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SUMMARY: The corrosion of ferrous water mains is a sigaifitcproblem for the Australian Water
Industry. A significant proportion of Australia’gi@ing water infrastructure is composed of cast iron
and steel cement lined pipes, which are proneimsion on the external surfaces that are in contac
with soil. Internal corrosion is not a significassue for cement-lined pipes. For the water ingustr
manage these ageing assets effectively, quanétptiedictions of the damage likely to result from
long-term corrosion are highly desirable. Manyha# fundamental corrosion mechanisms are known
and there is considerable practical experiencénercaorrosion of buried iron. However, the predictio
of the long-term corrosion losses, of pit depthd pitting extent are not well developed, including
understanding and prediction of the quantitatifleuences of external soil conditions. In this paiber
basic mechanisms involved in the corrosion of igsrmetals in contact with soil are reviewed and the
likely effects of various influencing factors sua soil moisture content, soil type and soil water
chemistry on long-term corrosion are described. fBv@w has found that long-term corrosion is
controlled by diffusion processes and is a functbeoil moisture content, soil density, and salter
quality. The review is followed by an outline of approach to modelling long-term corrosion of cast
iron pipes. It involves developing a realistic moide the prediction of pipe corrosion in soil aitsl
calibration to field and historical data. Both thedelling approach and field data collection
requirements are outlined.
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1. INTRODUCTION

Australia’s urban water distribution systems areilag and are becoming more prone to failure. Waddvabout 70% of
the total asset base of a typical urban watetytitbnsists of buried pipes in congested citiesnamy cases large portions
are old, some over 100 years. With further ageiniis vital infrastructure, supply main failuredliveontinue to increase
(Nicholas and Moore 2009). Large diameter pipehiwithe network are especially critical since therdittle or no
redundancy and there are high consequences ofefaBeing able to predict the remaining service bf critical pipes
would allow utility owners to better manage thegeiag assets. To predict remaining service lif@vwdedge is required of
the current condition of a pipe, the rate of detetion, the loads acting on the pipe and the ktadztural response of the
pipe. An industry funded, collaborative 5 year egsh project involving Monash University, the Unisigy of Technology
Sydney and The University of Newcastle commence®0al, to gain information and develop models teisasin
predicting the remaining service life of criticapps. The long-term rate and extent of pipe coomsire being investigated
by The University of Newcastle, and are the foduthis paper.

One type of pipe being investigated is cast iromexat lined (CICL) pipe. A significant proportion élustralia’s ageing
water infrastructure is composed of these pipeterixation of CICL pipes used in Australian coralit is predominantly
corrosion on the external surfaces that are inamrnwith soil. Experience shows that corrosion wiohsist of cast iron
thinning, graphitisation (leaching out of iron cooments), and pitting. Internal corrosion of CIClpgs$ is not a significant
issue as the cement liner has a much longer ifie the cast iron under normal conditions (Nichalag Moore 2009).

To predict the remaining service life of these pipeaealistic predictive model of corrosion versysosure time (as a
function of external soil factors) is required. date, it appears that such a model does not eXisgugh several quasi-
empirical and empirical models have been propoRemn@noff 1957, Rossum 1969, Rajani et al. 20065y0eet al. 2009,
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among others). These are discussed in a recenatilite review (Cole and Marney 2012). Most of theent models are
essentially based on curve-fitting techniques, Viitle or no input of corrosion processes. Onlg thodel proposed by
Rossum (1969) makes some attempt to take into atcourosion processes. It does not, however, mibagbhysical
processes directly (such as the diffusion of redstand products through corrosion rust layerd)rddies on geometric and
proportionality arguments (cf. Cole and Marney 20Bhother issue with current models is that theyall based on a
power law or an exponential function (or similaid therefore assume that corrosion levels offregéime. Based on
many empirical observations of iron corrosion imegal different ‘wet’ corrosion environments, tlissumption may not
truly represent the time-dependent corrosion behanor all cases (Melchers 2011). Rather, it hesnbobserved that
‘wet’ corrosion of iron typically follows a bi-modi&rend with time, as will be discussed later iis thaper.

A more realistic predictive model for corrosioni¢tness loss and pit depth) versus time shouldased on fundamental
corrosion science and physics. The model also dremdount for the effects of external soil condiioThe model will be
an improvement over existing models because itheélbased on the actual rate controlling proce¥géh.the view to
developing such a more realistic model, in theofeihg paper a review is given of cast iron corrasibhe processes
occurring during cast iron corrosion in soil and gxternal soil factors that influence the corrngioocess. This is
followed by an outline of the proposed approachaulelling long-term corrosion of cast iron pipes. dutline is given
also of the field data collection requirementsdalibration of the model.

2. CORROSION OF CAST IRON PIPES

Up until 1975 grey cast iron was used as the fdroast iron for pipe manufacture in Australia. Téegter, grey cast iron
was replaced with ductile cast iron (Nicholas anabké 2009). The majority of old cast iron pipesisk of failure from
corrosion are therefore of the grey variety andcaresidered in this paper. Further reference toioas in this paper will
mean grey cast iron. The corrosion of ductile @ast will not be discussed in this paper. Grey @ast is an iron alloy
consisting predominantly of iron with 2.5-4 % camnb@-3 % silicon and minimal other alloys. The carlis mainly in the
form of graphite flakes, which are arranged in Emost continuous network. This network of graplfiidgdes gives the grey
cast iron its brittle properties, and grey colopon fracture.

The corrosion of cast iron involves thinning, pittj and graphitic corrosion (Makar et al 2001).t@Qas thinning and
pitting occurs in much the same way as in steeh mietal lost to the solution. Graphitic corrosismnique to cast iron and
involves the selective leaching of iron compondrim the iron-graphite matrix of which cast irorc@mposed. A matrix
of graphite flakes is left, and has a significamdhywer structural strength than the original metgipically the matrix of
graphite flakes is held together by the iron oxdderosion products, and it may retain the un-caetbshape of the original
metal. This graphite-iron oxide structure is comiygeferred to as the ‘graphitised zone’. Figurghbws an example of a
corroded cast iron pipe section, with the grapbitizone removed by abrasive blasting.

Figure 1 Exterior corrosion of a 110 year old é¢emt water main with graphitised zone removed

3. LONG-TERM CORROSION OF CAST IRON

The corrosion of ferrous metals in contact withaded water typically follows a monotonic bi-modedrid with time
(shown schematically in Figure 2). This trend haesrbobserved for various metals (mild, low allog arathering steels)
in various environments (seawater and freshwatserersion, tidal zone, coastal and inland atmosplexposures)
(Melchers 2011). Trends from Romanoff's (1957) datacorrosion mass loss of ferrous metals (batklstand Cl) in soils
show similar trends (Figure 3). Mass loss and efithl data for Cl in immersion conditions also falla bi-modal trend,
when carefully interpreted (Melchers 2012).
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Figure 2 Schematic representation of the bi-modhblsiour of corrosion Figure 3 Trends for average corrosion mass
loss showing principal phases loss of pipe coupons buried in soils for two
low alloy steels (I, J) and a high alloyed cast

iron (E). Data from Romanoff (1957), T29.

The phases of the bi-modal function are now desdrior the case of cast iron corroding in the preseof aerated water.
This scenario is likely to be that observed in tmsded soils, above the water table. Phase 4esepting the long-term
behaviour, is considered in greatest detail. Pialebtcterial influence (as identified in Figure i2)discussed in a later
section.

In a moist soil environment, the corrosion of dest is essentially wet corrosion of the iron coment. At anodic sites on
the metal, ferrous ions are dissolved into theteddde solution:

Fe - Fe¥ (s +2e” (1)
The electrons released at the anodic sites ar@i@ctat separate, cathodic sites. The cathoditioeds:
0, +2H,0+4e” - 40H" (2)

The ferrous and hydroxide ion react to form theéouss iron oxide corrosion products. Depending airtlolubilities, these
rust products are deposited within the graphitizede, on the external surface of the pipe, or séfaway into the
surrounding soil.

During phase 1, the rate of corrosion is controlgdthe rate of diffusion of oxygen to the surfadehe metal from the
surrounding environment. For cast iron buried Bo#, this rate is dependant on the permeabilitthefsoil adjacent to the
pipe, the moisture content and the depth of burial.

In Phase 2, the rate of corrosion declines. Thidike is due to a build up of rust products ondhternal surfaces and an
increasing depth of graphitised zone. The rust getedprovide an obstruction to the inward diffusimioxygen to the
surface of the metal, which reduces the rate absion.

In Phase 3, the rate of corrosion increases ilyitialt then gradually declines in time. This irase in corrosion rate has
been attributed to a change in the corrosion psfresn one involving oxygen reduction (controlleg dxygen diffusion),
to one involving hydrogen reduction (controlledtpydrogen diffusion) (Melchers 2011). Hydrogen rethrcis thought to
occur in crevice-type formations on the corrodingface. These crevices develop at anoxic (oxygstmiceed) niches on
the corroding surface, due to non-uniform oxygeoeas. This behaviour has been described for siedl,may occur
during the corrosion of Cl. The mechanisms invohadhe end of phase 2 and the start of phase reo(suding the
changeover) are currently under investigations Ithought that the corrosion rate is controlleddffusion across a thin
layer of magnetite (iron oxide rust product) at sheface of the metal.

By Phase 4, steady-state conditions are establisfi@d phase is the most important for the preolictdf the long-term
corrosion rate of ClI in soil. For buried pipes, 8@ may be entered as late as 10 -20 years w@ifiation (Figure 3). All
of the pipes undergoing condition assessment gngioject will be older than this period, and tliere will lie in Phase 4.
The basic processes involved in the long-term axe discussed in greater detail for the case of icastin contact with
moist soil.

Figure 4 shows an idealisation of the corrosiorcess in the long-term (Phase 4). The corrodingasarhas retreated into
the cast iron component leaving behind a graphitizne. Rust products have built up on the extesudbce of the metal
in contact with the external environment, and algthin the graphitised zone. On the corroding stefa crevice-type
formation has developed due to non-uniform oxygeeess to the corroding surface (developed duriras®I3). Figure 4
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illustrates a case where the graphitised zone dtafmed the original shape of the pipe, and thaseldeen no observable
thinning or pitting (non-graphitic corrosion) ofetipipe material.
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Figure 4 Schematic view of the diffusion procesaetsve during the corrosion of cast iron in reasibpanoist, neutral,
and aerated soil (phase 4).

Two corrosion processes may be active, the firisighexygen reduction outside of the crevice (Egndh corresponding
anodic process within the crevice (Eqn 1). Thisasafion of cathode and anode is a result of diffémeaeration between
the inside and outside of the crevice, thus crgatidifferential aeration cell. Possible rate lingtprocesses include the
inward diffusion of oxygen and water to the cathated the outward diffusion of ferrous ions awaynirthe anode.
Oxygen and water must be replenished at the comgaslirface, and ferrous ions need to be removex the corroding
surface to sustain the corrosion reactions.

The second corrosion process involves hydrogerctixiuat the cathode within the crevice (Egn 3}hwie corresponding
anodic process within the crevice also (Eqn 1). dditbodic reaction within the crevice is:

2(g) ®)

This reaction involves the evolution of hydrogers,gand is typically much slower than (Eqn 2), exogben in acidic
conditions (pH<4) (Uhlig 1963). Conditions withinet crevice are acidic allowing the reaction to pextquickly. Possible
rate limiting processes include the inward diffusiof water to the cathode (in the crevice), themandl diffusion of
hydrogen gas from the cathode, and the outwarddiifh of ferrous ions away from the anode.

2H* +2e” - H

The slowest diffusion process will control the amsion rate. The outward diffusion of ferrous iomdikely to govern since
its atomic size is much larger than that of theeotiffusing species, as first proposed by LaQuEdB8. Note that since
the outward diffusion of ferrous ions is likelygovern the reaction rates, both of the cathodicgsses described may be
acting simultaneously. The rate of diffusion ofrfers ions will be affected by the permeability dhnidkness of the
graphitised zone and external rusts. The rateffafsion will also be affected by the level of sattion of these layers.

Under saturated soil conditions (under the wateleda oxygen is typically absent (Jack et al. 199¢hlesinger 1997).
Under these conditions the main cathodic reactdrydrogen reduction (Eqn 3), following the disation of water. As
noted before, this reaction rate is typically matdwer than (Eqn 2), leading to a much reducedhirgbrrosion rate
compared to that in aerated water. Over time thesmn rate will fall as the graphitised zone gases in thickness and
rust products develop within the graphitised zome @n the external metal surface. Diffusing speitielide water and
ferrous ions. It is likely that the outward diffasi of ferrous ions will control the corrosion ratethe long-term. In this case
the bi-modal behaviour (with an increase in coonsiate after a significant exposure time) is nqteeted, but rather a
trend closely approximated by a power law wouldbserved.

4. FACTORSTHAT AFFECT THE CORROSION OF IRON IN SOIL

From the literature the external soil factors tinfitience the corrosion of iron in soil includeildype, moisture content,
the degree of aeration, resistivity, pore watemabkgy, microbiological activity, and temperatufithese factors, and their
likely affects on long-term corrosion losses anagiberm corrosion rate, are now discussed.
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4.1 Soil type

The corrosiveness of a soil towards metal is agi@é¢to varying degrees) by the soil's physical prtips, mineralogy and
organic content (Jack and Wilmott 2011). In engimeg soils are defined by these factors and aoadly classified into
the following groups: (1) coarse-grained soils ¢saand gravels), (2) fine-grained soils (silts afals), and (3) highly
organic soils (peats) (ASTM 2011).

The soil physical properties that have the stronhgfisct on corrosion are those that define thepimeability and water-
holding capacity, such as particle size, partigirithution and overall soil structure. The soitpeability controls the rate
of movement of water and air in the soil, and so affiect: the soil moisture content next to theepgmd its variation with
time, and the degree of aeration. As an examplarseegrained soils have a high permeability and \ater-holding
capacity, and typically have good drainage and goamtion. Fine-grained soils such as clays, orother hand, have a
low permeability and high water-holding capacitpdatypically have poor drainage and poor aeratitime effects of
moisture content and degree of aeration on theosiom rate are discussed in more detail in thefoilg sections.

Soil mineralogy affects groundwater chemistry, whie discussed later. Decaying organic matter inssgports biological
activity, which may influence corrosion losses aaie. The influence of biological activity is aldiscussed later.

4.2 Moisture content

Water is the essential electrolyte required to supie electrochemical corrosion process (Rob2Gf8). It is expected
then, that the amount of water in the soil and @momportantly) in contact with the metal surfaca isignificant influencing

factor for the corrosion of iron in soil. Practiaadservations and scientific investigations suppltg statement. Practical
experience has shown that the corrosion of irca dny soil is much less than the corrosion of iroa moist soil (Roberge
2008). In a recent review of the scientific andieagring literature on iron corrosion in soils, €a@nd Marney (2012)
concluded that the only factor that is consisteftiiynd to control corrosion (rate and extent) & sbil moisture content.

Water in a soil is either adsorbed on the soiliplad (‘hygroscopic water’), is held tightly in ddary pores (‘capillary
water’), or exists in larger pores which are toogéato hold onto the water by capillary action (kmoas ‘free’ or
‘gravitational’ water). The moisture content ofail $s the sum total of all the water containedhia soil.

The effect of soil moisture content on short-tewmrasion rates (six months) has been studied ssmised by Tomashov
(1966) and Gupta and Gupta (1979). In the shom,térhas been shown that corrosion mass lossoafiir soil changes

with moisture content. At low moisture content, teative rust layers form quickly, close to the nhesarface and the

corrosion rate is controlled by the anodic procéssthe water content increases the corrosionaist increases, up to a
maximum value. Afterwards the corrosion rate desgsavith increasing moisture content. At high moesicontents, more
of the soil pore spaces are filled with water (lace of air); slowing down the rate that oxygen d#ffuse to the metal

surface. The corrosion rate is then controlled ey rate of diffusion of oxygen through the poreewafhe more water

filling the pore spaces, the slower the short-teamosion rate. Gupta and Gupta (1979) found tiataximum corrosion

mass loss in soil occurs between 25-35 % moistoméeat by weight. This was determined for mild kgecimens in three
different soils, exposed for six months.

In the long-term, the corrosion rate of Cl is likéb be controlled by the diffusion of ferrous icesay from the corroding
surface (as discussed previously). This diffusete is affected by the permeability of the gragkiti layer (with embedded
rusts) and the external rust layer. The diffusiate of the ferrous ions would also be influencedhgyporosity and level of
saturation of these layers. The moisture contethe®oil surrounding the metal will have an effectthe development of
rusts within the graphitised zone and externalrlaybe soil moisture content will also have an effen the saturation level
of the rust/graphitised-zone layers. Thereforés ttonsidered that the long-term corrosion raté lvél strongly influenced
by the surrounding soil moisture content leveltia vicinity of the anodic region. At a low moisturentent level (lower
than say 25 % by weight), observations have shdah rmore adherent rusts develop more quickly, tieguin a lower
permeability of rust (and graphitised zone) layend lower corrosion rate (Tomashov 1966, Gupta@npta 1979). At
high moisture content levels (higher than say 2®yowneight), rust products tend to diffuse out inhe external soil
environment more easily, resulting in a higher peahility of rust (and graphitised zone) layers higther corrosion rate in
the long term (Romanoff 1957, Uhlig 1963).

4.3 Degree of aeration

Degree of aeration refers to the ease of accesgfmsport) of oxygen in a soil, and is relatedh® soil physical properties
and moisture content. Another related parametehdsoxidation-reduction potential of the soil, whits a qualitative
measure of the oxygen level at a particular level soil (Roberge 2008, Jack and Wilmott 2011).

The degree of aeration reduces with increased ameistontent (air and water compete for space irstlilepore spaces).
The degree of aeration also reduces with soil catigra and therefore burial depth (underlying sesilcompacted by
overlying soil layers). Also, oxygen levels typigallecrease with burial depth, due to consumptiomforganic processes
in the soil (Kreysa G and Schiitze, 2008).
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The affects of aeration on the corrosion rate &nangly interrelated with the affects of moistuentent. At low moisture
content, the degree of aeration (and potentialey ldvel of oxygen) is relatively high. The avaiklbxygen oxidises
corrosion products into less soluble more adhepeadiucts. In the long-term the corrosion rate woloéd likely low.

Alternatively, at high moisture content the degoéeeration is low. In the long-term the corrosiate would likely be
higher (than the low moisture content/ high aeratiase), as discussed in the previous section.

An extreme case of the effect of soil compactioncomosion can be observed for driven vertical Ispgles. During

installation the soil adjacent to the pile becormeavily compacted. As a result of this compacthmn permeability of soil
adjacent to the pile is reduced and the accessygfen (and water) to the steel surface is restfictdne corrosion in this
case is then much less than corrosion observedrplpes (Romanoff 1962, Ohsaki 1982).

4.4 Differential aeration

Variations in oxygen access to different regiona ofietal pipe surface may result in the formatiba differential aeration

cell across a relatively large distance. Differen#ieration creates an oxygen concentration céiérevthe surfaces with
access to the greatest amount of oxygen becomediathnd the surfaces with restricted oxygen acbessme anodic
(with associated metal loss). Variations in oxygetess in a soil may be a result of variationsoih type, moisture

content, and degree of compaction.

Three typical cases of pipeline corrosion due fiedntial aeration are shown in Figures 5-7. Nbtg the typical depth of
a buried pipe is 800 mm below the surface of tlengd, but may be deeper in some circumstanceseTduggosion cases
have been observed in practice. Figure 5 illustrateommon case where there is a difference itiaetaetween the top
and the bottom of a pipe. This scenario may deviltye bottom of the pipe is laid on undisturbed at the bottom of an
excavated ditch and a more permeable material (sackfill) is placed around the pipe (Roberge 20@83imilar
differential aeration cell, shown in Figure 6, ntgvelop in pipelines where the water table is atear the bottom of a
pipe (Romanoff 1957). The bottom surface of theeipcomes anodic and hence is more severely carindmth cases.
Figure 7 illustrates another common case wherereegrosion is observed under a large piece gfstlack to the surface
of the pipe. The other surfaces of the pipe amirtact with more permeable soil and are betteatadr A photograph
showing corrosion damage of this type is showniguife 8.

High level dissolved oxygen (DO) High level dissolved oxygen (DO)
cathodic area cathodic area

. A A | o 1

° /_\ \/ water level
. . T
) < low level DO ‘ N < low level DO ¢

anodic area with pitting anodic area with pitting

>

Figure 5 Differential aeration cell formed by lagia pipe in Figure 6 Differential aeration cell occurring irppiat water
a ditch and surrounding it with loose backfill table level

High level dissolved oxygen (DO)
cathodic area

A A ]y N
Moist clay lump Sandy soil surrounding pipe
low level DO

anodic area with pitting
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Figure 7 Corrosion caused by different soils intaotiwith Figure 8 Photograph of corrosion by different swils
pipe contact with pipe. Note that the corroded areadated on
the bottom of the pipe when the pipe was in service
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The resistivity of the soil electrolyte is an imtant factor in the establishment of a differensiatation cell. The resistivity
of the soil electrolyte is discussed in the nextisa.

45 Resistivity

The electrolytes dissolved in the soil water carthee corrosion current between the anode andatide to complete the
circuit required for corrosion to occur. The electurrent is carried by ions in the electrolytdhie water. Soil resistivity is
a measure of how strongly the soil opposes the fiban electric current, and is the inverse of ecatigtity. Soil resistivity
is influenced by a variety of factors includingig@mn ionic content, moisture content, soil tydegree of compaction, and
temperature (Doyle et al. 2003, Roberge 2008, Natidlighway Institute 2009). Low values of soil istisity are
associated with: high solution ionic content, highisture content, fine soil texture, low degreecofmpaction, and high
temperature. Resistivity is typically measured italoratory on remoulded and saturated specimeatigial Highway
Institute 2009).

In general, it is believed that as soil resistiuitycreases, the corrosion rate of buried iron @elshcreases. Soils with
resistivity values less than 2000 ohm-cm are gédlyetansidered corrosive (Jack and Wilmott 2011 tidlzal Highway

Institute 2009, Doyle et al 2003). Several resezncihave attempted to correlate soil resistivitthwiorrosion (Gummow
and Wakelin 1993, Jakobs and Hewes 1987, O’'Day ,1B89le et al 2003). In general, only weak coriielad between
soil resistivity and corrosion have been obsern@ald and Marney 2012).

Soil resistivity may affect only specific typesadrrosion cells active on a buried structure. Tdroag1966) suggests that
corrosion in a soil can be divided into two differéorms: a micro corrosion cell leading to gen@@irosion and a macro
corrosion cell leading to localised corrosion. Mi@orrosion cells form as a result of non-homoggriaithe composition
of the metal structure. These cells are establisived a short distance (of the order of a mm o8)lesith the anode and
cathode located relatively close to one anothexd{fey to general corrosion). A change in bulk sedistivity has little
effect on the rate of this type of corrosion. Macarrosion cells form as the result of variationsthie structural and
chemical properties of the soil (and soil wateryaunding the metal. These cells are established avong distance (of
the order of metres), separating anode and catlaodeleading to localised corrosion. Low resisyivé considered to lead
to acceleration of this type of corrosion (Tomasi®66, Jack and Wilmott 2011, National Highway itage¢ 2009). A
typical form of macro corrosion cell is the diffat&l aeration cell, which was discussed in thevioes section.

In the short-term a low soil resistivity may fatzdlie the establishment of differential aerationscélhis would allow soil
regions in contact with the pipe with low dissolvex/gen (such as saturated regions) to tap intoxggen supply in soil
regions in contact with another section of the ppeparation of anode and cathode (as a resuiedifferential aeration
cell) may result in a spread of corrosion produaducing the level of coverage provided by themni@&noff 1957). In the
long-term, once corrosion products build-up to gnilicant amount, the differential aeration cell ligely to be

disconnected, due to a high local resistance ofentirflow across the rust barrier. Instead onlyalomicro-galvanic
corrosion cells would be active.

Apart from a possible spreading of corrosion praslirc the short term, resistivity of the bulk ssllould not have a direct
influence on the long-term corrosion rate. Thabigk soil resistivity should not have a directegff on the rate of species
diffusion through the graphitised zone and ruseitay Soil resistivity is therefore unlikely to ditly influence the long-
term corrosion rate. Rather, the underlying factivat influence soil resistivity (such as moistuentent, degree of
aeration, water chemistry) are likely to have aemdirect influence on the long-term corrosion rate.

4.6 Microbiologically influenced corrosion

The activity of micro-organisms (such as bactenahe soil may influence the rate and extent ofa@sion. Several forms
of bacteria have been implicated in the corrosibiiecrous metals, with the most attention givenstdphate-reducing
bacteria (SRB) (Roberge 2008).

There are many reports of accelerated corrosi@atinrated soils in the presence of SRB (von Wolzegel van der Viugt
1934, Jack and Wilmott 2011, among others). Thptaik-reducing bacteria are only active in oxygee-environments,
such as in saturated soils and potentially witliaxéc (oxygen-free) niches developed within rugels. These organisms
take nutrients and sulphates (SDfrom the external environment and produce hydnagiéphide (HS) as a waste product
(Schulze and Mooney 1993). This waste product teants with (corrodes) the iron to form iron (lljighide (FeS) (Crolet
1992).

The nutrients used by the SRB include simple o@atids and molecular hydrogen,JHrom decomposing natural
organic matter. Saturated soils with high levelsoofanic matter and high levels of sulphates apéc#ly considered
aggressive to metals, due to the activity of SRBbtge 2008, National Highway Institute 2009).

In the short term, SRB colonies reside in a biofdn the surface of the metal. In a saturated #wl short-term rate of
corrosion would be proportional to the amount ddilable nutrients. As corrosion occurs and the laystr (and graphitised
zone layer) builds up, SRB colonies may also comeeside within these layers (Melchers 2009). Ratkrate limiting
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processes involved in the corrosion of iron by S§iBduced-HS include: the diffusion of nutrients and sulphateshe
SRB colonies from the external environment, anddiffesion of waste products ¢8) from the SRB colonies to the metal
surface. The diffusion of water in and ferrous ions$ are other possible rate limiting processeshéncase of saturated soil
conditions, it is likely that the diffusion rate attrients and sulphate ions in from the extermalirenment would be
extremely slow. However, the diffusion of waterninuld be significantly quicker. The main cathodéaction would then
be hydrogen reduction following water dissociat{iguation 3) as in the case where no bacterialigcts present. Thus,
(as was the case for saturated soil) it is likebt the outward diffusion of ferrous ions throubh tust and graphitized zone
layers will control the corrosion rate in the lotegm.

4.7 Soil water chemistry

The pH of common soils typically varies betweennd 8. In this range, pH has little direct effecttbe corrosion rate,
when compared with other factors (Roberge 20083. ¢ixpected that most of the pipes studied foditmm assessment in
this project will be buried in soils with pH levelgthin this range. However, some highly acidichighly alkaline soils

may be encountered. Acidic soils (pH of 3-6) ocitusuch natural environments as swamps or thosticdam a large

amount of organic matter (humus soils) (Tomashd@6)9The corrosion of iron as a function of pH g&ses considerably
at pH values less than 4 (Uhlig 1963, Jack and WiirR011). Under such conditions, the solubilitycofrosion products
increases and protective corrosion product layeeddficult to form. Both cathodic reactions (Edioas 2 and 3) occur
simultaneously, uninhibited by corrosion producidyup, resulting in very appreciable corrosioresa{Uhlig 1963).

The pH of alkaline soils (7.5-9.5) is unlikely tave a direct influence on corrosion rates. Sommdoof alkaline soils
(calcareous soils) contain high levels of calciumd anagnesium ions in the pore water, which haveptitential to form
protective carbonate deposits over cathodic susf§eberge 2008, Jack and Wilmott 2011). The cateolayer would
likely add to the protective iron oxide rusts fodrigy the corrosion process and reduce the long-temosion rate. High
levels of calcium and magnesium ions are also &seacwith “hard” waters. It has long been undesdtthat hard water is
less corrosive than soft water (low levels of aaltiand magnesium ions) because of this mechanistig(L963).

The sulphate ion and the chloride ion have beentifizsd as the most important dissolved anions ol sorrosion
phenomena (Roberge 2008, National Highway Insti2@89, Jack and Wilmott 2011). Sulphates by thevasekre
considered relatively benign in their direct infioe on the corrosion process (compared to chlgrithess are an essential
component of corrosion by sulphate-reducing baetgee previous section).

Chloride ions support the reactions and acidifaratbccurring inside pits and crevices, (and pogsen the “crevice”
shown in Figure 3.3). Chloride ions are drawn ipiis due to a build-up of positively charged fesadans at the anodic
surface. The anions are required to maintain elawdutrality and complete the electrical circuittloé localised corrosion
cell (Lytle et al. 2005) It should be noted, howewhat diffusing anions from the external envir@mn(such as chloride)
may not be necessary to maintain electro-neutralitthe pit. The aggressive ion may be providedntgnganese (II)
sulphide (MnS) inclusions in the cast iron its&lfringlen 1971).

Earlier studies of the effect of chlorides on tbad term corrosion rate showed that for steel cgiorothe effect was
minimal, although corrosion under oxidation coraiig with chlorides led to greater mass loss (MekB806a). A similar
effect can be expected for cast iron long-termasiaon.

4.8 Temperature

The affect of temperature on corrosion rates ha&s lsscussed by Tomashov 1966. The rate of chemgeations and

diffusion processes will generally rise exponehtialith an increase in temperature, in accordanit e Arrhenius

equation. However, the actual corrosion rate iroid sill not normally follow this trend. For instae, an increase in
temperature may also lead to drying of the soireby changing a major factor (moisture contentjictv complicates

matters. Even though the corrosion processes gendant on temperature, in practice, temperatunetisonsidered as a
basic factor in soil corrosion. In fact, soil tempiere is rarely (if ever) recorded during fieldvéstigations of soil

corrosion. Tomashov (1966) believes that soil tarpee becomes a basic factor only when extremésnperature are
involved, as when comparing corrosion in frozerssaith corrosion in unfrozen soils.

5. MODELLING APPROACH

As noted, the aim of this project is to develop@deai which will predict the corrosion (thicknessscand pit depth) versus
time of exposure for a set of given external soiditions. The most important part of the model Wwé thelong-term
corrosion versus time behaviour. At this stageamoew of the approach is presented.

The basic processes controlling the corrosion reta® described in Section 3, and occur in segaleptiases as time
progresses. Mathematical models will be construttedescribe each phase of the corrosion procdksf e principal
phases are diffusion controlled and will be modkbe such, using approaches that are already lleailathe literature.
This approach is similar to the approach used fer modelling of immersion and atmospheric corrosiormarine
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environments (Melchers 2006b, Melchers and Well8620The models will be calibrated with long-terield data
(collected during the project) and historical détam the literature and industry partner files. tdigcal data will be
required to calibrate the short-term phases ofibdel.

For the purposes of this study the diffusion preesswill be represented as a one dimensional ppicesperpendicular to
the corroding surface (as shown in Figure 4). Egproach should capture enough of the essenceegirtiblem to be
sufficient for engineering purposes. The one-diritatad approximation should even be adequate irc#se of corrosion
by differential aeration. For instance the shorinteate will be modelled as one-dimensional diffusbf oxygen at the
cathode, and the long-term rate will be modelledr@s-dimensional diffusion of ferrous ions at tmede. As a first step,
the differential aeration cases shown in Figur@sviiil be considered.

For practical purposes the models will be reducea simpler form (as illustrated in Figure 9). Midef this type have
been developed before (Melchers 2008). The parasiat define the modelg(t,, G, fa G Is) Will be functions of the
various soil parameters discussed in Section 4tHeoprediction of the long-term corrosion lossiparticular
environment, model parametetsand g will be the most important.

Corrosion loss §
or pit depth

fs _.e-- s Approximately
--c" steady-state

LY
cs Cai
y
<—ta—>| Exposure period

Phase 1 2 3 4

Figure 9 Corrosion loss-exposure time model foragion of iron in unsaturated soils, showing p@tiphases and main
model parameters

6. FIELD DATA COLLECTION REQUIREMENTS

In-situ field data of actual water pipes that haeen under long-term exposure conditions is reduedevelop and
calibrate the proposed models. Important infornmatequired for model calibration includes detafipipeline
construction, installation and history such asepgype, age, original diameter, original thickndssjal depth, bedding
type, coatings (if used), joint type, leak histand exposure time. Important data on externalcamitiitions is based on the
review in Section 4. Data required will includeil $gpe, moisture content profile next to pipe (dhattuations), water
table level (and fluctuations), soil bulk densigxhto pipe, and perhaps soil resistivity, orgaamd nutrient levels for
assessing potential bacterial influence, and watemistry. Other important information about théeexal soil conditions
that may be useful in model development is thetifieation of large lumps of dissimilar soils stutkparticular places on
a pipe (as in Figure 7). In terms of pipeline ctindithe following information will be required: pé wall original
thickness, wall thickness loss profiles, pittingfiles, and graphitised zone thickness profiles, te condition of external
coating (if any used). Information on the rust proictypes would also be useful for identifying tte#rosion mechanisms
taking place.

For the field work component of the project, datdeing collected from the exhumation of existirajev pipes as they are
recovered by the water authorities during the pkoibthe project. Pipe samples and soil samplesezm@vered from pipe
breaks and also from decommissioned pipes that e donated to the project. It is also expediatidata will be
collected during scheduled pipe maintenance aneldsdéd condition assessment programs that aredglpEformed by
water authority partners. Soil samples also arleciad, the depth of the water table measuredstackhess loss due to
corrosion and pitting profiles measured. As a pathe research project, Sydney Water has provaded km long CICL
water pipe to test condition assessment tools aalcerabservations of pipe deterioration. This pipe wstalled in 1922
and has a nominal diameter of 600 mm. Sectionseo€ICL pipe line have been exhumed and sent to Babversity with
soil samples for analysis.

To determine the extent of pipe corrosion (thickness profiles, pitting profiles, and graphitizazhe thickness profiles)
photogrammetric and laser scanning techniqueseing lused. When pipes are first exhumed eithenedd two techniques
can be used to generate a 3D image of the pipasiar blasting is then used to remove the gragitzone and expose
the original metal surface. A 3D image of this aad is then created (an example is shown in FigdyeUsing these two
3D surfaces, an estimate of the original pipe serférom records), and a reference surface fontpkieasurements from
(being the inside of the pipe), thickness lossphitésed zone, and pitting depth profiles can bemheined. From these
profiles, the maximum thickness loss and pits (witlhresponding depth of graphitisation) will bedise calibrate the
model.
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Figure 10 Photogrammetric representation of pittinga 90 year old cast iron pipe with graphitiseeel removed using
abrasive blasting. The size of this section is apipnately 20 cm x 20 cm. The approximate size efgh depth and
diameter are 20 mm and 60 mm, respectively.

7. SUMMARY AND CONCLUSIONS

1. The corrosion and failure of cement lined cast ivater mains is a significant problem for thestkalian water industry.
Herein a joint industry research project is outlimegether with the overall approach being adofitedeveloping
mathematical models for the description and prastiabf the long-term corrosion losses and maximitrdgpths and
pitting patterns as a function of external soil amisture properties. This includes the field ottiten requirements to
provide data for model calibration.

2. The corrosion of cast iron (and other ferrousatsgin unsaturated soil appears to be similather forms of ‘wet’
corrosion and follows a monotonic bi-modal trenthvtime. In saturated soils a trend more closedgmgbling the typical
power law model is likely to be observed.

3. For typical soil environments including unsatecdasoils and saturated soils the long-term covrogite of cast iron most
likely is hypothesised to be controlled by the m@iteutward diffusion of ferrous ions through theyhitised zone and the
rust products deposited on the external surfat¢keopipe. In this case the diffusion rate (andckerorrosion rate) is a
function of the thickness, permeability and satoratevel of these layers, which may vary in diffet soil environments.

4. The factors generally thought to affect soilrosion include soil type, moisture content, degreaeration, resistivity,
pore water chemistry, microbiological activity, atiednperature. However, clear correlation of the#l gorrosion has, to
date, not been achieved. The most likely reasontisll possible factors have been consideredicpiéatly for long-term
corrosion. For this the major factors are likel\peomoisture content (or degree of saturation),cemnpaction (or soll
density) and nutrient levels (for bacterial infleerin saturated conditions). Very little data foege factors are presently
available.
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