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Abstract 
The Role of Soil in the Extemal Corrosion of Cast-lron Water Mains in Toronto, Canada 

Master of Applied Science, 2000 

Garry Doyle 

Graduate Department of Civil Engineering 

University of Toronto 

External corrosion of a cast-iron water main is influenced by the soi1 which sunounds it. A 

soil's "corrosiveness" is affected by factors such as resistivity, pH and suiphate reducing 

bacteria. This study collected water main and soi1 samples from locations across Toronto. Of 

the collected pipe samples 73% had experienced external corrosion; indicating that 

deterioration due to external corrosion is a concern. Using the measured soi1 properties, a 

linear regression analysis was able to explain 41% of the variance in the maximum external 

pitting rate. Looking at the effect of the soi1 properties individually the observed maximum 

external pitting rate was found to correlate best with soi1 resistivity. This thesis also found that 

there may be limitations to the practical application of the AWWA soi1 corrosiveness system. 

Finally, the use of GIS'S in maintaining and rehabilitating water distribution systems is 

presented and a spatial analysis of the data is conducted. 
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The Role of Soil in the Extemal Corrosion of Cast-Iton Water Mains in Toronto. Canada 

1.0 Introduction 

The City of Toronto maintains and operates a water distribution network consisting of over 

5800km of pipeline. The majority of the water mains are grey cast-iron and ductile cast-iron 

pipes. Some sections of the system located in the downtown core have been in service for 

over 100 years. As the distribution system ages there is increased concern that water main 

deterioration could be a major problem in the coming years. For this reason the City of 

Toronto contracted with the University of Toronto to undertake an investigation into the 

condition of the city's water mains. 

Water main failures are commonly referred to as "breaks". This tenn actually encornpasses 

a number of possible failure mechanisms. A water main may fail due to mechanical stresses 

placed on the pipe, corrosion of the pipeline or a combination of both. 

Normally, a water main is strong enough to withstand pressures from water, freezelthaw 

cycles, frost heave, surface loads and soi1 loads. Only when its structural integrity has been 

compromised by corrosion does it become more susceptible to failing. This is why 

understanding the causes of underground corrosion is important in understanding water main 

failures. Deterrnining what causes the pipe to corrode makes it possible to locate potential 

problem areas in the city. 

Soi1 plays an important role in the corrosion process. Soil properties such as resistivity, pH 

and the presence of sulphate reducing bacteria have been identified as influencing the rate 

and extent of external corrosion experienced by underground cast-iron pipelines. However, 

the real world effects of these soi1 factors on the external corrosion rate of water mains are 

not well understood. Previous investigations into water main corrosion have had mixed 

success in correlating the rate of external corrosion to specific soi1 properties (Gummow and 

Wakelin 1993; Jakobs and Hewes 1987; originally Weiss et al. 1985, referenced in O'Day 

1989; Miller 1981). Also, as soi1 properties are highly variable from location to location it 

would be questionable to blindly apply other city's experiences to that of Toronto. For this 

reason it is valid for the City of Toronto to conduct its own investigation into the problem. 

Understanding the causes of external corrosion is only half the solution. The other is 

knowing which areas of the city's distribution network are most at risk and being able to 

predict where future probfems may arise. For this reason it was decided to input the data 

collected during the study into a Geographic Information System (GIS). A GIS allows data to 
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be referenced to a geographic location. By perforrning a spatial analysis it cari be seen 

whether water mains in a certain area of the city have experienced more external corrosion 

than other sections or if they are placed in soiis with properties making them excessively 

ucorrosiven towards cast-iron water mains. Wth a large enough data-set a GIS could be 

used to used plan and prioritize future water main replacement programs. 

This thesis will look at the issues discussed above. The format of this thesis consists of a 

compilation of two papers. The first paper (to be submitted to the Journal of the Canadian 

Geotechnical Society) looks at the role soi1 has in the external conosion of cast-iron water 

mains. It provides a detailed explanation of the mechanisrns which cause water main 

deterioration and the effect soi1 properties have on the corrosion process. It then describes 

the methodology used during the City of Toronto study to collect and test the soi1 and pipe 

samples. Next, it presents an analysis of the collected data. Finally, the paper draws some 

conclusions about how the various soi1 properties are affecting the extemal corrosion rate of 

Toronto's water mains. 

The second paper (to be submitted to the journal of the American Water Works Association) 

looks at the application of GIS to a water main corrosion study. It presents some examples 

of how other cities and utilities are using GIS's to manage their infrastructure and plan water 

main rehabilitation programs. lt also looks at some of the emerging trends in how GIS's are 

being used to share information. Specifically, how organizations are taking advantage of the 

lnternet to provide wider access (both to the public and their employees) to their GIS's. The 

paper then presents an overview of the City of Toronto water main investigation and briefly 

explains how the various soi1 properties influence the external corrosion rate and how this 

study tested for them. Finally, it describes the GIS created during this investigation and 

presents the results found when it was used to spatially analyze the collected data. 

In the final section a summary of the two papers is provided. This section reiterates the 

conclusions drawn in the two papers. Some suggestions are made regarding future areas of 

research and how the data-set could be improved. Finally, this section also makes some 

suggestions about how future corrosion studies should be conducted. 
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2.0 Paper One 

The Role of Soil in the External Corrosion of 
Cast-lron Water Mains in Toronto, Canada 

2.1 Abstract 
A major factor contributing to the deterioration of cast-iron water mains is extemal corrosion. 

External corrosion weakens the pipe wall increasing the risk of failure. External corrosion is a 

function of the interaction between the pipeline and the soi1 by which it is surrounded. A soil's 

"corrosiveness" towards cast-iron is affected by properties such as resistivity, pH and the 

presence of sulphate reducing bacteria. This study collected water main sections and 

accompanying soil samples from locations across Toronto. A linear regression analysis of the 

data is able to only explain 41% of the variance in the maximum external pitting rate. Looking 

at the effect of the soil properties individually it appears that the obsewed maximum external 

pitting rate correlates best with soil resistivity. It is also shown that there may be limitations to 

the practical application of the AWWA soil corrosiveness scoring system- A preliminary 

spatial analysis of the data indicates that water mains in the district of Etobicoke have had a 

higher rate of external corrosion than those in the district of Toronto. It is ais0 found that 

there may be areas in the district of Etobicoke where bacterial influenced corrosion is a 

problem. 

2.2 Introduction 

As water distribution networks age, cities in North America are facing the prospect of 

increasing maintenance costs and the decision of whether to replace or repair their water 

mains. A study by the United States Erivironmental Protection Agency estimated that over 

the next 20 years, $138 billion dollars (US) müst be invested into water systems in the United 

States (Hertzler and Davies 1997). In Canada, the tragic events in Walkerton, Ontario have 

highlighted the need for safe and reliable water distribution nehrrorks and put political and 

public pressure on municipalities to ensure that their systems are safe and reliable (Baille 

2000; Brennan 2000). 

Recognizing that water main deterioration is potentially a major problem, the City of Toronto 

contracted with the University of Toronto to undertake an investigation into the condition of 

the city's water distribution network. The city hoped that through this project it would be better 
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able to focus its rehabilitation efforts by having a more complete understanding of the 

causative factors behind water main detenoration. 

The corrosion mechanisms which cause water mains to deteriorate have been well 

documented. It has been established that the 'corrosiveness" of a soi1 is affected by 

properties such as soi1 type, pH, resistivity and sujphate reducing bacteria (Romanoff 1964, 

O'Day 1989; Robinson 1993). However, the real world influence these soi1 properties have 

on cast-iron water main corrosion is not as well understood. Previous studies attempting to 

correlate the amount of external corrosion with specific soit properties have had rnixed 

success (Gummow and Wakelin 1993; Jakobs and Hewes 1987; originally Weiss et al. 1985, 

referenced in O'Day 1989; Millet et al. 1981). Adding to the problem is that each city faces a 

unique set of conditions with respect to type and mix of pipe line materials, soi1 properties and 

other factors. This makes the application of "generic" rating systems to Toronto's distribution 

network questionable. For this reason it was necessary and valid for Toronto to conduct its 

own investigation. 

This paper provides a review of the mechanisms which cause water main deterioration and 

the effect soi1 properties have on the corrosion process. The data gathered through the City 

of Toronto study is then presented and analyzed. Based on the avaiiable data some 

conclusions about the influence soi1 properties have on the corrosion of Toronto's water 

mains are drawn. 

2.3 Description of Water Distribution System 
The City of Toronto maintains and operates 5347 km of local water mains (average diameter 

of 150mm - 300mm) and 487 km of trunk water mains (Klimas, pers. comm. 2000). The 

majority of the network consists of grey cast-iron and ductile cast-iron pipes. The oldest parts 

of the system are located in the downtown core with pipe age decreasing towards the 

periphery of the city. Pipe samples encountered in this project ranged from 30 to 120 years 

old. 

The surficial stratigraphy of Toronto was formed as a result of the last ice age. As such, the 

majority of the surficial soils in which the water distribution network is laid consist of clayey- 

silty tills formed by glaciers or sand and clay deposits created by extinct glacial M e s  (such as 

Lake Iroquois and the Peel Ponds). As will be explained in this paper in detail, because of 

their properties (such as low resistivity) clays and silts have been found to be more corrosive 
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towards cast-iron water mains than other soils (such as sands and gravels). Therefore, simply 

based on the pre-existing conditions the surficial stratigraphy of the Toronto area potentially 

puts the water distribution network at increased risk for deterioration. The research 

conducted during this study will begin to quantify that risk. 

2.4 Mechanisms of Pipe Deterioration 
Water main failures are commonly referred to as "breaksn. This term actually encompasses 

a number of possible failure rnechanisms. A water main may fail due to mechanical stresses 

placed on the pipe, corrosion of the pipeline or a combination of both. 

Nonnally, a water main is strong enough to withstand pressures from water, freezelthaw 

cycles, frost heave, surface loads and soil loads. Only when its structural integrity has been 

compromised by corrosion does it become more susceptible to failing. This is why 

understanding the causes of underground corrosion is important in understanding water main 

failures. Detennining what causes the pipe to corrode makes it possible to locate potential 

problem areas in the city. 

2.4.1 lnternal Corrosion 

The internal corrosion of water mains is a better understood phe~omenon than external 

corrosion. Tools such as Baylis curves and Langelier's equation have been developed which 

can be used to determine whether water will be corrosive to a pipe. 

lnternal corrosion is controlled by the physical, chemical and biological properties of the 

water flowing through the pipeline. Factors such as water velocity, temperature, pH and 

alkalinity all affect the internal corrosion rate (Singley et al 1985). lnternal corrosion is in no 

way influenced by soil properties. 

2.4.2 External Corrosion 

External water main corrosion is a function of the interaction between the pipeline and the 

soil by which it is surrounded. In theory, the method of corrosion follows a simple and well 

known electrochemical process but in reality the factors which can affect the pitting rate are 

complex and Vary from case to case. 

In general, the wide variety of conditions in which water mains are found leads to nurnerous 

possible corrosion mechanisms. The most dominating is electrochemical in nature and will be 

considered first. 
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With this type of corrosion, metal loss occurs on the surface of cast-iron water mains at the 

anode due to an oxidation reaction. lron atoms enter into solution generating electrons: 

Simultaneously, a spontaneous reduction reaction is occurring at the cathode. The reaction 

uses electrons generated at the anode in the reduction of oxygen or the reduction of 

hydrogen ions: 

Therefore, the overall reaction is: 

This is the basic reaction responsible for electrochemica! corrosion. There are two types of 

corrosion cells which use this reaction. One is called a galvanic corrosion cell and the other 

an electrolytic corrosion cell. The two cells differ in how the driving force behind the electron 

flow is provided. 

2.4.2.1 Galvanic Corrosion Ceils 

Galvanic corrosion cells are the most common cause of water main deterioration due to the 

variety of conditions which can initiate their formation. Galvanic corrosion cells differ from 

electrolytic cells in that the direct current flow, between the anode and the cathode, is 

generated within the cell itself as a result of the anode and cathode having different 

etectromotive potentials. 

A galvanic corrosion cell can be formed when metals with different electrical potentials are 

connected together. This difference creates a driving force which causes electron flow to 

occur thus creating a corrosion ceIl. Most bi-metallic corrosion cells are formed because of 

the lead or copper services connected to the water main. A study of water main breaks in 

Ontario rnunicipalities (Gummow and Wakelin 1993) concluded that "the use of copper 

service piping is the primary reason for high water main corrosion rates, and hence, high 

water main failure ratesn. The corrosion rate is higher for copper-iron connections because 

the difference in electrical potential between the two metals is much greater than that for fead- 

iron. 
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Galvanic corrosion cells may also be established due to differences in the composition of 

the soi1 that the pipeline travels through. Differences in potential between the pipe and soi1 1 

and the pipe and soi1 2 can cause a galvanic cell to be established. Sorne causes of 

dissimilar soil conditions are (Smith 1989): 

a Low resistivity soi1 (anodic) - High resistivity soi1 
Wet soi1 (anodic) - Dry soi1 
Clay - Silt or sand 

a Poorly aerated soi1 (anodic) - Well aerated soi1 (oxygen concentration cell) 
a low pH (anodic) - High pH 

This raises the possibitity that fixing a water main break may cause additional corrosion 

problems. In the course of repairing the pipe the soi1 around the break is disturbed by digging 

and the native material is replaced by some specified fill. This may cause a new corrosion 

ce11 to forrn due to dissimilar soi1 conditions. 

When corrosion is electrochemical in origin, soi1 resistivity plays a major factor in 

deterrnining the corrosion rate. The lower the resistivity of the soi1 the higher the corrosion 

rate. Typically, because of the high ion content of their porewater, clays have the lowest 

resistivities while sands and gravels have the highest. The "naturaln resistivity of a soil can be 

modified by the presence of additional ions in the porewater (for example from contamination 

by road salt). Table 2.1 (Robinson 1993) relates soil resistivity to corrosion potential. This 

table is not definitive for determining a soil's corrosiveness. Additional corrosion mechanisrns 

(such as bacterial corrosion) can cause severe water main deterioration in soi1 which has a 

high resistivity. 

Table 2.1 - Soil Conosiveness vs. Resistivihr 

2.4.2.2 Electrolytic Corrosion Cells 

Electrolytic corrosion cells are caused by stray direct current and can cause severe 

localized corrosion. A common source of stray direct current is the power distribution network 

of transit systems. The current is looking for the path of least resistance to travel along. This 

Soil Resisitivity (ohm.cm)( Corrosion Potentiel 
0-50t) 

500-1000 
1000 - 3000 
3000-10000 
10000 - 25000 
Above 25 000 

Severet y Corrosrve 
Very Corrosive 

Corrosive 
Moderately Corrosive 

Slightly Corrosive 
Reiativeiy Corrosive 
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is supplied by the water main. The current enters at one point (the cathode), travels along the 

pipeline and then leaves to complete its intended circuit (the anode). The point at which the 

current leaves the water main (the anode) is where the corrosion occurs. The rate of 

corrosion is dependent upon the strength of the stray current and the resistivity of the soil. 

2.4.2.3 Bacterial Corrosion 

Corrosion can be caused by the actions of rnicroorganisms. The typical class of organisms 

responsible for this are anaerobic, sulphate reducing bacteria of the genus Desulfovibno and 

Desulphphatomuculum. These bacteria are naturally occurn'ng and are typically found in 

sulphate rich, oxygen poor soils that have a temperature between 2°C and 60°C and a pH 

from 5.5 to 8.5 (Basalo 1992). Clays typically provide the most suitable conditions for 

bacterial growth because they are more likely to be anaerobic. 

While it's agreed that sulphate reducing bacteria cause iron to corrode there are a number 

of competing theories about the causative mechanisms. One theory (originally Kuhr and 

Vlught 1934; referenced in lverson 1984) states that during normal electrochemical corrosion 

a film of hydrogen fonns on the cathode causing polarization. The film retards the current 

flow and lessens the strength of the corrosion cell. The sulphate reducing bacteria depolarize 

the cathode by removing the hydrogen film which had formed on it. The bacteria does this by 

reducing sulphate into sulphides. This causes the corrosion rate of the pipeline to increase 

and forms the corrosion product of FeS in addition to the original Fe(OH)2. 

Additional research by lverson (1984) indicates that corrosion may not be due to 

depolarization of the cathode but by a corrosive metabolic byproduct of the bacteria. If this 

product reaches the water main it initiates corrosion. However, this only occurs if the iron 

sulphide (also a byproduct of the bacteria) doesn't reach the water main first. If it does it 

forms a film protecting the water main from the corrosive byproduct. Corrosion depends on 

which material reaches the water main first. 

2.4.2.4 Acid Attack 

The pH level of the soi1 can directly and indirectly affect its corrosivity. If the pH is from 0.0 

to 4.0 the soi1 is acidic and can ditectly corrode the cast-iron. An investigation into the 

relationship between total acidity and corrosion found that the rate of corrosion was 

proportional to the total acidity of the soils (Denison and Hobbs 1934). A low pH also means 

that the soi1 is a good electrolyte because more hydrogen ions are available to act as electron 

acceptors (AWWNANSI Cl 05lA25.5-99). 
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Soils with a higher pH have an indirect effect on water main deterioration. If th8 pH is 

between 5.5 - 8.5 the soi1 is suitabie for the growth of sulphate reducing bacteria. If the pH is 

greater than 8.5 soils are high in dissolved salts louvering soi1 resistivity (AWP*~SI  

C l  05lA25.5-99). 

2.4.2.5 Polarization 
Soil also plays a important role in how long galvanic corrosion can be sustained. Over 

time. corrosion products build up. reducing the voltage difference between the anode and 

cathode (called polarization). This slows the corrosion rate. If the soi1 is able to depolarize 

the anode or cathode by removing the products corrosion will continue for an extended penod 

of time. Romanoff (1964) found that depending on the soit the corrosion rate of cast-iran Can 

either rernain linear or decrease after a few yean exposure. 

2.5 Study Methodology 
This project had two goals. The first was to detemine the geometrical and mecvanical 

properties of the pipes making up the distribution network. This was done to identify defects 
in the pipes originating from the manufacturing process and to determine how the mectIanical 

properties changed over time. This was accomplished by taking precise r n e a ~ u r e m & ~ ~ ~  of 

the pipe samples and subjecting them to tensile and ring bearing tests. 

The second goal was to test the soi1 samples for those properties (pH, resistivio' and 

sulphate reducing bacteria) identified as infiuencing a soil's corrosivity and to correlate those 

properties with the extemal corrosion rate of the water mains. It was also done to identify 

those areas of the city in which the distribution network is at increased risk for deterioration- 

2.5.1 Sampling Technique 

All six districts comprising the city of Toronto were invited to partake in this projed. fi total 

of 108 pipe and 98 soi1 sarnples were collected during this rtudy. The majority of the samples 

came from the districts of Toronto and Etobicoke. Only 8 samples came from other digricts- 

Of these, 6 came from the district of North York and 2 from the district of Scarborough. fil1 but 

three of the pipe samples received were pit or spun cast grey iron. The remaining threg were 

ductile iron. 

The samples which were supplied to the University came from hnio sources. The majority 

were taken from the locations of water main breaks. The remaining samples were takeil Worn 

access pits dug during cernent mortar Iining operations. 
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Table 2.2 contains a summary of the data collected during the course of this study. Due to 

mistakes made in the field not al1 of the samples received consisted of both a pipe and soil 

sample. Early in the project many pipes amved without an accompanying soi1 sample and 

vice versa. There was also difficulty in identifying the ages of al1 the pipe samples. For this 

reason there were only 55 pipe samples which had an established corrosion rate and a 

corresponding pipe sample. 

Table 2.2 - Summaw of Data Collected 

uata cioliectea 
Samples 

PI pe Samples Received 
Soil Samples Received and Tested 
Complete Samples (Pipe and Soil) 
Pipes Measured for Corrosion 
Pipes Measured for Corrosion with Soil Sample 
Pipes with Established Corrosion Rates 

Il from Breaks # from Access Pits 

One concern with gathering soi1 samples from the locations of main breaks is the effect that 

the released water might have had on the soil's properties. The water would increase the 

soil's moisture content possibly changing its resistivity, modifying its pH and potentialfy 

flushing away evidence of micro-bacterial corrosion. By having samples from disturbed and 

undisturbed locations it may be possible to see what effect this flushing had on the properties 

of the surrounding soil. This topic will be addressed further in the results section. 

In ail cases the following procedure was used to obtain the samples. The city crews were 

directed to take samples from the soi1 that surrounded the water main and deposit them in 

plastic bags. They were asked to "collect a soi1 sample close to the pipe, but not where the 

soi1 had been noticeably 'washed' by water from the pipe" (Seica et al. 2000). They were then 

to remove the appropriate section of pipe (preferably encompassing the failed section) and 

transport both samples to the University. 

After being received, a portion of each soi1 sample was placed in a separate sealed plastic 

bag in order to preserve the soil's moisture content. This sample was used to determine the 

soil's sulphide content and pH. The remaining sample was used to classify the soi1 and 

measure its resistivity. 
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2.5.2 Classification of Soil Samples 
Classification of the soi1 samples was done according to the ASTM 02488 standard. This 

standard identifies soils through simple visual-manual tests and classifies them as silts, clays, 

sands and gravels. 

2.5.3 Soil Resistivity Test 

The resistivities of the samples were determined in a laboratory setting using the Wenner 

four-electrode method (ASTM G57 standard). The samples were placed into a soil box which 

had two outer and two inner electrodes. A constant voltage of 12V, supplied by a Hewlett 

Packard E3612A direct current power source, was applied to the outer electrodes and the 

current and voltage drop across the inner electrodes was measured using a digital multimeter. 

The readings were recorded when the values reached equilibrium. 

The resistivity of a soi1 can be affected by factors such as the degree of compaction, 

temperature and moisture content. Since soil resistivity was not measured in the field al1 of 

these factors changed from their in-situ values. There was no way to compensate for this 

problem. Soil resistivity was not measured in-situ due to contract specifications with the City 

of Toronto. 

Al1 effort was made to insure uniformity among the resistivity tests performed in the 

laboratory. All soi1 samples were tested at room temperature (21°C - which remained 

constant) and an effort was made to compact the soils to the same degree into the soi1 box . 

As mentioned, moisture content can have a large effect on a soil's resistivity. The more 

water present, the lower the soil's resistivity. According to ASTM G57, the tests should be 

performed on saturated samples. In the case of cohesionless soils this was easily achieved 

by adding a sufficient amount of distilled water. For clays and other cohesive soils it was 

decided to test them in an "as received state" due to the tirne and difficulty involved in 

saturating them. In al1 cases, the samples were tested as soon as possible after delivery. 

Unfortunately, early in the project some cohesive soil samples were delivered in burlap or torn 

plastic bags and arrived in a dry state. These cohesive samples had to be saturated with 

distilled water in order to test them. The samples are identified in the Appended data tables. 

2.5.4 Soil Sulphide Content Test 

AWWA/ANSI standard C105lA25.5-99 recommends a sodium aride iodine solution to 

qualitatively test for sulphides. Sulphides in the soi1 catalyzes the reaction between the 
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sodium azide and iodine producing nitrogen. The stronger the bubbling the higher the soil's 

sulphide content. 

lnstead of using this test, it was decided to quantitatively determine the amount of sulphides 

present in the soi1 using the foltowing ptocedure. 

Ten grams of soi1 were mixed with 90ml of distilled water into a 500ml flask. Next, 5ml of 

concentrated HCI acid was added and the flask sealed. The HCI reacted with the sulphide 

salts and ions changing them into HzS gas. This solution was bnefly rnixed a second time to 

make sure that the HCI was completely dispersed into the solution. 

The amount of H2S gas released was measured using a Gastech detector tube attached to 

a calibrated pump. The Gastech tube is a commercial product consisting of a glass tube 

containing a lead acetate powder. Sulphides in the air sample react with the lead acetate 

turning it brown. The pump drew lOOml of air from the flask. The amount of H2S gas present 

in the air was then read off of the tube in parts per million. 

To convert ppm of H2S into mg of SZ- per kg of dry soi1 the following equation was used 

(Seica at al. 2000): 

where: ppm = amount of H2S gas in parts per million 
w = moisture content of the soil 

2.5.5 Soil pH Test 

Soil pH was measured in accordance with the ASTM G51 standard. Before each test the 

pH meter was rinsed with distilled water and calibrated in a neutral buffer solution. Ten grams 

of soi1 were mixed into a 500ml flask with 90ml of distilled water. The sample was allowed to 

stand a few minutes to allow any soluble salts to dissolve. The reading was recorded when 

the pH value reached equilibrium. 

2.5.6 External Pittïng Corrosion Measurements 

The external corrosion was found by sandblasting the pipes to remove any graphite 

deposits. This was necessary because grey cast-iron is a composite of iron and graphite. 

During conosion the iron goes into solution leaving black graphite flakes behind. The 

graphite retains the original shape of the pipe, carnoufiaging the areas of corroded cast-iron. 
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The depths of the five largest corrosion pits (including holes) were then detemined using a 

mechanical pit depth measurement gauge. The pit depth gauge was manufactured by 

W.R.Thorpe & Co. It consists of a plunger a m  which is inserted into the mouth of the pit. 

The depth to which the a m  reaches can then be read off a graduated scale. 

The only difficulty in measuring the external and internal corrosion pit was when the pipe 

wall was completely perforated. In most of these cases it was possible to detennine whether 

the pit initiated externally or intemally based on the shape of the pit. Pits which initiated 

externally generally had a wedge shape with widest part found on the exterior of the pipe. It 

is entirely possible that in many cases the external pit met an internal pit. However, it is 

impossible to determine when and if this occurred. 

2.6 AnalysislDiscussion of Results 

2.6.1 Soil Resistivity 

The 95 soi! samples tested (3 of the 98 soi1 samples received did not contain enough 

material to perform a resistivity test) exhibited a wide range of resistivities. As shown in 

Figure 2.1, the majority of the samples taken from break locations had saturated resistivities 

lower than 2000 R-cm. The majority of samples taken from the access pits had resistivities 

lower than 5000 R-cm. Based on previous work, cast-iron water mains surrounded by soi1 

with a resistivity of 2000 R-cm or lower have been found to be at increased risk for corrosion 

(see Table 2.1 ). 

Grouping the soils by classification found that, as expected, the clays had the lowest 

average resistivities and sands had the highest (see Figure 2.2). It was also observed that 

while the resistivity values of the clays tended to be close to the average value, the 

resistivities of the sands and gravels were spread over a wide range. For example, the 

resistivities of the poorly graded sands (SP) ranged from a low of 3084 R-cm to a high of 

16433 R-cm. The low values were unexpected as sands typically have higher resistivities 

than clays. This same pattern was noted for clayey sands (SC) and gravels (GP and GW). It 

should be noted that only soi1 types with two or more samples were included in this figure (the 

same rule was âpplied to the figures depicting the pH range and the suiphide content range). 

One possible explanation for the lower than expected resistivities is that some of these soils 

were contaminated by road salt. A previous study (Cathodic Technology Ltd. 1988) of water 

main corrosion in the former borough of North York, Toronto, Ontario found that 40 out of 50 
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Fiaure 2.1 - Histoaram of Soil Resistivity 
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soi1 samples had chloride levels greater than 200ppm. It is logical to assume that soils in the 

rest of the city would be similady contaminated by chloride ions. 

It is also possible that the iron ions released at the anode may lower the resistivity of the soi1 

but this is unlikely. The ferrous iron (çe2') released at the anode reacts with water to f o m  

ferrous hydroxide Fe(OH)2. Ferrous hydroxide is soluble in water, so potentially a situation 

still exists in which ~ e ~ '  ions can affect the resistivity of the soil. However. ferrous hydroxide 

reacts with oxygen in the soil to form ferric hydroxide (Fe(OH)3). This is an insoluble 

compound and gives the soil a reddish-brown colour (the typical nist colour). The 

incorporation of ~ e "  ions into the insoluble corrosion product Fe(OH)l prevents them from 

having a large influence on the resistivity of the soil. 

The location of the water main could account for sorne of the variance in soil resistivity. If 

the water main was located underneath a grass boulevard melting snow would transport the 

sait into the soil. Since sands and gravels are much more permeable than clays, the 

contaminated water would quickly reach the soi1 surrounding the water mains. The increased 

ion content in the porewater of these soils would greatly reduce their resistivity. On the other 

hand, a water main located in similar soil but covered by a sidewalk would be protected from 

chtoride contamination. 

Unlike sands and gravels, clays and sifts are less affected by chloride contamination for two 

reasons. First, because they are less permeable, the concentration of chloride ions takes 

longer to build up. Secondly, since clays and silts already have low resistivities they are less 

sensitive to the effect of chloride ion contamination. 

2.6.2 Soil pH 

The pH measurements showed that al1 of the 98 soil samples were either neutral or alkaline 

in nature (having a pH of between 7.0 and 10.5) eliminating the possibility of direct corrosion 

due to acid attack on the pipe wall. The majority of the samples had a pH ranging from 8.0 - 
9.4 (see Figure 2.3). Soils which have a pH in this range do support the growth of sulphate 

reducing bacteria. Both the break samples and access pit samples had similar pH 

distributions. 

Figure 2.4 depicts the pH range by soi1 type. pH appears to be independent of soi1 type as 

the average pH values where quite similar from one soil type to another. 



The Role of Soil in the Extemal Corrorion of Cast-lron Water Mains in Toronto, Canada 16 

2.6.3 Soil Sulphide Content 

The rnajority of the 98 soi1 samples tested had sulphide contents lower than 2mg/kg dry soil 

(see Figure 2.5). Only five samples (al1 from break locations) had sulphide levels greater than 

7.00 mgfkg dry soil. These high sulphide levels indicate the presence of sulphate reducing 

bacteria. Three of these samples came from within the district of Etobicoke and were 

geographically disparate. 

Referring to Figure 2.6 it c m  be seen that the soi1 types with the highest maximum sulphide 

contents were fat clays (USCS classification of CH - high plasticity clays) and sûndy clays 

(SC). This indicates that clayey soils are the soi1 type most likeiy to promote the growth of 

sulphate reducing bacteria. This was expected as clays are the soi1 type most likely to have 

the anaerobic conditions necessary for bacterial growth. 

Two of the high sulphide soils from the district of Etobicoke were clays which had a very 

noticeable blue colour. Though not refemng to the Toronto area specifically a paper by Klein 

and Rancornbe (1985) stated that blue clays are usually high in sulphate content and 

aggressive towards cast-iron. Unfortunately, the authors did not state where these clays 

came from or present any evidence explaining this relationship. 

If additional investigations support the theory that blue clays do have high sulphate contents 

(supporting sulphate reducing bacteria) and are very aggressive towards cast-iron water 

mains it may be beneficial to map out the location of this soil formation in Toronto. This could 

be done using public domain borehole logs from previous construction projects in the Toronto 

area. It would then be known how large an area of the distribution network was at risk. 
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m u r e  2.3 - Histoaram of Soil PH 
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Figure 2.5 - Histoaram of Soil Suiohide Content 
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2.6.4 AWWA Soil Corrosiveness Rating 

Scoring systerns have been developed by different groups to rate the corrosivity of a soil 

towards cast-iron pipes. The American Water Works Association and the Arnerican National 

Standards l nstitute have established such a criteria in the standard ANSVAWWA C 1 O5/A2l. 5- 

99 (see Table 2.3). 

The scoring system works by assigning a point value to each of the following soil properties: 

resistivity, sulphide content, redox potential, moisture content. Points are assigned for each 

property and totaled. If the score is over 10 the soil is considered corrosive towards gray and 

ductile cast-iron. 

Some modifications to the scoring system were necessary to apply it to this study. As the 

presence of sulphides is only qualitatively defined in the standard it was necessary to relate a 

"positiven resuft to a specific sulphide content. It was decided that a sulphide content greater 

Table 2.3 - AWWA Soil Corrosivitv Scorina Svstem 

R e s i s t i w t y ~ ~ u n  hued on s i n g l c p m i w  at 
pipe de?& o r  wa&r -saru t rd  soil box!: 

cl00 . . . . . . . . . .  
700-1000 . . . . . . . . .  
ioocrm . . . . . . .  
1#)(1-m . . . . . . . .  
lS00-2000 . . . . . . . .  
,2000 . . . . . . . . . .  

suifices: 
Porinn . . . . . . . . .  
Tmz . . . . . . . . . .  

. . . . . . . . .  Nqpave 

Mo~~ture :  
Poor dnxxmge. cononuoiuly ver 
F u r ~ . g e t l d y m o i n  . 
G d d r r i ~ g e n e x a U y d q  . . 
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than 2 mglkg dry soi1 indicated a positive test. This value was chosen because it was found 

during this study that the extemal pitting rate was two times higher if the soi1 had a sulphide 

content greater than 2 mglkg dry soil. This increased pitting rate could be attributed to 

sulphate reducing bacteria. 

Also, as this study did not test for redox potential it was decided to estimate this parameter 

based on soi1 type and sulphide content. Redox potential can loosely be correlated to soi1 

type. Clays are most likely to be anaerobic and have low redox potentials. Sands and 

gravels are less likely to be anaerobic and therefore have higher redox potentials. 

In this study, if the soi1 was a day then it was assigned a point value of 3.5. If the soi1 had a 

abnormally high sulphide content (clearly indicating the presence of sulphate reducing 

bacteria) it was assigned a point value of 5. All other soils were scored as zero. lt is 

recognized that there is a possibility for error in estimating the redox potentials in this manner. 

For purposes of cornparison the results using the scoring system with and without the redox 

parameter have been provided. Finally, it was also assumed that the soi1 surrounding the 

water mains was generally moist and had fair drainage. 

The AWWA scoring system was applied to the 84 soi1 samples whose accompanying pipe 

sections were examined for evidence of external corrosion (see Table 2.4). The AWWA 

system correctly predicted 93% of the soils observed as "corrosiven to be "corrosiven. 

However, when used to identify soils which were "non-corrosiven the scoring system was only 

correct 36% of the time. Adding the soil's redox potential only had a minimal effect on the 

results. The percentage of soils correctly predicted as "corrosiven dropped to 91% and the 

percentage correctly predicted as "non-corrosiven rose to 38%. 

Based on these results it can be stated that if the AWWA system identifies a soi1 as 

"corrosiven it is probably correct. However, if it identifies a soi1 as "non-corrosiven it is 

probably wrong. Effectively, this means that the AWWA scoring system is not a useful tool for 

identifying which soils are ucorrosive" and "non-corrosiven. Because the uncertainty is so 

large with regards to a "non-corrosiven prediction, from a practical point of view it is best to 

assume that al1 soils are corrosive towards cast-iron if only the AWWA system is used. 

Additionally, the A W A  scoring system cannot be used to reliabfy predict the maximum 

external pitting rate of a cast-iron pipe. Referring to Figure 2.7 it can be seen that the data 

relating maximum external pitting rate to the AWWA score is very scattered and that a wide 
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range of pitting rates exist for each score. However, with the exception of a few outlying 

points it appears that the AWWA score may provide an indicator of the upper bound for the 

external pitting rate. If confimed by additional data this would be a useful tool in establishing 

the "worst casen situation a water main would experience. 

Table 2.4 - Results of the AWWA Scorina Svstem 

2.6.5 Pitting Depth vs. Age 
Plotting the maximum external pitting depth versus age found no correlation between the 

two properties (see Figure 2.8). A linear regression analysis of the data resulted in an ? 
value of only 0.02. As such, pipe age is not a reliable indicator of the amount of external 

corrosion a pipe will experience. 

2.6.6 Correlating External Pitting Rate to Soil Properties 

Previous studies have attempted to identify which soi1 factor best correlates to external 

pitting rate with varying degrees of success. In a study investigating water main corrosion in 

Ontario (Gummow and Wakelin 1993) the soil corrosiveness was found to best correlate with 

soi1 resistivity when strong galvanic couples existed. A study done on Calgary's water mains 

(Jakobs and Hewes 1987) found that extemal pitting penetration decreased with increasing 

soil resistivity. Conversely, a study of Philadelphia's water system (originally Weiss et al. 

1985; referenced in O'Day 1989) found a poor correlation between corrosion rate and soi1 

resistivity. 

Statistical techniques have also been applied to the problem of predicting external 

corrosion. An investigation into the relationship between soi1 properties and the corrosion of 

buried highway culverts (originally Noyce and Ritchie 1979; referenced in O'Day 1989) was 

only able to explain 10% of the variance in corrosion through a linear regression analysis. 

The lack of silccess in applying statistical techniques is part of the reason why no standard 

equations have been developed to predict underground corrosion as a function of soil 

properties. Another problem is that even if such equations were available lack of information 

would make their use difficult. For example, the City of Toronto has no database available 

containing detailed information on the properties of the soi1 surrounding the water mains. 
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Figure 2.7 - Maximum External Pittina Rate vs. AWWA Score 
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The external pitting rates were only able to be established for 68 of the 108 pipe samples 

collected during the course of this study (the City of Toronto was unable to provide ages for 

the remaining pipes). The nurnber of data points was further reduced as only 55 of the pipes 

with known pitting rates had corresponding soi1 samples. Al1 of these 55 pipe sarnples came 

from locations in the districts of Toronto and Etobicoke. 

The maximum extemal pitting rates for the 55 pipes were plotted against the three soil 

properties (soil resistivity, pH and sulphide content) to produce the graphs shown below 

(Figures 2.9, 2.10 and 2.1 1). In al1 of the plots, the samples taken from the locations of water 

main breaks have been differentiated from those taken from access pits. The data referring 

to the two ductile iron pipe samples has been omitted. 

2.6.6.1 Soil Resistivity vs. Maximum External Pitting Rate 

The data collected in this study showed that the external pitting rate of cast-iron water mains 

decreased as resistivity increased (see Figure 2.9). This was true for samples taken from 

both break and repair locations. 

This relationship does not appear to be linear and was best captured by a logarithmic 

regression line (see Figure 2.9). The rate of external pitting rnarkedly increased when the soi1 

resistivity was lower than 2500Q-cm. 

This was confirrned by looking at the average pitting rate over a range of resistivities. 

Referring to the entire data set, from O to 5OOR.cm the average pitting rate was . I l  mm/yr. 

The pitting rate became half that over the range of 1500 to 2000R-cm (.O58 mmlyr) and seven 

times less over the range of 2500 to 3000R-cm. 

Referring to Figure 2.9, there is no conclusive evidence what effect the flushing by fresh 

water had on the resistivity of the soil samples taken from the locations of water main breaks. 

While the majority of these samples had lower resistivity values compared to those taken from 

access pits this could be due to a number of reasons. 

The resistivity of these samples could have been lowered due to increased moisture 

content. Moisture content would have been further modified during transport. However, 

another explanation for this difference is that if resistivity was the controlling factor with 

regards to the extemal pitting rate it would be logical that soi1 samples taken from water main 

breaks would have lower resistivities than those taken from access pits. 
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2.6.6.2 Soil pH vs. Maximum External Pitting Rate 
The data relating pH !O external pitting rate were very scattered. A linear regression 

analysis of the data found no strong correlation between the two properties (see Figure 2.1 0). 

This was true for samples taken from break as well as access pit locations. 

This was expected as al1 of the soils were alkaline niling out corrosion by acid attack. 

Alkaline soils only have an indirect effect on the corrosion rate of cast-iron pipelines by 

making the soi1 suitable for bacterial growth andlor being high in dissolved salts (lowering 

resistivity). 

2.6.6.3 Soil Sulphide Content vs. Maximum External Pitüng Rate 
The data relating maximum external pitting rate to the sulphide content of the soil was very 

scattered. As shown by the linear regression line plotted through the data no strong 

correlation between the two properties was evident (see Figure 2.1 1 ). 

Comparing the corrosion rates of the pipes to the sulphide content of the soil found that the 

pipes in soi1 with a sulphide content higher than 2mglkg dry soil had an average pitting rate 

two times higher than those in soil with a lower sulphide content. This is a very tenuous 

relationship based on limited data and additional investigation is needed, but perhaps a 

sulphide content of 2mglkg dry soi1 is an indicator of the threshold at which bacterial activity 

has an effect on the pitting rate. 

Figure 2.9 - Maximum External Pittina Rate vs. Soil Resistivity 
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Fiaure 2.10 - Maximum External Pittina Rate vs. Soil nH 
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2.6.7 Statistical Analysis 
The dataset was iriputted into a statistical software package (Statistical Analysis Software 

(SAS) v8, The SAS Institute) to further look for correlations between external corrosien and 

soi[ properties. A linear regression model was then developed to see what combined effect 

the soi1 properties had on explaining the variance in the extemal pitting rate. 

A statistical term which can be used to look for relationships between data is the Pearson 

Correlation Coefficient (r,). This term "indicates the strength of a linear relationship existing 

between two continuous variablesn (Cody, Smith 1997). A value close to 1 or -1 indicates a 

strong relationship. An rp of zero means the variables are unrelated. Associated with the 

Pearson Correlation Coefficient is a "p value". The p value is the probability of "obtaining a 

samples correlation coefficient as large or larger than the one obtained by chance a!onen 

(Cody, Smith 1997). 

2.6.7.1 Correlation Between Soil Properties 

All of the samples, for which both the corrosion rates and soi1 properties were available, 

were blocked by sampling location (breaks vs. access pits) and inputted into SAS. The 

results found that regardless of location, the log of soi1 resistivity had the strongest correlation 

with the maximum external pitting rate (see Table 2.5). 

However, while resistivity had the highest correlation coefficient (-0.56) it alone does not 

account for al1 of the variation in the pitting rate. The r: of the maximum pitting ratellog of soi1 

resistivity correlation (for al1 samples) was only 0.32. In other words, 68% of the variance in 

pitting rate was due to factors other than soi1 resistivity. 

Table 2.5 -Correlation Coefficients for Maximum Externat Pitting Rates and Soil Pro~erties 

Case 1 -Al1 Samples (n=55) 

Max. Pitting Rate 'P 

p 

suiphide 1 pH 1 m oisture 1 reststivity 1 log(resistivity) 

-0.40 -0.56 0.15 -0.22 0.44 
0-29 0.11 0.00 0.00 0.00 

sulphide 1 pH 1 m oisture 1 resrStiVity ( log(resistivity) 
0.07 -0.38 0.03 -0.27 -0.4 1 
0.68 0.03 0.86 0.1 2 0.02 

Max. Pitting Rate 

base z - rit sa-(n-22) - 

rp 

p 
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2.6.7.2 Linear Regression Model 

A multi-variate Iinear regression analysis was performed to develop a rnodel which could be 

used to explain the variance in the maximum extemal pit?ing rate. Various models were tried 

and it was found that the best one used the variables pH and the log of resistivity. The 

influence of variables such as sulphide and moisture content had an negligible effect on the 

model's accuracy. This resulted in the Iinear regression model: 

where: Y = predicted maximum external pitting rate of the pipe wall (mmlyr) 
Xi = soi1 pH 
XZ = log of soi1 resistivity (0-cm) 

This model had an adjusted 6 value of 0.41. One outlying data point was removed because 

its observed conosion rate was an extreme value that did not correlate well with its soil 

properties. The high corrosion rate may possibly have been due to stray direct current or 

some other external factor. The pipe material may also have been incorrectly identified as 

grey cast-iron instead of ductile cast-iron. 

A cornparison between the observed externat pitting values and those predicted by the 

model is presented in Figure 2.12. The data parallels the line of one-to-one correspondence 

but is quite spread out from it. Generally the rnodel underestimated the external corrosion 

rate. For this reason some negative values were generated. This was believed to occur 

because the dataset contained a number of pipe sections observed to have zero external 

corrosion but which were sunounded by soi1 which had resistivity and pH values comparabie 

to the soi1 surrounding pipes which did experience external corrosion. In order to reconcile 

this conflict the model underestimated the predicted external pitting rates. 

The fact that pipes with similar soi1 properties had different rates of external corrosion leads 

to the conclusion that some factor(s), other than the soil properties rneasured by this study, 

isfare needed to accurately predict the external pitting rate. It may not be possible to 

accurately predict the extemal pitting rate based on soi1 properties alone. This rnissing factor 

may be the strength of the current flow between the anode and the cathode. 

Metal loss at the anode is proportional to the current flow. The amount of current flow is 

dependent upon the potential (voltage) across the cell and the resistance through the cell. 

The resistance through the ceIl is a function of the soil's resistivity and can be modified by 
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factors such as pH and the presence of additional ions in the porewater. As shown in this 

study these properties are easily measured. 

Detemining the voltage potential across the cet1 is a more dificult process because it is a 

matter of identifying the cathode. The cathode rnay be a section of the pipeline with a Iower 

potential or it rnay be the copper service or a lead joint or a nickel bolt. In every case the 

voltage potential would be different. Adding to the problem is that the potential between the 

anode and the cathode changes over time due to polarkation. The value measured at the 

time sampling would be lower than that when the corrosion process initiated. 

If the voltage potential had been similar in each case it is likely that the regression model 

would have had a higher ? value; indicating that soi1 properties alone could be used to predid 

the external pitting rate. However, the available evidence indicates that this was not the case 

and that the difference in potential between the cathode and anode is a necessary factor to 

more accurately predict the external pitting rate. 

Figure 2.12 - Predicted vs. Observed Maximum External Pittina Rates 

perfect fit Iine 1 

Observed Max. Externa! Pitting Rate (mm/yr) 

-ter Main Breaks O Access Pits 
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2.6.8 Validity of Data 

From the data gathered in this study its appears that the water released from a main break 

does not have an appreciable influence on sulphide content or pH of the soil. Evidence of 

bacterial activity was not washed away as samples taken from the location of main breaks 

were found to have high sulphide contents. The pH of samples taken from water main breaks 

were comparable to those taken from access pits. 

There is no conclusive evidence that fresh water flushing had an effect on the soil's 

resistivity. However, it must be remembered when interpreting the data that in al1 cases the 

resistivity values found in the laboratory are likely not the same as those which would be 

found in the field. This is not to Say that this data is invalid. The lab values are believed to be 

dose to the field values but not identical. When grouped by classification the resistivity 

values of the soi1 samples agreed with those found in the literature. 

2.6.9 Prelirninary Spatial Analysis 

A non-traditional method for interpreting the data collected during this study is to input it into 

a Geographic Information System (GIS) and spatially analyze the data. A preliminary effort 

was begun to analyze the data in this manner. A future paper will look at how utifities are 

using this technology to plan and prîorÎtize their water main rehabilitation programs. The data 

gathered during the City of Toronto project will also be more fully analyzed at that time. 

The locations and associated data of the samples collected frorn the cities of Toronto and 

Etobicoke were inputted into the commercial GIS package ArcView (ArcView v.3.1, ESRI). At 

this time, the limited amount of data available enables only generalized conclusions to be 

drawn using this technique. As more data becomes available the patterns drawn from the 

GIS will become less generalized. It is believed that by geographically referencing the soi1 

data and the condition of the water main samples (with regards to the extent of externai 

corrosion) it rnay be possible to identify which areas of the city are most susceptible to inrater 

main corrosion. 

The GIS used in this preliminary analysis consisted of threo data layers. The first layer was 

a geocoded centre-line street map of the districts of Etobicoke and Toronto. This map was 

used to locate the sampling sites. A geocoded map allows locations to be accurately plotted 

based on street addresses. 
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The second layer contained the data collected during this study. The locations were known 

for 79 of the pipe and soi1 samples supplied by the city. Attributed to each location was the 

data about the soi1 properties and the extemal corrosion of water main section collected 

during this project. This data was stored in the dBase IV (Borland, Inc.) format. 

The third layer was a surficial soi1 map. This rnap (created by the author) is a digitized 

version of Ontario Geological Survey Map P. 2204. This soil rnap is very general in scale and 

identifies the large surficial sail formations found in the city of Toronto. This rnap was 

included to allow users to see what areas of the city may be at risk due to surficial soil type 

(clays or gravels or sands). This rnap was not based on the soi1 samples collected during this 

study. As additional data becomes available a more refined and detailed soi1 rnap of the city 

could be created. 

The City of Toronto is presently considering developing such a soil rnap to predict storm 

water runoff (Klimas pers. comm. 2000). This map is to be created using borehole logs in the 

public domain. Such a rnap could easily be adopted for use in a GIS to predict the risk water 

mains are at for exterior corrosion by associating the soi1 data collected from sampling with a 

specific soi1 formation. 

A preliminary analysis of the data indicated that, in general, the water main samples from 

the district of Etobicoke have had a higher pitting rate and show more evidence of corrosion 

than those taken from the district of Toronto (see Figure 2.13). Figure 2.14 shows the 

resistivities of the collected soi1 samples superimposed ont0 the city Street map. From this 

figure it can be seen that, with one exception, the soi1 samples from Etobicoke had 

resistivities lower than 2000R-cm. In comparison, the majority of the soi1 sarnples from the 

district of Toronto had resistivities greater than 2000Q-cm. Since, as shown by this study, low 

soi1 resistivity increases the risk for extemal corrosion, Etobicoke's water mains are potentially 

at greater risk than those located in the district of Toronto. 

Creating a GIS may be the best way to identify which parts of the city's distribution network 

are most at risk for deterioration. By building a database that combines information about soi1 

properties, water main characteristics, historical performance and critical customers (those 

who would be severely affected by service disruptions; eg. hospitals) informed decisions 

could be made about whether it would be better to replace or repair a section of water main. 
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Finure 2.13 - Maximum External Pittina Rate Sumrim~osed onto the City Street Mai, 

Fiqure 2.14 - Resistivitv of Collected Soil Samples Su~erim~osed ont0 CiW Street Map 
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Such a database would also allow managers to make better decisions about what 

preventative methods to apply. For example, sacrificial anodes are commonly used to 

prolong the life of cast-iron water mains. However, if corrosion were k i n g  caused by 

sulphate reducing bacteria or acidic soil, sacrificial anodes rnay not be the optimal solution. 

This technique has been adopted by the city of Seattle. In order to identify water mains in 

need of maintenance and rehabilitation a statistical program (Pipe Evaluation System 

(PIPES), Roy F. Weston Inc.) has been combined with the data about the water mains stored 

in the city's GIS. A report on this project (Bodner, Lim 1999 pers. comm.) states that "water 

engineers and managers have seized upon the advantages of accessing water main 

characteristic information through Seattle's GIS and have significantly reduced the time spent 

identifying and prioritizing water mains for preventative maintenance, rehabilitation or 

replacement". 

In order to make these decisions "a custom decision-support application was developed to 

leverage the GIS water main characteristic data with statistically based decision models to 

improve decision rnaking. Correlation of water main characteristics with time-to-failure factors 

identified statistically significant failure prediction indicators. Based on the identified 

indicators, decision models were developed for evaluating deterioration, vulnerability and 

service criticality factors" (Bodner, Lim 1999 pers. comm.). The results of these rnodels were 

used to prioritize water main replacement or rehabilitation efforts. 

2.7 Recommendations 
As a result of this project the following recommendations are suggested for further 

investigations into water main corrosion in Toronto. The first is that in future studies the 

rneasurement of soi1 properties should be made in the field. This could be accomplished with 

a modified CPT rig set up to test for resistivity, pH and soi1 redox potential. However CPT 

testing typically requires large trucks to carry the rig and provide the necessary jacking force. 

A more portable piece of equipment would be preferable. 

One possibility is a soi1 probe commercially known as the 'Novaprobe". Described in a 1995 

article (Wilmott et al, 1995) this probe was designed by NOVA Gas Transmission Ltd. and 

Novacor Research and Technology Corp to specifically test for those soi1 properties known to 

influence externat corrosion. At the time that article was written the probe was able to test for 

resistivity, redox potential, soi1 temperature and pipe to soil potential- The probe is pushed by 
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hand through an augured guide hole up to a depth of 1.9m. Data are stored in a handheld 

acquisition system. The article indicated that future modifications would allow the probe to 

test for soit pH and reach deeper locations. Attempts to iocate more recent information about 

this product have so far been unsuccessful. 

If such a product is still commercially available it would be ideal for developing a database 

about the properties of the soi1 surrounding Toronto's water mains. A testing program using 

this equipment would also be cost efficient. After the initial purchase of the probe, testing 

could be done by a few workers. Also, since the probe can be inserted by hand it means that 

setup and tear down tirnes would be quite fast allowing a large number of samples to be 

taken in a short time period. 

Secondiy, the various districts of Toronto actively engage in cernent mortar lining of water 

mains to maintain water quality and improve hydraulic characteristics During such times the 

distribution network is out of service and customers are on bypass. This would be an 

opportune time to take pipe and soi1 samples from undisturbed locations. In combination with 

sampIes taken from the location of water main breaks a much more cornplete picture of the 

factors affecting water main corrosion would emerge. 

One important lesson learned from this study is that the causes of corrosion are variable 

and subject to localized factors (such as micro-bacterial corrosion, underground power lines, 

etc). A small number of samples are unsuitable for detemining the causes of water main 

corrosion over an area as large as Toronto. Collecting and developing a database about soi1 

properties and water main conosion for the city the size of Toronto is a long terni project. The 

data collected from such a test program could be stored in a Geographic Information System 

(GIS). Spatially referencing the data would allow managers to see those factors affecting a 

particular area of the network and allow them to better apply specific rehabilitation methods. 

2.8 Conclusions 
This paper has reached the following conclusions: 

Resistivity is the soi1 property which correlates most closely with the maximum external 

pitting rate. 

The AWWA soi1 corrosiveness scoring system does a poor job in identifying soils as "non- 

corrosiven towards cast-iron water mains. Only 36% of the soils observed to be "non- 



The Role of Soil in the Extemal Corrosion of Cast-lron Water Mains in Toronto. Canada 34 

corrosiven were predicted to be "non-corrosiven . Effectively , this means that the AWWA 

scoring system is not a useful tool for identifying soils as uconosiven or "non-corrosiven. 

Based on the available data, a linear regression mode1 was only able to account for 41% 

of the variance seen in the maximum external pitting rate. This indicates that the degree 

of external corrosion can not be reliably predicted based on soi1 properties alone. 

Generally, water mains in the City of Toronto are not at risk for deterioration due to 

sulphate reducing bacteria. However, there is some evidence indicating that water mains 

in the northern part of the district of Etobicoke are potentially at increased risk for 

microbiological corrosion. Additional investigations are needed to confimi this. 

Based on the collected samples, a preliminary spatial analysis indicates that water mains 

in the district of Etobicoke have had a higher rates of extemal corrosion than those taken 

from the district of Toronto. Also, the majority of soit samples taken from the district of 

Etobicoke had resistivities lower than 2000R-cm. Since, as shown by this study, low soi1 

resistivity increases the risk for external corrosion, Etobicoke's water mains are potentially 

at greater risk than those located in the district of Toronto. 
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3.0 Paper Two 

The Application of GIS to a Water Main 
Corrosion Study 

3.1 Abstract 
Recently the City of Toronto, Ontario conducted an investigation into the deterioration of the 

city's water distribution network. One part of the investigation focused on the effects soi! has 

or1 the external corrosion of water mains. External corrosion is a function of the interaction 

between the pipeline and the soi1 by which it is sunounded. A soil's 'corrosiveness" towards 

cast-iron is affected by properties such as resistivity, pH and the presence of sulphate 

reducing bacteria. It was decided to input the collected data into a Geographic Information 

System (GIS) and perforrn a spatial analysis to look for trends and patterns. This paper 

consists of two parts. The first section presents the results of a survey of 35 cities regarding 

how they are using Geographic Information Systems to manage, ogerate and rehabilitate their 

water distribution networks. This survey found that while GIS's are being used by many cities 

to manage their assets, the level of complexity regarding the type of data stored varies widely. 

Very few organizations were found to completely rely on a GIS based system to store, 

maintain and retrieve records but the trend is heading that way. It was also found that GIS's 

have been successfully used as tools to plan and prioritize water main rehabilitation 

programs. The second part of the paper presents the results of the spatial analysis. It was 

found that, based on the AWWA soit corrosiveness scoring system, the majority of the soi1 

samples taken from the district of Etobicoke are considered to be ucorrosiven towards cast- 

iron. With one exception, al1 of the soi1 samples taken from the district of Etobicoke had 

resistivities lower than 2000R.cm. Since low soi1 resistivity increases the risk for external 

corrosion, Etobicoke's water mains are potentially at greater risk than those located in the 

district of Toronto. Water mains located in the district of Etobicoke have experienced higher 

external pitting rates and show more evidence of external corrosion than do water mains 

located in the district of Toronto. Generally, water mains in the City of Toronto are not at risk 
for deterioration due to sulphate reducing bacteria. However, there is some evidence 

indicating that water mains in the northem part of the district of Etobicoke are potentiafly at 

increased risk for microbiological corrosion. Additional investigations are needed to confirm 

this. 
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3.2 Introduction 
As water distribution networks age. the deterioration of water mains due to external 

corrosion becomes more and more of a concern. Recognizing that this is potentially a major 

problem, the City of Toronto contracted the University of Toronto to undertake an 

investigation into the condition of the city's water distribution network. The city hoped that 

through this project it would be better able to focus its rehabilitation efforts by having a more 

corn plete understanding of the causative factors behind water main deterioration. 

Over the course of this project a number of pipe and soi1 samples were collected from 

locations across the City of Toronto. The collected pipe samples were tested for mechanical 

strength and examined for evidence of interna1 and extemal corrosion. The soi1 samples 

were tested for properties (pH, resistivity and evidence of sulphate reducing bacteria) 

identified as having an influence on external corrosion. 

In another paper (Doyle and Grabinsky 2000), it has been described how the data gathered 

during this investigation was analyzed using traditional methods. Statistical models were 

applied to the dataset to look for correlations between the external rate of corrosion and the 

various soi1 properties. Some evidence was found which indicated that resistivity was the soi1 

property which best predicted the maximum external pitting rate. 

However, affer analyzing the information in that manner the following questions still 

remained: 

Based on the available data, which areas of the distribution network showed the most 
evidence of corrosion? 
Were there any correlations between geographic location and the amount of external 
corrosion? 
Based on the available data, could it be detennined which parts of the network are 
potentially most at risk for external corrosion in the future? 
If corrosion relates to a certain soit property, can we map out those soi1 locations and 
identify the pipes at risk? 

It was recognized that a spatial analysis (linking the data collected during the project to 

geographic location) was necessary to answer these questions. It was decided that this 

could be best accomplished by inputting the data into a Geographic Information System 

(GIS). 

This paper consists of two parts. In the first section it will present examples of how other 

cities and utilities are using GIS'S to manage their infrastructure and plan water main 
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rehabilitation programs. It will also look at some of the emerging trends in how GIS'S are 

being used to share information. Specificalfy, how organizations are taking advantage of the 

lnternet to provide wider access (both to the public and their employees) to their GIS'S. This 

is done to provide context about the problems facing utilities and justify the application of a 

GIS to analyze the data collected during this study. The paper will then present an overview 

of the City of Toronto water main investigation and briefly explain how the various soi1 

properties influence the extemal corrosion rate and how this study tested for them. Finally, it 

will describe the GIS created during this investigation and present the results found when it 

was used to spatially analyze the collected data. 

3.3 GIS 

A GIS has been defined as "a system for capturing, storing, checking, integrating, 

manipulating, analyzing and displaying data which are spatially referenced to the earth" 

(Musgrave 1996). It is the process of spatially referencing data that sets GIS apart from other 

database management tools. 

3.3.1 The Use of GIS by the City of Toronto 

At present, the use of a GIS by the City of Toronto to manage its infrastructure has been 

limited. Efforts are underway to update how the city manages its assets but there are a 

number of hurdles to be overcome. Presently the city is "migrating al1 the sewer and water 

main data over [to] a new data model. The data model is MlDS which stands for Municipal 

Infrastructure Data Standard. Once al1 the data is migrated over we will resolve or try to 

[resolve] al1 deficiencies." (Klimas, pers. comrn 2000). MlDS was designed by the Ontario 

Good Roads Association (OGRA) and is an attempt to create a standard data model to be 

used by al1 cities in Ontario. 

Originally, Metropolitan Toronto consisted of six separate cities. Each city had a Works and 

Emergency Senrices Department responsible for operating and maintaining the infrastructure 

within that city's boundaries. In 1998, Metro Toronto was dissolved and the six cities were 

amalgamated into the City of Toronto. This necessitated the creation of a single Works and 

Emergency Services Department for the entire city which created an additional problem. 

Prior to amalgamation the six former cities each stored asset information (type of water main 

material, diameter etc..), historical performance records and maintenance data in different 

formats. According to Robert Klimas of the City of Toronto, "Ail historical data about repairs 

and maintenance is paper driven. Some databases were built in the former City of North York 



The Role of Soil in the Extemal Corrosion of Cast4ron Wafer Mains in Toronto. Canada 41 

on maintenance. Etobicoke was the only city that kept track of these types of activities via 

Hansen (Hansen is computer database program designed to store records related to 

municipal infrastructure)." (Kilmas, pers. comm. 2000) 

The challenges Toronto faces in adopting a GIS to manage its assets are not unique. As 

wilt be shown, other cities in North America have overcome similar problems and are 

experiencing the benefits of using a GIS. To develop an understanding of how public works 

departments are using GIS to manage their waterworks infrastructure a survey was 

conducted (a copy of the suwey questions is appended to end of this paper). This survey 

was designed to provide a snapshot of each organization's experience with GIS. The 

questionnaire was emailed to approxirnately 125 cities and waterworks utilities in Canada, the 

United States and Australia. As with any survey, there was no control possible over which 

cities replied and how detailed they were in their answers. Some of the respondents provided 

very detailed answers to the questions while others only answered with a yes or no. This 

made the process of taking the various replies and trying to draw some general conclusion, 

as well as, some specific examples about how GIS's are being used a difficult process. 

3.4 S u ~ e y  Results 
Out of the organizations contacted, 35 responded to the survey. A list of the cities and 

utilities which answered is presented in Table 3.1. There was a fairly even split between 

Canada and the United States. The public works departments of two Australian cities also 

answered the survey. 

3.4.1 Use of GIS 

Of the 35 public works departments and utilities which responded to the survey, it was 

found that: 

4 26 are using GIS's 
4 3 are not using GIS's 
4 6 are in the process of implementing a GIS 

Due to the "random" nature of this suwey, not al1 of the public works departments in the 

cities who replied are responsible for maintaining the city's water distribution network. In 

these cases, attempts were made to contact the utilities responsible for the water distribution 

network but they were not always successful. 

Of the 32 organizations using or developing a GIS, only 27 are responsible for maintaining 

and operating a water distribution network. 
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Table 3.1 - List of Cities Res~ondina ta Suwey 

Canada 
bame, untano 
Durham Region, Ontario 
Guelph, Ontario 
Hamilton, Ontario 
Kitchener, Ontario 
Kingston, Ontario 
Newrnarket, Ontario 
Pickering Ontario 
Richmond Hill, Ontario 
Toronto, Ontario 
Windsor, Ontario 
Leth bridge, Al berta 
Calgary, Alberta 
Winnipeg, Manitoba 
Saskatoon, Saskatchewan 

United States 
kuntsviiie, Alabama 
Tuscon, Arizona 
Los Angeles, California 
Denver Water, Colorado 
Cinncinnati Watenivorks, Ohio 
Buffalo, New York 
Las Vegas, Nevada 
Pawbucket Water Supply Board 
Houston, Texas 
Abilene Water Utilities, Texas 
Cheasapeake, Virginia 
Norfolk, Virginia 
Seattle, Washington 
Spokane City, Washington 

AUSlnllâ 

3.4.2 Lengtti of Time Using GIS 

Kamloops, BC 
Victoria, BC 

The concept of spatially analyzing data has been known for almost four decades. However, 

the ability for individuals and small organizations to apply the concepts (in terms of 

technology) has existed for the last 20 years and really for the last 10 with the widespread 

adoption of powerful desktop cornputers. Only with the development of PC based GIS 

application (by major vendors such as ESRl and Intergraph) and the widespread adoption of 

desktop PC's has the use of GIS becorne widespread. 

 dela aide, south Australla 
Melbourne, Victoria 

This survey found that the use of GIS by the organizations contacted varies widely. The city 

of Denver, Colorado States that they have been using GIS since 1983. The city of Saskatoon, 

Saskatchewan has been using it since 1980. At the opposite end of the spectnim, cities such 

as Buffalo (New York), Bame (Ontario) and Windsor (Ontario) are just beginning to implement 

a GIS system. Of the 32 cities which are presently using GIS (or in the process of 

irnplementing one) their experience with it is as follows: 

0 Less than 1 year 4 
+ 1 - 5 years 12 
+ 5-10 years 14 
+ Over 10 years 2 
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In light of the fact that it was in the 1990's that personal cornputers became relatively 

affordable, it makes sense that the majonty of the organizations have only begun to use GIS 

in the last 10 years. 

3.4.3 Detail of the Data Available Through the GIS 

At its most basic level a GIS only contains a map or maps. ln the case of a city's water 

distribution network these maps could consist of the location of the pipes, valves, fire hydrants 

etc. What makes a GIS so useful is the ability to attribute data to these maps as separate 

layers. In addition to knowing the location of a piece of the infrastructure it is possible to 

attach information about the characteristics of the structure (such as age, material, repair 

history, etc.) 

The survey sent to the different organizations inquired about the detailed level of the 

information available through their GIS. As with the other survey items, the replies varied 

from a verbose description of what can be accessed to a not applicable (in the situations 

where the GIS is still being built). To provide a basic overview of the survey results, the 

replies from the 27 organizations responsible for maintaining a water distribution network 

have been grouped into the following categories: 

Category 1 - Fully enabled GIS (maps Iinked to detailed databases about the pipeline 
network) 

Category 2 - Building the links between the Maps and the databases 

Category 3 - Mapping onlylor still building database (in the processing of digitizing 
records,etc.) 

It is recognized that these are very broad and sornewhat subjective categories into which to 

group the responses frorn the survey. Nonetheless, this is the best way to provide a snapshot 

of what is happening. According to the suwey, of the 27 organizations responsible for the 

wateworks 11 can be grouped into Category 1 (see Table 3.2). 
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Tabfe 3.2 - Cities Grouped bv the Detail of the Data Available Throuah Their GIS 

=awv'w 1 
kalgary. Alberta 
Denver, Colorado 
Winnipeg. Manitoba 
Cincinnati Waterworks, Ohio 
Kitchener. Ontario 
London. Ontano 
Richmond Hill, Ontario 
Houston, Texas 
Knoxville, Tennessee 
Chesapeake City, Virginia 
Seattle, Washington 

c a t w o v  Z 
kdelaide, Australta 
Guelph, Ontario 
Hamilton, Ontario 
Kingston. Ontario 
Saskatoon, Saskatchewan 

=atwo'Y ., 
'Runtsvi~~e, Alabama 
Lethbridge. Alberta 
Tuscon. Arizona 
Kamloops. B.C. 
Bame. Ontario 
Durham Region. Ontario 
Toronto. Ontario 
Windsor. Ontario 
Pawbucket Water SuppLy Board 
Abilene, Texas 
Spokane City, Washington 

A typical example of this category would be the City of Seattle, Washington. As explained 

by Stephen Turalba (GISNVater Supply and Treatment) Seattle's GIS has "fairly detailed data. 

(ie; you can find out water mains information such as size, material, date of installation, depth 

location, pressure, historical leaks repairs ... We are also trying to integrate our work 

management software called "Maximo". This software database has the historical data and 

maintenance information records in details" (Turbla, pers. comm. 2000). 

Houston, Texas' GIS can access "instaliation date, type of material, line size, depths, and 

about 30 attribute items on water, sanitary and storm sewers". (Hudson, pers. comm. 2000) 

Additionally, Houston has also integrated an "Infrastructure Management System in January, 

1999 and are completing that project with ESRI. We use Azteca's City Works as a base. It is 

a work order system that is integrated to the GIS. We can click on a line segment and get the 

work order history for that item any time in the future. It is a full fledged work order system 

capable of capturing costs, materials and time" (Hudson, pers. comm 2000) 

The City of Kitchener, Ontario has also linked a work order system with their GIS. Michelle 

Pape describes it as "two systems that work together through structure id numbers. The 

mappinglengineering data base contains al1 structure related information such as structid, on 

street, from street, to street, material, length, date installed etc. This is the data that is 

connected to the maps. This data is also available to the Work Management System. The 

database on this side contains ail of the work related information plus structure info as above. 

We can select a structure, Say a water main, and attach a work order to it, to repair a break. 

All info from that work order such as repair costs is then associated with the structid of the 

main. Eventually once Mapinfo works with the Work Management System we could produce 

thematic mapping based on many things such as historical data." (Pape, pers. comm. 2000) 
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The Town of Richmond Hill, Ontario also falls into Category 1. Bill Joyce states that 'Water 

data includes all primary fields from the original SlMSMllMS systems and conforrns to MIDS. 

We are in the process of tying it to our new Maintenance Management System (Maintain) in 

the year 2000" (Joyce, pers. comrn. 2000). 

The term Ml DS refers to the Municipal Infrastructure Data Standard established by the 

Ontario Good Roads Association (OGRA). MlDS is an attempt to establish a set of standards 

regarding the type of data that rnunicipalities (and other utilities) should keep about their 

infrastructure. A different set of standards has k e n  established for water, sewers, road etc. 

A detailed explanation about MlDS is available on the OGRA website (www.orcia.com). 

Only 5 utilities fit into Category 2. They have a GIS that contains some information about 

the water distribution network but are still in the processing of Iinking up additional databases. 

For example, Saskatoon, Saskatchewan is "beginning to connect their historkal water data to 

the entities" (Fishley, pers. comm. 2000). The same situation can be found in Adelaide, 

Australia. According to Bob Shields (Senior GIS Officer) some data has been entered but "at 

this moment the historical data is rather sketchy and is in the process of being built up". 

(Shields, pers. comm. 2000) The town of Guelph, Ontario has some data available through 

their GIS and is "currently linking our Maplnfo spatial data to our maintenance management 

system which is the repository for work orders, asset maintenance history etc" (Ross, pers. 

comm. 2000). 

Eleven organizations fit into category 3. Their GIS'S are still largely in a data capture mode. 

The records and maps which will form the databases are still in the process of being 

organized into the proper formats. For example, Spokane City's water department has "not 

converted their infrastructure yet, but began limited use of GIS about a year ago." (Hendron, 

pers. comm. 2000) Abilene, Texas has digitized maps of their water system available through 

their GIS but historical data about water main repairs or work-orders are "not (available) at 

this time". (Simpson, pers. comm. 2000) 

Victoria, B.C. is also in the process of developing a GIS. Presently GIS use is iimited. No 

historical information about the water network is available. Alan Mallett (pers. comm. 2000) 

describes the system as "essentially static at this time. We are just completing the mapping 

part of the water system, and there is some basic data in MSAccess that we will attach soon". 

Lethbridge, Alberta is also beginning to implement their strategic GIS plan. Their goal is to 

"remove an older system of valve, hydrant and service connection cards which are used to 
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track maintenance and through Cartegraph create a "paperless" maintenance records 

systern." (McDonald, pers. comm. 2000) 

To be useful for daily operations the databases accessed by the GIS must also be kept 

current. If this does not happen users will revert back to the traditional way they stored data 

(paper maps, card files etc.) and the GIS will die frorn lack of use. The majority of the 27 

groups using a GIS to maintain their water distribution network stated that they update their 

databases daily, weekly or "frequently". By keeping the databases dynamic instead of static 

users are encouraged to keep using the system because it contains the most current 

information. 

3.4.4 GIS and the lnternet 

After creating the GIS the next step is deciding how to distnbute the information it contains. 

The ability of users to easily access the information stored in the GIS is a key factor in its 

success. Until recently distributing and remotely accessing the data stored in a GIS could be 

a difficult problem. Recent developments are starting to change this situation. They are: 1) 

The internet (specifically the World Wide Web); 2) The developrnent of GIS internet based 

applications. 

By using the internet it is possible for users to remotely access the data stored in a GIS. 

This has only become possible in the last few years with the development of software that 

allows a GIS to be viewed over the World Wide Web. Products such as ArcExplorer and 

MapObjects frorn ESRl and MapGuide from lntergraph allow users to use a PC to connect 

with a GIS and query the information stored in the system using a standard web browser 

(Microsofi Explorer or Netscape Navigator). 

The system works on a client-sewer basis. The programs are browser plug-ins that need to 

be downloaded prior to using them. After the programs are installed in either Netscape and 

Explorer the user is then able to view the GIS on the remote computer and make simple 

spatial queries. It is also possible to obtain similar results without using ready made 

programs. Cities such as, Markham and Kitchener, Ontario have made their databases 

available through a standard web browser and some custom designed Java and ActiveX 

applications (Hodgson, GIS2000 Conference). 
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The advantages to this technology are: 

1) It uses established protocols to transmit the information (TCPAP) and on the client side 
uses browser software widely available. 

2) It has an easy leaming curve. Most people are familiar with browsing on the web. 

3) It reduces the arnount of duplication because al1 of the information is stored in a central 
database. No information is stored on the client cornputers. 

4) It has scalable access. Through the use of password protection, or other means the 
information can be made available to the general public or just to specific users- 

Out of the 32 organizations using a GIS, only 10 stated that they are using the intemet (or 

an Intranet) to provide access to it. Another 3 stated that they are in the process of 

developing such applications. The majority of the organizations who replied "No" to 

"InternetAntranet" access did state that they intend to develop such applications in the future. 

Most of the cities which replied "Yes" only ailow access to their data through an Intranet. 

One exception is the city of London, Ontario. London uses the Web to provide access to its 

GIS data. According to John Bontje (GIS coordinator for London) the "public and staff use the 

same homebuilt platform. with staff able to see more layers, eg. water & sewer maps 8 data" 

(Bontje pers. comm. 2000). The website can be found at http://www. city .london.on.ca. 

The Town of Markham is an excellent example of how finding a way to efficiently distribute 

the data and maps stored in a GIS can revitalize a GIS effort. In a presentation at the 

GIS2000 conference in Toronto, John Hodgson from the town of Markham described how the 

town was until recently "mired in a data capture mode" (Hodgson, 2000). In order to break 

out of this mode they decided to centralize al1 of the data collected by the different works 

departments in a "spatial data warehousen and put it on the web in a format that allowed 

access through a simple browser interface. Through this process they discovered that they 

had a lot more data collected than they realized. The problem was putting it to use by getting 

it to the proper people. The end product, which was demonstrated, allows the user to access 

the data over the city lntranet using a browser. The user can pull down a list of the available 

maps and perform simple spatial operations. If the map being viewed has linked data to it the 

user can view that as well. 

It appears that putting the data on the web is an emerging trend. The cities that have done 

so appear to be very pleased with the results. By making the information available to the 
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largest number of people possible they have added "value" to the GIS. Making sure it doesn't 

remain a closed system, limited to just managers and trained technicians, ensures that the 

GIS will be more widely accepted and staff won't ignore it and stay with the oid ways of 

maintaining the databases. 

3.4.5 Advantages Found Using a GIS 

The organizations which have a well developed and deployed GIS appear to be benefiting 

from its use. According to Ken Dalton of the City of Winnipeg, Manitoba: "lt has definitely 

given us immediate access to fairly accurate underground infrastructure data, which has 

equated to significant time savings. It has also greatly improved our asset management, 

particularfy in regard to our water network. We can analyze our systems, in terms of leak 

frequency. etc., in a very short time frame. 6y making this data available to a large number of 

staff it has significantly reduced the pressure for the staff of my branch in supplying 

infrastructure information." (Dalton, pers. comm. 2000) 

These thoughts are echoed by Ray Fishley, of Saskatoon, Saskatchewan. He says that "1 

believe the City of Saskatoon has gained from using GIS. We are able to put detailed 

geographically based data into the hands of key decision makers. Because of GIS we are 

able to do a wider variety of analysis and modeling. We have given more people access to 

data than they ever had before. Because of this wider dissemination of corporate GIS data, 

we have improved data integrity. These are only a few of the benefits of GIS". (Fishley. pers. 

comm. 2000) 

Bill Joyce of the town of Richmond Hill mentions an advantage the GIS gives to the field 

crews: "Amongst its many attributes it perforrns one main objective - crews leave the shop 

with the tools, clamps, etc. that they need and they know exactly where they are going". 

(Joyce, pers. comm. 2000) 

3.4.6 The Application of GIS's to Water Main Maintenance and Rehabilitation 

To be of any engineering value the information stored in the GIS has to be put to use. If the 

GIS is being treated only as a static repository for data about the system then it is not 

reaching its full potential. Many cities are using their GIS's to monitor water main breaks, 

predict which areas are most at risk and then use the data stored in the GIS to make 

rehabilitation plans. By having al1 of the data available and correlated an informed decision 

can be made about what to do. 
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In the area of monitoring water main breaks the City of Houston, Texas has experienced 

tremendous savings in time and effort through the use of their GIS. The city tracks al1 water 

main breaks by location and time. Before the introduction of the GIS this information was 

manually plotted on paper utility blockmaps. These maps would get lost, torn and need to be 

replaced. This would necessitate al1 of the information being transferred ont0 new maps. 

There was also the problem that there was no standardization in the information that was 

being collected. Now that a GIS is being used these problems have been eliminated. Al1 of 

the water main break locations are entered weekly into the GIS and the "output maps and 

data have uniform symbology" (Ron Hudson, pers. comrn. 2000). 

The City of Saskatoon, Saskatchewan also plans to use their GIS to plan rehabilitation 

efforts. According ta Ray Fishiey, 'We have length, material, sire, (and) year of installation 

captured for the entire water network and are beginning to connect our historical water data to 

the entities. We plan on using this (along with other data) to justify and create a replacement 

program" (Fishley, pers. comrn 2000.). 

The City of Los Angeles, California Department of Water and Power is another example of 

how a GIS is being used to plan water main rehabilitation efforts. The LADWP has "utilized 

GIS technology along with a combination of in-house maps and records to create a 

comprehensive (water main) replacement program" (Stern 2000 ). 

Not only are GIS'S being used to store information and plan rehabilitation efforts based on 

historical data. they are also being combined with statistical models to predict which areas of 

the distribution network are most Iikely to be at risk in the future. One city doing this is 

Seattle, Washington. In order to identify water mains in need of maintenance and 

rehabilitation a statistical program (Pipe Evaluation System (PIPES), Weston Inc.) has been 

combined with the data about the water mains stored in the city's GIS. A paper on this project 

(Bodner, Lim 1999) states that "water engineers and managers have seized upon the 

advantages of accessing water main charaderistic information through Seattle's GIS and 

have significantly reduced the time spent identifying and prioritizing water mains for 

preventative maintenance, rehabilitation or replacement". 

In order to make these decisions "a custom decision-support application was developed to 

leverage the GIS water main characteristic data with statistically based decision models to 

irnprove decision making. Correlation of water main characteristics with time-to-failure factors 

identified statistically significant failure prediction indicators. Based on the identified 
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indicators, decision models were developed for evaluating deterioration, vulnerability and 

service criticality factors". The results of these models were used to prioritize water main 

replacement or rehabilitation efforts. 

The GIS was critical to accornplishing this task. It's stated that ''the whole evaluation 

process rests on the GIS analysis and data processing to provide al1 the attributes of the 

pipelines as well as to find spatial relationships to other layers of information." 

Having described how organizations across North America are using GIS'S to manage the 

assets of their water distribution networks and plan water main rehabilitation programs, this 

paper will now present the results of the City of Toronto water main investigation- This 

includes a description of the problem and a brief explanation of how the various soi1 

properties effect the rate of external corrosion and how they were tested during this study. 

The results of GIS analysis will then be presented. 

3.5 Study Methodology 
The City of Toronto maintains and operates 5347 km of local water mains (average 

diameter of 150mm - 300mm) and 487 km of trunk water mains (Klimas, pers. comm. 2000). 

The majority of the network consists of grey cast-iron and ductile cast-iron pipes. The oldest 

parts of the system are located in the downtown core with pipe age decreasing towards the 

periphery of the city. Pipe samples encountered in this project ranged from 30 to 120 years 

old. 

The surficial stratigraphy of Toronto was formed as a result of the last ice age. As such, the 

majority of the surficial soils in which the water distribution network is laid consist of clayey- 

silty tilts formed by glaciers or sand and clay deposits created by extinct glacial lakes (such as 

Lake Iroquois and the Peel Ponds). Clays and silts have properties (such as low resistivity, 

more suitable for the growth of sulphate reducing bacteria) which make them more corrosive 

towards cast-iron water mains than soils such as sands and gravels. Therefore, simply based 

on the pre-existing conditions the surficial stratigraphy of the Toronto area potentially puts the 

water distribution network at increased risk for detenoration. The research conducted during 

this study will begin to quantify that risk. 

All six districts comprising the City of Toronto were invited to partake in this project. A total 

of 108 pipe and 98 soi1 samples were collected during this study. The majority of the samples 

came from the districts of Toronto and Etobicoke. Only 8 samples came from other districts. 
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Of these, 6 came from the district of North York and 2 from the district of Scarborough. Al1 but 

three of the pipe samples received were pit or spun cast grey iron. The remaining three were 

ductile iron. Unfortunately, the locations coutd only be determined for 79 of the samples. 

This limited the amount of data available for use in the GIS. 

The soi1 samples were tested for resistivity, pH and sulphide content (which indicates the 

presence of sulphate reducing bacteria). The properties al1 have k e n  identified as 

influencing the rate of external corrosion. The pipe samples were examined for evidence of 

external corrosion. The following section provides a brief ovewiew of the how each soi1 

property can affect the extemal corrosion rate and describes the experimental procedures 

used to test for those properties. These items are described in detail in Chapter 2 and are 

repeated here for completeness. 

3.5.1 Classification of Soil Samples 

Classification of the soil samples was done according to the ASTM 02488 standard. This 

standard identifies soils through simple visual-manual tests and classifies them as silts, clays, 

sands and gravels. 

3.5.2 Soil Resistivity 

When corrosion is electrochernical in nature, soil resistivity plays a major factor in 

detemining the corrosion rate. Generally, the lower the resistivity of the soil the higher the 

external corrosion rate of the pipe. Typically, because of the high ion content of their 

porewater, clays have the lowest resistivities while sands and gravels have the highest- The 

"natural" resistivity of a soil can be modified by the presence of additional ions in the 

porewater (for example from contamination by road salt). This is an area of potential concern 

as the City of Toronto applies large amounts of road salt during the winter months. 

The resistivities of the samples were detemined in a laboratory setting using the Wenner 

four-electrode method (ASTM G57 standard). The samples were placed into a soi1 box which 

had two outer and two inner electrodes. A constant voltage of 12V, supplied by a flewlett 

Packard E3612A direct current power source, was applied to the outer electrodes and the 

current and voltage drop across the inner electrodes was measured using a digital multimeter. 

The readings were recorded when the values reached equilibrium. 
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3.5.3 Soil pH 

The pH level of the soi1 can directly and indirectly affect its corrosivity. If the pH is frorn 0.0 

to 4.0 the soi1 is acidic and can directfy corrode the cast-iron. An investigation into the 

relationship between total acidity and corrosion found that the rate of corrosion was 

proportional to the total acidity of the soils (Denison and Hobbs 1934). A low pH also means 

that the soi1 is a good electrolyte because more hydrogen ions are available to act as electron 

acceptors (AWWNANSI C105lA25.5-99). 

Soils with a higher pH have an indirect effect on water main deterioration. If the pH is 

between 5.5 - 8.5 the soi1 is suitable for the growth of sulphate reducing bacteria. If the pH is 

greater than 8.5 soils are high in dissolved salts fowering soi1 resistivity (AWWAIANSI 

C 1 05lA25.5-99). 

The pH's of the soils were rneasured in accordance with the ASTM GS1 standard. Ten 

grams of soi1 were mixed into a 500ml flask with 90ml of distilled water. The sample was 

allowed to stand a few minutes to allow any soluble salts to dissolve. The pH value of the soi1 

sample was measured using a pH meter and recorded when the reading reached equilibriurn. 

3.5.4 Soil Sulphide Content 

If a soi1 has a high sulphide content it is an indicator of the presence of sulphate reducing 

bacteria. While it is agreed that these bacteria cause iron to corrode there are different 

theories about the causative mechanisms. One theory (originally Kuhr and Vlught 1934; 

found in lverson 1984) is that the sulphate reducing bacteria depolarize the cathode by 

removing the hydrogen film which had forrned on it rnaintaining the conosion raie over time. 

Another theory (Iverson 1984) is that the bacteria release a corrosive rnetabolic byproduct 

which directly corrodes the water main. 

The sulphide content of the soi1 was found by mixing a soi1 sample with water and HCI acid 

in a sealed beaker. The concentration of H2S gas released by the HCI acid was measured 

and using a formula converted into mg of sulphide per kilograrn of dry soi1 (a detailed 

description of the procedure and the conversion formula is found in Seica et al. 2000). 
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3.6 GIS Description 

The GIS used in this study was created with ArcView 3.1 (ESRI) and consisted of three 

ta yers: 

3.6.1 Layer 1 - Geocoded Centre-Line Street Map of Etobicoke and Toronto 

A geocoded rnap (see Figure 3.1) was necessary in order to use ArcView's address 

matching capability. In a geocoded rnap each street is broken down into segments. Attached 

to each segment are the high and low house numbers for the right and left sides of the street. 

ArcView uses this information to accurately locate addresses on a map. The location of each 

pipe and soil sample was plotted using this feature. 

As previously mentioned, soi1 and pipe samples were obtained from locations across the 

City of Toronto. Unfortunately, a geocoded rnap was available only for the districts of Toronto 

and Etobicoke. However, since the majority of the samples came from those districts this was 

not considered a problem and only the data from those two districts was used in the GIS 

analysis. 

3.6.2 Layer 2 - Sample Locations and Attributed Data 

The locations were known for 79 of the pipe and soi1 samples supplied by the city. Each 

location was plotted ont0 the street rnap using ArcView's address rnatching capability (see 

Figure 3.2). Attributed to each location was the data about the soi1 properties and the 

external corrosion of water main section collected during this project. This data was stored in 

the dBase IV (Borland, Inc.) format. 

3.6.3 Layer 3 - Surface Soil Map of Toronto and Etobicoke 

A surface soi1 rnap of Toronto was created in ArcView and saved as a therne (see Figure 

3.3). This rnap was created by the author and is based on Ontario Geological Survey Map 

2204 "Quaternary Geofogy - Toronto and Surrounding Area". A surface soi1 rnap was 

induded because it provides a general idea of the soi1 surrounding the water mains in a 

particular area. This rnap identifies the soil formations closest to the surface. The thickness 

of these soi1 formations are generally greater than the depth at which water mains are buried 

(approximately 2.5rn) making this soi1 rnap a valid tool. Knowing if a soi1 is a clay or a sand 

gives an immediate idea of the amount of corrosion a water main might experience. 
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Ficiure 3.1 - GIS Laver 1 - Geocoded Centre-line Street Map of Toronto and Etobicoke 

Fiaure 3.2 - GIS Laver 2 - Sam~le Locations and Attributed Data 

Isu~erim~osed on Laver 1) 
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Figure 3.3 - GIS Laver 3 - Surface Soil M ~ D  of Toronto and Etobicoke 

3.7 AnalysislDiscussion of Results 
Using the GIS, a spatial analysis of the data collected during the course of this research 

project was performed. Each of the soi1 properties (resistivity, pH and sulphide content) and 

the data describing the external corrosion of the water main samples were plotted ont0 the 

soil map and ont0 the city street map. The goal of plotting the data ont0 the street map was 

to identify any spatial trends regarding the collected data. For example, to detennine whether 

the sarnples with high sulphide contents all came from the sarne area. 

One limitation of the GIS used to perform this spatial analysis was the soi1 map. As 

explained, this soil map was very general in detail and identified only the large surface soi1 

formations. Also, other than soil type, this map contained no other data. Prior to this project, 

no database containing information regarding soi/ resistivity, pH and sulphide content existed 
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(or was at least available in the pubiic domain). For these reasons the soil map should not be 

used to perform any detailed analysis. 

The creation of this GIS is the first step in developing a database about those soi1 properties 

which affect the rate of external corrosion. It is believed that such a database when combined 

with an accurate soi1 map would be a useful tool for predicting which areas of the distribution 

network are subject to aggressive soi1 conditions. A final product would consist of an 

accurate soi1 map; attributed to each soil fmmation would be information concerning the soil's 

resistivity, pH and sulphide content and any other factors which rnay influence the external 

rate of corrosion. 

As the first step towards creating such a product the soi1 data coliected during this project 

was plotted ont0 the soi1 map. This was done to determine if any of the soi1 formations had 

consistent properties. For example, to see if al1 the samples taken from a specific soi1 

formation had low resistivities. Because only limited data was available at this time only very 

general conclusions can be drawn but eventually when a large enough database has been 

developed it would be possible to accurately define the properties and boundaries of a 

specific soi1 formation. 

3.7.1 Soil Type 

Based solely on the soil formations as described by the soi1 map in the district of Etobicoke, 

water mains located in the large clayey, silty till deposit in the north or in the clay/silt deposit 

near the lakeshore may be at greater risk for corrosion than those built in the sandy deposits. 

In the district of Toronto, water mains located in the clayey, silty till deposit in the north or in 

the pockets of claylsilt till in the downtown area would potentially be at the greatest risk for 

corrosion. It must be remembered though that because of their higher permeability 

sandy/gravelly soils are at greater risk for having their "natural" resistivities lowered due to 

chloride ion contamination from road salt. 

Some variations between the two were noticed, but in general a good correlation was found 

between the classifications of the soi1 sarnples received during the study and the soi1 type as 

shown on the map. This confirmed both the validity of the soi1 samples' identifications and in 

using this surface soi1 map in the GIS. However, it is still recognized that this map needs to 

be refined with additional data to account for local variations in the sail formations before it 

can be an accurate tool for identifying "high risk" areas. 
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One concern in using a soi1 rnap such as this to assess the risk of external corrosion is the 

fact that the trenches in which the water mains were laid may have k e n  backfïlled with non- 

native material. It this were found to be the case it would obviate the use of a such a soi1 

map. m i l e  present day construction practices typically specify a granular fiIl be used when 

backfilling, the results of the research project confimi that this was not the practice in the late 

1800's until the mid 1ÇOO's. The soi1 samples collected frorn around the water mains ranged 

from clayey tills to sands to silts. In fact very few gravels were received. The leads to the 

conclusion that the trenches were backfilled with native material. 

3.7.2 Soil Resistivity 

Figure 3.4 shows the resistivities of the collected soi1 samples superimposecl onto the city 

street map. From this figure it can be seen that, with one exception, the soi1 samples from 

Etobicoke had resistivities lower than 2000R-cm. In comparison, the rnajority of the soi1 

samples from the district of Toronto had resistivities greater than 2000R-cm. Since, as shown 

by this study, low soi1 resistivity increases the risk for external corrosion, Etobicoke's water 

mains are potentially at greater risk than those located in the district of Toronto. 

By superimposing the resistivity values ont0 the soi1 map a clearer picture emerges about 

why the resistivity values were distributed in the manner they were (see Figure 3.5). As 

expected, soi1 sarnples from the parts cf the cty with surface deposits of clay and silt had (on 

average) lower resistivities. Samples from areas with sand or grave1 deposits had (on 

average) higher resistivities. This can be used to further define the areas of the city in which 

water mains are most at risk for corrosion. 

3.7.3 Soil pH 

The pH of the soi1 samples referenced to the street rnap is shown in Figure 3.6. The pH 

values Vary across the city. Plotting the data ont0 the soi1 map and the street map found no 

correlation evident between pH and location or pH and soi1 formation (as defined by the soi1 

map). 
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Fiaure 3.4 - Soil Resistivitv Referenced to Street Mar, 

Fiaure 3.5 - Soil Resistivity Referenced to Surficial Soil Map 
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Fiaure 3.6 - DH Referenced to Street Mao 

3.7.4 Soil Sulphide Content 

The rnajority of the soi1 samples collected during this study had very low sulphide levels 

indicating that water main deterioration due to sulphate reducing bacteria is not a problem in 

the City of Toronto. As detailed in a previous paper, when the data was further analyzed it 

was found that pipes in soil with a sulphide concentration greater than 2mglkg dry soi1 had an 

average external pitting rate two times greater than those in soil with a lower sulphide content. 

Figure 3.7 presents this data attributed to sampling location and plotted on the city Street 

map. Referring to this figure it can be seen that al1 but two of the soi1 samples from the district 

of Toronto had sulphide contents lower than 2mglkg of dry soil. In contrast, twelve soi1 

samples taken from the district of Etobicoke had suiphide contents greater than 2mg/kg dry 

soil. The twelve locations are geographically disperse from one another indicating that there 

rnay be certain localized areas in the district of Etobicoke where water main deterioration due 

to micro-biological activity is a problem. Additional investigations are needed to confirm this. 
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3.7.5 Soil Corrosivity 

The Arnerican Water Works Association and the American National Standards lnstitute 

have established a soil conosiveness scoring system in the standard ANSIIAWWA 

C l  05fA21.5-99. The sconng system works by assigning a point value to each of the following 

soil properties: resistivity, sulphide content, redox potential, moisture content. Points are 

assigned for each property and totaled. If the score is over 10 the soi1 is considered corrosive 

towards gray and ductile cast-iron. 

The AWWA scoring system was applied to the samples collected during this study and 

using the GIS the results were plotted onto the surface soi1 map (Figure 3.8). Comparing the 

districts of Etobicoke and Toronto, it was found that 70% of the soi1 samples from the district 

of Etobicoke had an AWWA score greater than 10. In comparison, only 46% of the samples 

from the district of Toronto were classified as uconosiven. Based on these results, it is 

indicated that the water mains in the district of Etobicoke are at a greater risk for external 

corrosion due to the properties of the soi1 deposits in that area of the city. 

3.7.6 Maximum External Pitting Rates of Water Main Samples 

Figure 3.9 shows the maximum external pitting rates of the water main samples taken from 

the districts of Etobicoke and Toronto. In general, the external pitting rates of the water mains 

were very low. One interesting fact is that the three samples with the highest pitting rates al1 
came from locations near the lakeshore and are in soi1 identified by the soi1 map as "filIn. The 

two samples with the highest pitting rates were ductile iron, while the other sample was 

pit/spun cast-iron. Whether the high pitting rates were due to the type of water main material 

or because of some direct corrosive action by a chemical component of the soi1 is unknown. 

If there are buried direct current power lines in those areas the high pitting rates could be also 

caused by an electrolytic corrosion cell. 

Comparing the maximum external pitting rates of the water mains samples taken from the 

two districts found that Etobicoke's water mains have generally experienced higher pitting 

rates than those located in the district of Toronto. Since Etobicoke's water mains are 

typically 30-50 years younger than those in the district of Toronto the higher observed pitting 

rates may be a cause for concern. Water mains in this area of the city rnay start to fail more 

frequently as tirne passes. 
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3.7.7 Corrosion Index 

Figure 3.10 displays the corrosion index of each pipe sample collected during the study. 

The corrosion index is equal to the depth of the maximum corrosion pit divided by the 

thickness of the pipe wall. A corrosion index of O corresponds to no external corrosion. A 

value of i means that the pipe wall was completely perforated. Looking at Figure 3.10, it can 

be seen that the sections of water main from the district of Etobicoke were generally more 

corroded than the samples from the district of Toronto. 

However, it is important to note that this display is based on very limited data. The corrosion 

index number for a specific location is based on a small sample of the water main. It should 

not be taken as representative of the condition of the water mains over a large area. To 

produce a more accurate corrosion map of the city's water mains it would be necessary to 

take a number of pipe samples and average the amount of external corrosion over a specific 

water main segment. 

3.8 Recommendations 
In combination with traditional analysis techniques a GIS is a powerful tool for identifying 

the areas of the city where future investigations should be focused. It is also an excellent way 

of storing and collating the collected data for future analysis. Based on the results of this 

study, it is recommended that a testing program be established by the City of Toronto to 

continue collecting data about the properties of the soi1 surrounding the city's water mains. It 

is also recommended that a higher resolution surficial soi1 map be developed for the city. 

Such a map coufd be based on borehole logs the city has ready access to such as those kept 

by the Toronto Transit Commission. 

By combining the results of the testing program with an accurate soi1 map it would be 

possible to more precisely establish the conditions affecting the city's water distribution 

network. A GIS containing such a database could then be used to identify the areas of the 

distribution network most at risk for external corrosion based on the properties of the 

surrounding soil. This information in combination with historical performance records and the 

identification of critical users (such as hospitais, schools and retirement homes) could then be 

used by city managers to prioritize water main rehabilitation and replacement programs. 
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Figure 3.7 - Subhide Distribution Referenced to Street Mai, 

Figure 3.8 - AWWA Score Referenced to Soil Map 
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Figure 3.9 - Maximum External Pittina Rates Referenced to Street Man 

Fiaure 3.10 - Corrosion Index Referenced to Street Mar> 
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3.9 Conclusions 
While GIS'S are being used by many cities to manage their assets the level of wmplexity 

regarding the type of data stered varies widely. A survey of 35 cities, found that very few 

organizations completely rely on a GIS based system to store, maintain and retrieve records 

but the trend is heading that way. The survey also found that GIS'S have k e n  successfully 

used by other cities to plan and prioritize water main rehabilitation programs. 

When the data collected during the City of Toronto water main investigation was spatially 

analyzed with a GIS it was found that: 

Based on the A W A  soil conosiveness scorÏng system the district of Etobicoke's water 
mains are located in soils considered to be "corrosive". 

With one exception, al1 of the soi1 samples taken from the district of Etobicoke had 
resistivities lower than 2000ZT.cm. Since low soil resistivity increases the risk for external 
corrosion, Etobicoke's water mains are potentially at greater risk than those located in the 
district of Toronto. 

Water mains located in the district of Etobicoke have experienced higher external pitting 
rates and show more evidence of external corrosion than do water mains located in the 
district of Toronto. 

Generally, water mains in the City of Toronto are not at risk for deterioration due to 
sulphate reducing bacteria. However, there is some evidence indicating that water mains 
in the northem part of the district of Etobicoke are potentially at increased risk for 
microbiological corrosion. Additional investigations are needed to confirm this. 
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3.1 2 Appendix - Sample Questionnaire 

1) Does your Public Works Department (specifically the waterworks department) use GIS? If 
yes, how long has it been in use? 

2) What type of GIS applications are being used (ArcView, Arclnfo, Mapinfo, etc..)? 

3) Is the internet used in any way to provide access to the GIS database? 

4) In creating the GIS, how rnuch of the total time and cost would you estimate was spent on 
developing/converting/creating the databases? (ie; did paper records have to be digitized, did 
new data have to be collected or old digital data converted?) 

5) How detailed is the information that is available through your GIS system? (ie; in the case 
of water mains, can historical data about repairs and maintenance be accessed, work- 
orders?) 

6) 1s the GIS database static or dynarnic? By this 1 mean is it updated frequently (real tirne, 
daily, weekly, etc ...) or infrequently? 

7) Down to what level can the information stored in the GIS database be accessed? Can a 
work crew in the field access the database or is access Iimited to managers? 

8) What are the future plans (if any) for GIS? If it hasn't been done already, are their any 
plans to undertake a systematic effort to update the database or to make the data available to 
a wider range of people (down to the work crew level)? 

Q) Based on your own experience has using GIS made it easier and more efficient to 
maintain and rnonitor the city's infrastructure? What would you do improve the system? 

10) As someone in the industry, are there any questions you would like asked about how 
other Public Works Oepartments are using GIS? 
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The external corrosion of buried cast-iron water mains is a complex phenomenon infiuenced 

by rnany factors. While the corrosion processes which cause water mains to deteriorate are 

understood and the soi1 properties which affect the rate of corrosion have been identified 

there is great difficulty in applying that knowledge to practical problems. As shown by the 

results of this investigation no single soi1 property can be used to accurately predict the rate of 

external corrosion al1 of the time. Extemal and localized factors such as stray direct current 

may cause severe corrosion even in soils with high resistivity, neutral pH's and no sulphate 

reducing bacteria. However, the data collected during this investigation does indicate that of 

the various soi1 properties tested for, resistivity is the best indicator of the external corrosion 

rate. 

The data-set collected during this investigation is too small to allow accurate predictions to 

be made about which areas of Toronto's water distribution network are most at risk for 

deterioration in the future. If it is desired to produce some sort of predictive model it will be 

necessary to develop a larger database about the properties of Toronto's soils. Such a 

database would also sewe to better define the influence of the various soi1 properties on the 

external corrosion rate. Perhaps a larger dataset would show a clearer correlation between 

the external corrosion rate and resistivity, pH and sulphide content. It is the opinion of the 

author that such a database combined with an accurate surface soi1 map would be a useful 

predictive tool. Other cities have successfufty utilized GIS technology to access such 

databases. Such a GIS could also be Iinked with a statistical program to further predict which 

areas of the system are most likely at risk for deterioration. 

This thesis has also hightighted some future areas of research regarding how soi1 influences 

external water main corrosion. One area would be to study how the various native soils in the 

Toronto area affect the polarization rate of cast-iron- Establishing if a certain soif formation 

depolarizes the cathode or anode would be useful for identifying potential problem areas. 

Another area of research would be to identify the specific sulphate reducing bacteria present 

in Toronto's soils and quantify the relationship between a soil's sulphide content and the 

amount of bacteria present. This would also be useful towards refining the AWWA soi1 

corrosiveness scoring system regarding sulphides (as it presently only describes the sulphide 

content of a soi1 qualitatively). A final potential area for study would be to examine how 

chIoride contamination affects the external corrosion rate of cast-iron in various soils 
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(including man-made fills). This is of importance because it may be found that granular fills 

(which based on their "nativen properties should be relatively non-corrcsive) becorne 

contaminated very quickly by chlorides lowerïng their resistivity. If used as backfill for 

trenches, they potentially could provide a worse environment for cast-iron pipes then the 

native soi1 they are replacing. 

At the very least this study has served to highlight the difficulties in conducting a water 

main corrosion investigation. Proper sampling techniques and transportation of samples are 

hard to achieve in the field when the work is being undertaken by a crew whose first priority is 

to repair a water main break and restore customer service. Future studies should consider a 

dedicated crew for the project with measurements k i n g  made in-situ. Technologies exist 

which allow in-situ readings of soi1 resistivity, pH, moisture content and redox potential to be 

made quickly. Combined with selective sampling of water main sections from various 

locations across the city a database depicting the state of Toronto's water distribution network 

could quickly be built. 

Toronto's water distribution system has performed admirably over the past century. 

However, the likelihood of failures increases with each year. At some future time, a point will 

be reached where rehabilitation is no longer effective and portions of the distribution network 

will have to be replaced. A better understanding of the factors which cause cast-iron water 

mains to deteriorate will allow repair and replacement plans to be made in a structured 

manner. Towards that goal, this thesis provides the basis for understanding how soi1 

influences the extemal corrosion of Toronto's water mains. 
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13 6 4  8 5  77 5 3  
3 9  4 2  27  3 6  4 2  
2 9  2 9  2 1  2 1  1 8  
1 4  1 5  1 5  1 4  1  
0 0 0 0 0  
11 3  8 8  4 9  6 6  
0 0 0 0 0  
0 0 0 0 0  

3 2  2 5  1 8  1 9  1 3  
0 0 0 0 0  

156 156 9 6  7 4  6 6  
0 0 0 0 0  

147 8 8  105 7 9  6 
2 4  2  2  1 5  1 5  
122 6  6  4 6  5 7  
2 2  2 2  14  1 7  19  
114 6 2  5 7  4 4  8 4  
9 9  9 9  9 9  6 1  4 5  
4 4  3 7  2 3  1 5  1 0  
1 7  1 1  1 1  1 3  1 4  
0 0 0 0 0  

2 4  3 9  2 2  2 9  1 6  
0 0 0 0 0  
0 0 0 0 0  

116 4 1  4 4  67  3 4  
5 3  5 3  4 3  3  4 2  
4 4  3 5  3 1  3 7  3 3  
12 12 12 12 12 
2 2  1 9  1 0 6  0 6  
6 5  2 6  2 5  4 6  
0 0 0 0 0  

Measurements 
lnslde 

Pi1 1 Pit 2 Pit 3 Pi1 4  PIt 5 
[mm [mm I m m  I m m  [mm 

5G 3 4  3 5  3 6  5 2  
3 9  3 8  3 9  2 5  2 5  
27 2 5  2 7  6 6  2 3  
2 9  2 8  2 5  2 4  2 6  
2 5  4 5  3 3 3  2 6  
3 1  2 3  3 8  3 2  2 4  

1 0 0 0 0 0  
1 2  2 5  1 7  1 6  1 5  
' 2 1  1 9  1 8  2 5  2 2  
3 8  2 8  3  2 2 4  

2  2 2  1 6  1 5  2 2  
3 4  6 4  9 1  7 2  5 2  
2 8  1 7  1 9  1 6  2 1  
3 3  3 8  3 3  2 8  2  
3 9  3 8  3 9  2  1 8  
2 1  1 8  2 2  1 1  17  

, 3 1  4 3  3 9  3 2  2 9  
4 1  4 2  3 2  3 4  3 6  

2 8  3 4  2 8  4 5  3 3  
5 4  3 2  3 9  3  3 7  

47 3 1  2 4  2 8  2 8  
4 1  3 2  3 1  3 4  2 8  
2 5  2 7  2 2  3 1  3 3  
3  2 5  4 1  2 5  2 4  

2 8  3 9  3 4  2 7  3 2  
4 6  2 8  2 5  4 3  37 
3 6  3 9  3 6  3 2  3 8  
2 8  2 4  2 1  2 9  2 1  
2 5  4 1  4 1  2 3  2 8  
38  2 5  19  27 37 
3 8  3 5  3 3  3 3  3 9  
2 9  2 2  1 6  2  13  
5 1  4 1  4 6  4 9  5  
3 9  27  3 2  3 2  3 8  
3 8  2 4  3 7  3 2  4 3  
4 4  4 3  1 9  2 2  3 1  
2 5  27  2 4  2 4  3 2  
3 2  3 2  4 9  2 2  2 8  
3  2 8  3  2 5  3 3  

4 3  3 7  3 9  4 2  4 1  
2 3  1 7  2 2  1 3  2  
4 8  27  2 5  3 6  3 1  
7 1  4 8  2 5  3 1  21  

1 4 3  3 1  2 7  1 9  2 

ïqiam 
Thicknes 

[mm1 
10 7 
11 7 
11 1  
14 4  
11 5 
10 7  
11 
9 6 
12 6 
12 1  
10 6 
12 

13 9 
12 
13 
9 9 
11 8  
11 7  
12 7  
11 

10 9 
11 4  
11 6 
15 9 
15 6 
12 8 
17 7  
12 1  
12 2  
15 6 
11 4  
9  9 
10 2  
12 1  
12 1  
14 

14 1 
11 7 
11 6 
12 6  
11 9 
12 

13 1  
14 8 
13 4  
11 4 - 

Brlef Oescrlptlon of the 
Aspect of the Exterior Surface of the Plpe 

Cleari 
120' Medium sire shallow pils 

509's Undorm corrosion 
Clean 

90' General corrosion 
30' Heavy localised corrosion with holes 

Chain handling and dragging paltern 
Ckan 
Clean 

Localised corroston pits 
Six localised and united small pits 

One localised corrosion palch 
Clean 

Two opposile. localised corrosion areas 
45' Highly localised corrosion mth hole 

Cocatised corrosion patch 
Less lhan len pits in two areas 

Fairly clean 
Clean 

Exlensrve general corrosion 
Clean 
Clean 

Unilorm corrosion. wide pits 
Clean 

M ~ s S N ~ .  general corrosion on 270'. big pils 
Clean 

50% Big and decp pi16 
Little localised corrosion 

Heavy unilorm corrosion everywhere 
Few medium size shallow pils 

Bi0 pils al1 around circumference 
Heawly corroded. mde and shallow pils 

Localised pits 
180' Fcw large. shallow pils 

Clean 
Very localiscd coriosion patch 

Clean 
Clean 

Badly corroded. massive mateiial loss 
Big. localised corrosion palch 

Unilorm corrosion.270' large shallow pi1 
Badly corroded on 50%, 7  penclralion holes 

Fairly clean 
Few medium size pits distributed unibrmly 

Clean 
Big, localised corrosion patch 

Brlet Oescrlptlon of the 
Aspect of the lnterior Surface 01 the Plpe 

Many. few deep pits distributed uniforrnly 
320' Very inany medium shallow pits 

Many pils dislribuled unilormly 
270' Small pils 

Few small pils Uislributed uniformly 
Small I o  medium pits dislributed uniformly 

Clean 
Very Iew pils 

Very few small pits 
Few mrnor localised pils 
50% Medium sue pi16 

Shatlow. medium pits dislributed uniforrnly 
120' Small and one medium pils 
Few rninor pits scallered around 

50% medium sue pils 
Very lew localised srna\l pits 

Ten pits on a longiludinal slrip 
KI' Few medium sue pits 

Many medium pits dislributed uniformly 
Extensive general corrosion 

40% Severely corroded 
Many wde pi16 dislribuled undormly 

Uniform corrosion. mde pits, but worse 
Few pils 

Many small pits dislributed unilorrnly 
50% Small but inany pils 

Few medium pils distribuled uniforinly 
Pits dislribufed unilomly 

Many medium pits distribuled unilorrnly 
Few medium pds dislribuled everywhere 

Medium sue pils dislributed uniforrnly 
Very tew localised small pits 

Localijed pits 
Medium sue pils dislribuled uniforrnly 

270' Pits and general corrosion 
50% Many small pils. the resl un~corroded 

270' Large number of small pils 
50% Few medium suc pils 

45' Localised general corrosion 
Pits distributed uniformly 

fwo close palcties of medium sue pits 
Few deep pits 

120' Medium sue pits 
Few medium sue pits distribuled unilormly 
General corrosion and 120' medium pi16 

Clean 



mm [mm [mm [mm [mm 
3 2  3 3 2  1 8  1 8  

r Plt Deptl 
Outslde 

l. Pit 1 Plt 2 Pl1 3 Plt 4 Pit ! - 1 
1 

l 

1 

1  

1 
1 

1 

( 

I 

1 

1 
! 
I 
i 
i 1 
' 1  

Reiwrements 
lnslde 

Plt 1 Pit 2 Plt 3 Pit 4 Pit ! 
mm [mm [mm [mm [mm 

3 3 1  3  3 2 1  
5 1  6 2  4 5  5 5  4 6  
3 4  3 4  3 4  3 2  2 8  
0 0 0 0 0  

3 4  3 4  3 8  3 1  2 9  
0 0 0 0 0  

2 7  1 9  2  2 2  2 2  
2 2  2 8  3 2  27  2 8  
2 5  3 3  3 4  3  3 1  
3 4  3 2  1 9  2 7  2 5  
3 4  1 5  2 2  1 1  3 2  
3 2  2 2  3 2  3 8  2 7  
2 9  1 8  2 9  1 4  2 1  
3 9  3 8  4 1  3 6  3 1  
2 7  2 4  2 4  2 1  2 5  
2 4  2 7  1 9  2 7  3  
3 2  2 9  4 4  3 3  3 8  
5 1  3 4  3 8  3  3 4  
3 7  5 3 4  3 8  3 9  
3 5  3 6  3 5  3 9  2 8  
2 7  2 7  4 4  5 4  2 3  
3 6  3 6  3 4  3 6  2 2  
3 9  5 3  4 7  3 8  3 3  
4 2  3 8  2 9  3 1  3 2  
4 1  2 7  3  3 9  2 5  
152 3 9  3 3  4 7  4  
3 9  3 3  2 4  3 6  3 3  
5 9  5 4 6  5 3  6 3  
3 8  2 8  2 8  2 2  2 3  
3  2 5  1 8  1 4  1 3  

3 8  3 3  3 7  1 9  2 
0 0 0 0 0  

2 4  3 3  3 6  3 7  3  
4 3  4 3  3 5  3 6  2 8  
2 9  4 1  2 7  27  2 3  
1 8  22  0 7  1 5  1 
0 0 0 0 0  

2 8  3  2 4  2 3  2 5  
3 3  3 2  3 4  3 2  3 1  
3 8  3 3  2 5  1 9  2 4  
5 3  5 3  4 8  5  4 4  
4 4  3 6  3 9  3 1  2 3  
4 6  5 1  4  4 8  3 3  
3 6  2 5  2 3  14 1 3  
3 8  3 3  3 3  3  2 2  
3 8  2 8  2 1  1 1  2 7  
27 4 3  2 6  1 6  1 3  
2 5  2 4  1 9  2 4  2 4  
2 4  2 9  2 2  26 1 8  
3 8  4 3  3 7  2 5  2R 
5 8 2 6 2 1  ? 1 8  

qïëxm 
'hlcknes 

[mm1 - 
15 

11 6 
13 1 
9 4 
17 
9 9  
10 6  
11 6 
17 9  
17 

11 1  
11 2  
15 1  
10 8  
10 2  
10 2  
12 1  
11 6 
10 5 
11 5 
11 2 
11 9  
10 9  
9 9  
15 3  
16 9  
11 5 
10 9 
18 

12 2  
11 6 
14 3 
12 8  
10 0 
14 3  
9  5 
7  6  
10 2 
12 7  
10 3  
12 8 
12 

13 7  
10 2  
11 1 
10 1 
10 4 
10 
9 5 
12 5 
10 5 - 

Brlef Descrlptlon of the 
Aspect of the Erterlor Surface of the Pipe 

Fcw pils 
4 5 ,  Localiscd small to medium size pils 

Heavy localised corrosion 
Clean 

Heavily corroded, large and deep pits 
Ten medium sue pils 

Small pits dislributed uniformly 
Shallow medium pits over 270' 

Clean 
Clean 

Many shallaw, medwm pits a l  around 
Clean 
Clean 

Very many small pits dislributed uniformly 
One pit only 

Highly localised corrosion mth big pits 
150' Lighl uniform corrosion 

Lighl uniform corrosion al1 around 
Lighl uniform corrosion al1 around 

Clean 
m e r  180' swere corrosion 

Clean 
150' Uniform corrosion m lh  holes 

50% Badly corroded wth holes. lest is good 
Few localised. medium, deep pils 

Few pits 
Unilorm generalised corrosion 

Little localised corrosion 
Localised corrosion sPip wth many pits 

Cocalised pils wl hole, uniform on opposile 
One pi1 only 

50% Large and wde ptts 
Clean 

Tm areas of localised corrosion 120' apafl 
A few small pils. in ~ o o d  overall condition 

Very few localised pils 
Holes, pils distribuled undormly 

Dcep longitudinal groove. deep pils 
Local pipe mechanical damaoe 

Very few pits 
Cocalised corrosion wilh large hole 

Fairly clean 
Fairly clean 

Large corrosion palches 
Band of pits around the pipe. ctiain handling 

Uniform generalised corrosion 
Two aieas 01 localised corrosion 180' apafl 

Localised corrosion 
Faiily clean 

One localised corrosion palch 
Few pils 

B r l d  Descrlptlon of the 
Aspect of the Inlerior Surlace of the Pipe 

Few pits 
270' Medium sizc pits 
50% Medium sue pits 

Clean 
Small Io  medium sue pils al1 around 

Clean 
Small pits distributed uniformly 

F w  small pns over 270' 
Small Io  medium pils in Ihree 60' areas 

120' Çew medium sue. shallow pits 
General corrosion and 90' wone strip 

Unilorm corrosion. few shallow pils 
Few localised pils on a narrow slrip 

Ptts distributed uniformly 
Very many pits distributed uniformly 
220' Very many small I o  medium pils 

Locahsed corrosion strip w l h  medium pi16 
Localised wde longitudinal corrosion strip 

Localised longitudinal corrosion strip 
Cocalised corrosion patch with some pits 

30' Uniform corrosion 
Pits dislributed uniformly 

Medium sue pits distribuled uniformly 
Pits distributed unilorrnly 

Small 10 medium pits distributed iiniformly 
Very many small pits distributed unilormly 

Wide p ~ l s  distribuled uniformly 
Nsrrow pits distribuled mformly 

Many small to medium ptts over 120' 
Few pits 

Pits distributed unitormly 
Clean 

45' Area of small pits 
Pits distribuled unilormly 

In good condition 
Almost clean 

Clean 
Many small pits distributed uniformly 

Pils distributed uniformly 
Very few pita 

Pits dislributed uniformly 
Pits dislribuled uniforrnly 
Pils distributed uniformly 

Few pils 
Localised pils 

Pils dislribuled uniformly on 50% 
Pils dislribuled uniformly 

Many pils distribuled uniformly 
50% Sii~all pits distribuled iiniformly 
Miiny small pits didribuled uniformly 

Fcw p i s  




