3000/2560 =1.172
N = dwe/tuNT /355

= 2560/20V345/355

=126

For mn = 0, Figure 12 gives m/1, = 0.609

Effective width of flange for misw (bottom flange is smaller if no
doubler)  according to cl 9.9.2.2
bre = is the lesser of 10 tV355/ o ,+ = 10x60V355/ 335
=618mm
and bi/2 = 450 mm
Hence bre = 450 mm
Miw = Oyt bre A/ 20ywdwe?tw
= 335x450x602%/(2x345x2560?x20)
= 0.00600
For mw = 0.005, Figure 13 gives 1/ 7, = 0.695 and for mmw = 0.0105,
Figure 14
gives T/ 1. = 0.790
So for mw = 0.00600 1/ 1, = 0.714
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Tu =345/ 3 = 199 N/mm?
71=0.714 x 199 = 142 N/mm?
VD = [tw(dw- hn) / (Ymyr3)] T

= [20x(2560-0)/1.05x1.1]x142x10°3

= 6294 kN

according to cl 9.9.2.2

The same procedure is repeated for all the thickness losses as

shown in the table below.

Table 4.13 Thickness losses analysed

Thickness Loss for the Analysis(mm)

Year Rural Urban Industrial

2010 0.10 0.10 0.20
2050 0.15 0.20 0.48
2090 0.21 0.30 0.70

However, for brevity only the thickness loss for 0.10mm for rural

area in 2010 is repeated as shown below

Thickness loss @ 0.10mm for Year 2010

Girder make-up

Doubler

Top flange
Web

Bottom flange

Bottom doubler

899.8 x 60 mm

yield strength (py)

999.8 x 59.8 mm
2560.2 x 19.8 mm
899.8 x 59.8 mm

799.8 x 60 mm

100

335 N/mm?
335 N/mm?
345 N/mm?
335 N/mm?
335 N/mm?




Elastic properties for vertical bending

The second moment of area is calculated as follows:

Ixx = [(0.9998*0.0598%)/12 + (0.9998*0.0598*1.25012)] +
[(0.8998*0.0598%)/12 +(0.8998*0.0598*1.37012)]
+[(0.898*0.06°%)/12 +(0.8998*0.06*1.312)] + [(0.7998*0.06°)/12
+(0.7998*0.06*1.432)] + (0.0198*2.5602%)/12

Ixx = 0.4129 m*

Area A, is obtained using the following format:

A =0.9998*0.0598 + 0.8998*0.0598 + 2.5602*0.0198 + 0.8998*0.06
+0.7998*0.06

A =0.2662 m?

The elastic modulus is estimated from

Z = Ixdy for the doublers, top and bottom flanges as shown below.

Ziiq = 0.3079 m® Yo = 1.458 m

Zi = 0.3223 m® ya=1341m

Zot = 0.2954 m3

Zbta = 0.2832 m®

Plastic properties

Zpe = Mpe/335=0.3202 m® ypr =1.6934 m  ym =1.1066m

Mpe = 107300 kNm (based on yield strengths appropriate to
element thicknesses) and determined as follows:

The design strength of steel reduced by appropriate partial factors,
is pylys, where ys = 1.05x1.1 = 1.15 and py are listed above as yield
strength according to BS 5400-3

Mpl = R (D-yp) +Rtt.Yp + Rwyp2/2d + Rw (d-yp)?/2d
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Tensile Resistance of Bottom Flange
Rib+ Ria = 59.8x899.8x(335/(1.15))x10°3
+ 60x799.8x(335/(1.15))x1073
= 15658+13965 = 29623kN
Tensile Resistance of Top Flange
R+ Rria = 59.8 x 999.8 x (335/(1.15))x10°3
+ 60x899.8x(335/(1.15))x10°3
=17398+15711 = 33109kN
Tensile Resistance of web
Rw = dtwpy = (2800-240)x19.8x(345/(1.15))x103
= 15206kN
Check if: R+ Rw= R : PNA lies in web
33109+15206 >29623
PNA: vy, = ((2800-240)/2)x((29623 - 33109+15206)/15206)
=987mm
Therefore, plastic moment capacity, is
Mpe = 29623(2800 - 1107) x10- + 33109x1107 x
103 + ((15206/2)x(9872/2500))10° + ((15206/2)x(2500-
987)%)x10®
=107200kNm

Mpe 107200 kNm (based on yield strengths appropriate to element

thicknesses)

Shape limitations

bro = 482 mm > 7t,\(355/0 y) = 420 x 1.029 = 431 mm Non-compact
according to BS 5400-3, 9.3.7.3.1
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Clear web depth = 2544.2 mm m = (1109 — 127.8)/2544 = 0.3845
Limit for compact web: 34 t./m\(355/ ¢ yw)
=680 x 1.014 / 0.3845 = 1776 mm Non-compact according to
BS 5400-3, 9.3.7.2

Effective sections

Web: yc/taV Oyw /355 = (1458.8 — 119.8)/ 19.8V(345/355)= 66.7 < 68
Web fully effective according to BS 5400-3, 9.4.2.5.1
Slenderness of main girders
Assume cross girder restrain not corroded
le = kaksksl1 to BS 5400-3, 9.6.4.1.3
li = (EldrBR)02 9.6.4.1.1.2
I for a 999.8 x 59.8 flange and 899.8 x 60 doubler = 0.008623 m*
l1 = (205x108x 0.008623x3.0x0.0001453)%% = 5.268m
X = W/(N2El; Semax)
X = 5.272% (N2x205x108x0.00862 x0.0000686)

=0.853
ks=2.22 + 0.69/(X+0.5)

= 2.730

k2= 1.0 (load on girder at bottom flange level)
k3 = 1.0 (no rotation restraint in plan at supports)
le=1.0%1.0 x 2.730 x 5.268 = 14.39 m
For slenderness of U-frames, ALt is given by:
ALt = le/ry according to BS 5400-3, 9.7.2
The value of ry is that for the top flange plus one third of the depth
of the web.
For that section:
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l: = 0.008623 m*

A =0.131m?2

rye=0.257 m

Hence

ALt =14.39/0.257 = 56.0

Moment of resistance of main girder

Consider buckling mode:

L/le = 36/14.39 = 2.50, Hence there will be two half waves and |w =

18.0m

For input to Figure 11 : BS 5400-3

A L V[( 0 ye/355)( M u/ Mpe)] = 56.0N(335/355)(95010/107200)
=51.21

le/lw = 14.39/18.00 = 0.80

From Figure 11a Mr/Mut = 0.71

Hence Mg = 0.71 x 95010 = 67457 KNm

Mb = Mr/Ymyss = 67457/(1.05 x 1.1) = 58404 kNm > 54770kNm

This is slightly more than the applied moment and will probably be

satisfactory.

Check on dynamic performance
Dead load 127.5 kN/m (nominal DL + 100 mm extra ballast)
Deflection = 5x127.5x36%/(384x205x106x0.4129) x1000 = 32.94mm
<45mm
This value is below the upper limit for a span of 36 m in Figure 5 of
UIC 776-2R
Live load (Nominal value, 2 tracks) 121.6 kN/m
Deflection = 5x 121.6x36%/(384x205x10°x0.4129)x1000 = 31.42mm
<45mm
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Span/deflection = 36000/31.42 = 1145.76 > 800
This ratio is better than the limit of 800 in Table 4 of UIC 776-3R for

a single deck

Shear resistance
Loading at ULS

Shear (kN)
Dead load 166.18 x 36/2 2991
Live load (RU EUL) 2 x (2094 x 1.4) x 5.07/9.64 3084
Nosing 100 x 1.4 x 1.338/9.64 40
6115

Clear Depth of web dwe = 2560 mm
Spacing of stiffeners  a = 3000 mm

L 3000 -

I 1

Flanges are parallel and straight, so use clause
9.9.2.2 of BS 5400-3 according to cl 9.9.2.1
¢ = 3000/2560.2 =1.172
A = dweltuNO /355

= 2560.2/19.8v345/355

=127.46
For mw = 0, Figure 12 gives m/ty = 0.62
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Effective width of flange for msw (bottom flange is smaller if no
doubler)  according to cl 9.9.2.2
bre = is the lesser of 10 355/ o yr = 10x59.8v355/ 335
=616mm
and bi/2 = 449.9 mm
Hence bre = 449.9 mm
Miw = Oyt bre tP/ 20ywOwe?tw
= 335x449.9x59.8%/(2x345x2560.22x19.8)
=0.00601
For mm = 0.005, Figure 13 gives 1/ 7u = 0.695 and for mmw = 0.0105,
Figure 14
gives 1/ 1, = 0.790
So for mw = 0.00600 1/ 1, = 0.714
Ty = 345/ 3 = 199 N/mm?
T1=0.714 x 199 = 142 N/mm?
VD = [tw(dw- hn) / YmYs3] Ti
=[19.8x(2560.2-0)/1.05x1.1]x142x103
= 6232 kN > 6115kN according to ¢l 9.9.2.2

The result of other calculations are as shown in table 4.14 below
and a plot of the effect of thickness loss on moment resistance,

shear resistance and deflection in the figures.
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Table 4.14 show calculated resistances for various corrosion types

Moment

Resistance,Mp —

Resistance,Vp-kN

Shear

Deflection, 5(mm)

kNm
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Effect of Thickness Loss on Moment
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Figure 4.22 Effect of thickness loss on moment resistance of bridge

girder
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Figure 4.23 Effect of thickness loss on shear resistance of bridge

girder
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Figure 4.24 Effect of thickness loss on deflection of bridge girder

DISCUSSION

From the results shown in table above and reflected in the
figures 4.22 - 4.24, thickness loss due to corrosion of steel structure
caused by climate change has long term impact on the effectiveness

of the structure to carry the design load.

It is obvious that the moment resistance decreases with time
depending on the location of the structure. The analysis shows that
the rate of decrease of moment resistance is 0.3% for rural area,
0.9% for urban area and 3% for industrial environment. For
industrial locations, the rate of fall of moment resistance increases
faster after 40years, a period of stable decrease as the top flange

deteriorate.

The shear resistance fall is sharper for all environments, as the web
is the load carrying member in the girder with small thickness. For
the rural area the decrease in shear resistance is slightly above 1%,

while the urban and industrial areas is 1.8% and 4.6% respectively.
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This will justify the need to increase the thickness of the web and

reduce the spacing of the stiffeners.

From figure 4.24 the deflection of the girder increases with time and
location of the structure. Deflection is more with industrial location
and least in rural environment as the analysis has shown, 0.18% for
rural area over time, 0.36% for urban environment and 0.89% for

industrial location.

4.9 CHAPTER SUMMARY

The chapter discussed the results obtained from various
analysis carried out in two stages. In stage one, emission scenarios
for climate change were noted; while the pollutants that cause global

warming was also discussed as it concerns their change with time.

Using the determined dose-response function of air pollutant and
climate parameters, thickness loss for a steel bridge structure was

analyzed.

The second stage involves the check of the effect of thickness loss
on moment resistance, shear resistance and deflection of the
analyzed bridge as shown. Results obtained indicate that while the
moment and shear force resistance of the structure is decreasing
with thickness loss over time, deflection is increasing. Also, doubler
plates are used to increase the flange thickness required to check
for fatigue in railway steel bridge beams.
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CHAPTER FIVE
SUMMARY, CONCLUSIONS, AND FUTURE WORK

51 SUMMARY

In chapter one, the subject of impact of climate change on the
rate of deterioration of existing structures was introduced. It also
looked at the significance and objective of the study while noting
past research on the subject.
The general objective of this research is to study the factors that
actually have impact on the service life existence and progress of

deterioration of structures exposed to atmospheric weathering.

Detailed literature review to determine what is known and gaps in
knowledge followed in chapter two. The chapter reviewed the
current efforts made to study the impact of natural and
anthropogenic factors on climate and the effect of change in climate
and air quality on human. It was observed from studies that the
climate/weather will continue to change due to the damaging
influence of human’s activities on the earth. Though the factors that
influence climate change is known, their interaction with the earth is

difficult to estimate.

Various building materials affected by climate change were
identified with their impact noted. The impact of climate change was
observed to be more noticeable in the urban areas than in the rural
setting due to the effect of industrial gases and other anthropogenic

effect in the atmosphere.
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In chapter three, the method of analysis was considered. Two
stages were involved, first is the determination of the rate of material
loss through the appropriate dose-response function and the second
stage is the use of the calculated thickness loss to determine the
bending resistance, shear resistance and deflection of the single

span railway bridge.

Chapter four discussed the results obtained from various
calculations carried out in the two stages of analysis. In stage one,
emission scenarios for climate change were noted; while the
pollutants that cause global warming was also discussed as it
concerns their change with time. Using the determined dose-
response function of air pollutant and climate parameters, thickness

loss for a steel bridge structure was analyzed.

From the result obtained in first stage, a check on the effect of
thickness loss on moment resistance, shear resistance and
deflection of the analyzed bridge is conducted. Results obtained
indicate that while the moment and shear force resistance of the

structure is decreasing with thickness loss, deflection is increasing.

5.2 CONCLUSIONS AND RECOMMENDATIONS

Guildford, a borough in the southeast of England is likely to
witness an increase in temperature in the range of 2°C - 6°C by
2100 especially in the summer.

- The pollution by SO: is projected to fall within the

corresponding period as increased emission control measures

take effect.
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From impact study it is shown that the rainfall patterns will
change, bringing drier summer and wetter winters

Carbon dioxide which is a major cause of greenhouse effect is
estimated to increase under all emission scenarios because of

increased use of various energy resources.

All other objectives as stated are determined as follows:

The ISO 9223 dose-response function was determined as the
most suitable. The function was noted to be an approximation
of the average of all the known functions. Also the climate
parameters and air pollutants reflected the conditions
obtainable in rural, urban and Industrial cities of UK.

Estimate shows that there is objectionable thickness loss
within the 120years life span of the structures under the 1ISO
9223 categorization for urban and industrial environment.

The moment resistance for the designed structure shows a
decrease of 0.3% for rural area, 0.9% for urban area and 3%
for industrial environment. Shear resistance decrease is 1.1%
for rural, 1.8% for urban and 4.6% for industrial areas.

From the various dose-response functions by different
researchers an upper and lower bound was established. The
average dose-response function on this has a function y =
3006In(x) - 22834 with a coefficient R? = 0.96

The result of the parametric analysis has shown that the
presence of SO2, a pollutant resulting from industrial activities
and high relative humidity based on climate factors affects
thickness loss. In this regard a 10% increase in the two factors
will cause a 5% increase in thickness loss for SO, and 15%

thickness loss for relative humidity.
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5.3

FUTURE WORK

One of the limitations for the achievement of the objectives of
this work is the sourcing of data for the study location
Guildford. Available long term records are mainly for London,
hence the use in the work

A study of the correlation of London climate and pollution
records and the existing Guildford information will help to
improve the work

Further improvement could be made by undertaking a long
term dose-response study of the project location to confirm the
classification of the area

Finally, it is hoped that another researcher may look at the

fatigue behaviour of the structure under the same condition.
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Appendix A

Appendix A1 Definition of Terms

SIN Definition of Term Unit
1. rearrosion — Corrosion rate of carbon steel um/year
2. Time(t) years
3. SOz, O3, HNOs3, COz2 are gaseous pollutants ug/m?®
4. Temperature (T) °C
5. Relative Humidity Rheo=Rh-60 %

6. Amount of precipitation (Rain) mm

7. H* acidic concentration in precipitation um/m3

8. CL- chloride concentration in precipitation mg/l

9. ML is the mass loss g/m?

10. Time of wetness (TOW) is the fraction of time relative humidity > | None
80% and temperature > 0°C

11. fst is a temperature function, where f(T)=0.15(T-10) when | °C
T<10°C, otherwise f(T)=-0.054(T-10)

12. Particulate matter concentration(<10pm)-PM1o pum/m3

13. pH of precipitation None

14. ER is erosion rate um/year
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Appendix B1 Estimate of mean values of parameters using Pre-Industrial

revolution records

Appendix B

Year PMio S0, NO. (o] HNO; | Temp. | pH RH Rain | CO2
(wg )m*® (°C) (%) | (mm) | ppm
1125 10 5 0.5 20 0.09 9.7 55 7 586 279
1175 13 5 0.5 20 0.09 9.8 5.5 7 611 279
1225 16 5 0.5 20 0.09 9.8 55 76 604 279
1275 19 5 0.5 20 0.09 9.8 55 76 609 279
1325 22 5 0.5 20 0.09 9.7 55 76 583 279
1375 14 6 0.5 20 0.09 9.9 55 77 577 279
1425 15 6 0.5 20 0.09 9.8 55 76 560 279
1475 15 6 0.5 20 0.09 9.8 55 76 558 279
1525 15 7 0.5 20 0.09 10 5.5 75 573 279
1575 26 20 4 20 0.24 9.9 55 76 549 275
1625 40 40 7 20 0.32 10 5.5 75 549 272
605

1675 60 120 20 15 0.47 9.8 55 75 272

Mean 22.08 19.17  2.96 19.58 0.15 9.83 550 76.00 580.33 277.50

Variance 188.74 1022.81 30.19 1.91  0.01 0.01 0.00 0.50 492.56 7.25

Standard

Dev. 13.74 3198 549 1.38 0.12 0.09 0.00 0.71 22.19 2.69

Coeff. Of

Var. 0.62 1.67 1.86 0.07 0.78 0.01 0.00 0.01 0.04 0.01
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Appendix B2 Estimate of mean values of parameters using Industrial

revolution records

Year PMio S0, NO2 (o] HNOz | Temp. | pH RH Rain | CO2

(g )m® (°C) (%) | (mm) | ppm
1675 60 120 20 15 0.47 9.8 55 75 605 272
1725 130 260 40 15 0.67 10.4 5.5 75 590 272
1775 140 280 40 15 0.67 10.2 5.5 74 609 277
1825 150 300 50 15 0.75 10.4 5.5 74 605 280
1850 160 320 50 15 0.75 10.4 5.5 74 591 280
1870 190 380 50 15 0.75 10.5 5.5 74 594 280
1890 200 400 58 15 0.81 10.4 5.5 74 557 285
1910 175 350 53 15 0.78 106 45 74 624 290
1930 160 320 53 15 0.79 109 45 74 592 295
1950 150 300 60 15 0.84 111 4 73 579 305
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1970

Mean

Variance

Standard

Deviation

Coeff. Of
Var.

70

144.09

1776.45

42.15

150

289.09

6844.63

82.73

75

49.91

173.36

13.17

0.26
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40

17.27

51.65

7.19

0.42

1.52

0.80

0.06

0.25

0.31

10.9

10.51

0.12

0.34

5.05

73

74.00

0.36

0.60

0.01

563

591.7

354.0

18.8

0.03

321

287.00

204.91

14.31

0.05



Appendix B3 Estimate of mean values of parameters using After-Industrial

revolution records

Year PMso S0, NO: O3 | HNO; [ Temp. [ pH | RH | Rain | CO2
(ug )m? (°C) (%) | (mm) [ ppm
1970 70 150 75 40 152 109 4 73 563 321
1990 40 20 75 50 1.73 114 5 73 591 352
2010 30 17 40 40 115 118 52 72 582 383
Mean 46.7 62.33 63.33 433 147 1137 47 73 578.7 352.0
Variance 2889 3844.2 27222 2222 0.06 0.14 028 0.2 136.22 640.67
Standard
Dev. 17.00 62.00 16.50 4.71 0.24 0.37 052 047 11.67 2531
Coeff. Of
Var. 0.36 0.99 026 0.11 0.16 0.03 0.11 0.01 0.02 0.07
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Appendix B4 Estimate of mean values of parameters using Future

projection records

Year PMio | SOz NO: O3 HNOz | Temp. | pH RH Rain | CO2
(Mg )m? (°C) (%) | (mm) | ppm
2010 30 17 40 40 115 118 52 72 982 383
2030 15 15 20 30 071 123 55 71 59 430
2050 14 14 20 30 073 129 55 71 0604 530
2070 13 13 20 30 077 144 55 70 574 610
2090 12 12 20 30 073 134 55 68 91 730
Mean 16.80 14.20 24.00 3200 082 1296 544 7040 580.20  536.60
Variance 4456 296 64.00 16.00 003 081 001 184 311.36 1555824
Standard
Dev. 668 1.72 8.00 400 047 090 012 136 17.65  124.73
Coeff. Of
Var. 040 012 033 013 020 007 002 002 003 0.23
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