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Abstract 

North American water distribution networks are at significant risk of failure due to aging cast iron 

pipes. For instance, of the 650,000 kilometers of cast-iron pipes in active service in the United 

States and Canada, more than 80% are beyond their intended service life. These aging and 

deteriorated pipes are failing at an alarming rate (22 breaks per 100 km per year), resulting in 

significant disruption to drinking and emergency water supply. The capital investment gap to 

replace this inventory is too large and will likely take several decades to bridge at the current 

replacement rate of the order of 0.8% per year. Meanwhile, infrastructure managers rely on 

managing this gap through simplistic replacement prioritization, e.g., the oldest pipes are the most 

at risk. Such age-based prioritization schemes disregard multiple risk drivers that contribute to 

pipe failure. Risk-based decision support frameworks that go beyond simple prioritization schemes 

by considering multiple risk drivers are necessary to identify and prioritize the most at-risk 

segments of the network, thereby leading to the better management of the aforementioned gap. 

Previous studies showed that localized corrosion flaws, also known as pitting corrosion, on the 

external surface are primarily responsible for damage in pipes, and the strength of these 

deteriorated pipes to withstand loadings constitutes their stress capacity. On the other hand, the 

stresses caused by different loads on the pipe comprise stress demand. Field failure data indicate 

that the plausible failure mechanism is flexure which causes òfull-circle breaks.ó In the Central and 

Northern California region, where expansive soils are prevalent, a majority of these beaks (~ 60%) 

occurred during the months of high rainfall. This suggests that the plausible loading mechanism 

is moisture-induced differential soil expansion/contraction. 

Despite that, studies focused on flexural failures driven by differential soil expansion and the 

overall reliability of pipes situated in environments where potential for moisture-induced 

differential soil expansion/contraction exists have not been studied well. In this thesis, a 

probabilistic framework is developed for the assessment of pipe-soil systems vulnerable to fracture 

caused by a combination of pitting corrosion and moisture-induced soil expansion. The main 

objectives of this thesis are twofold. First, a physics-based approach is employed to develop an 

analytical soil-pipe interaction model that can predict full-circle breaks given a range of parameters, 
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such as pipe configuration, soil conditions, and triggering factors (soil expansion). The model is 

based on classical solutions for beams on elastic foundations that are enriched to reflect material 

nonlinearities in the soil medium. The model development and comparision are supported by a 

suite of continuum finite-element simulations that simulate detailed interactions between the pipe 

and soil. The proposed analytical model demonstrated that it is able to reproduce flexural stresses 

in a range of pipe configurations with good accuracy and in a fraction of the computational time 

compared to detailed finite-element models. Next, a risk-based assessment methodology is 

developed which builds upon this pipe-soil interaction model along with corrosion equations 

estimating pitting damage in the pipe wall. The sources of uncertainty (uncertainties in various 

input parameters and the model itself) in all the components are rigorously analyzed and 

characterized. Subsequently, stochastic simulations employing Monte Carlo procedure is 

implemented to synthesize various uncertainties into a probabilistic estimate of the failure of a 

pipe segment, defined by its configurational parameters and age. The prospective use of this is 

outlined in the context of decision-support frameworks to prioritize replacement. 

In summary, this thesis presents a physics-based approach to help identify the most at-risk cast 

iron main pipes given a combination of configurational, locational, and seasonal factors. The 

outcome of the research is (1) a computationally inexpensive pipe-soil interaction model for pipes 

experiencing moisture-induced differential soil expansion loading and (2) a vulnerability 

assessment framework for a pipe segment given its various characteristics and 

environmental/loading factors. This approach may be conveniently used by utility operators 

within a decision support framework for asset management and the prioritization of replacement. 
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Chapter 1 

Introduction  

North Americaõs water infrastructure is in decline, and the signs of distress surface recurrently as 

water mains break, causing water loss and service disruptions (e.g., Figure 1.1). For transmission 

and distribution of water, water industries rely on underground pipe networks, which still consist 

of large proportions of decades-old cast iron pipes. Currently, cast iron water mains constitute 

approximately 28% (by length) of the water distribution network across the United States and 

Canada [1]ñthis corresponds to roughly 600,000 km of pipe length. A majority of these cast-iron 

mains (>80%) were installed around the 1940s [2], and many are severely deteriorated due to 

corrosion. The life expectancy data estimated by American Water Works Association [3] suggest 

that these pipes are beyond their intended service life. For example, the expected life of pipes laid 

around the 1920s and 1940s are about 100 years and 75 years, respectively [3]ñnote that the older 

pipes are expected to last longer because of the overuse of the material. This data suggest that a 

large majority of these pipes are highly vulnerable to loss-of-service events, such as fracture, in the 

coming decades. 

A comprehensive study by Folkman [1] on water main breaks in the USA and Canada shows 

that the failure rate is highest in cast-iron pipes. These pipes are failing at an alarming rate (20.8 

breaks per 100 km per year in the USA and 30.2 breaks per 100 km per year in Canada), resulting 

in significant disruption to drinking and emergency water supply. Furthermore, comparing this 

2018 survey to the 2012 survey [4], the break rate in cast-iron pipes has increased by over 40%, 

thus increasing the cost of repair while simultaneously being associated with decreasing water 
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quality and increasing water loss. Each year, the USA spends around $4.5 billion to operate and 

maintain water transmission and distribution systems [5]. Meanwhile, a survey conducted by Rajani 

and McDonald [6] reported that the average annual cost of water main repairs in Canada is more 

than $80 billion. Apart from the repair cost, water main breaks also incur indirect costs, such as 

non-revenue water, street flooding, loss of business, damage to public and private properties, and 

considerable risk of contamination to drinking water. 

 

Figure 1.1: Water main failures1. 

 
1 Sources: 

https://www.cbc.ca/news/canada/kitchener-waterloo/kitchener-water-main-break-photos-1.5110533 
https://www.cbc.ca/news/canada/kitchener-waterloo/waterloo-region-water-main-breaks-potholes-warm-winter-1.5422313 
https://www.therecord.com/news/waterloo-region/2015/11/06/water-main-break-floods-ion-construction-site.html 
https://www.liherald.com/stories/water-main-break-in-lynbrook-causes-several-issues,111828 
https://www.cfpua.org/DocumentCenter/View/941/Kids-Page---Water-Main-Breaks?bidId= 
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The most direct approach to alleviate this problem is to replace all the worn-out cast-iron pipes 

from the system. The solution sounds simple enough, but far from being practical. Construction 

and maintenance of water distribution systems can be a significant burden on the nationõs 

economy, especially pipe networks that can account for 80% of the total expenditure [7]. 

According to the AWWA report [8] on the water pipe networks in the USA, replacing all existing 

cast-iron pipes at once will require an estimated $2.1 trillion. Besides, due to lack of proper 

planning and budgetary constraints, the current replacement rate for water mains is fairly low 

(Ḑ0.8% per year), and at this rate, replacing the entire network would require Ḑ125 years. 

Given the condition of pipe networks and capital constraints, it is critical to identify and 

prioritize the most at-risk pipe segments for replacement because replacing the entire network at 

once is infeasible. Many cities have embarked on major infrastructure revitalization projects with 

a focus on cast iron pipe replacement [9]. However, currently, operators utilize a simple 

prioritization approach; simply replacing pipes in the order they were installed [10] by assuming 

that the oldest pipes are the most at risk. Field failures of pipes may not necessarily follow this 

pattern, e.g., as noted by Pericoli et al. [11] in the City of Sacramento, suggesting that factors other 

than age contribute to the failure process. Such factors include pipe location, soil type, and pipe 

diameter/thickness, as well as seasonal variations in temperature, precipitation, and soil saturation. 

Consequently, approaches that consider such factors are required to effectively identify and 

prioritize the most vulnerable pipe segments for replacement. 

Failures of deteriorated water pipes attributed to soil conditions and climate patterns are not 

well understood. Specifically, as noted by Gould et al. [12], the effect of expansive soils on the 

failures of underground cast iron pipes has received limited attention in research. Pericoli et al. 

[11] studied the field failure data of cast iron pipes in the City of Sacramento and observed that a 

majority (~ 60%) of the òfull-circle breaksó (fracture transverse to the pipe axis) coincided with 

periods of high rainfall. This observation combined with the prevalence of expansive soils in the 

Sacramento area points towards moisture-induced differential soil expansion/contraction as a key 

risk driver for such failures. This type of failure is not only limited to the Sacramento area but are 

 
https://bloximages.chicago2.vip.townnews.com/napavalleyregister.com/content/tncms/assets/v3/editorial/8/58/858be80f-
2865-5fdc-bcc3-0630d5f33539/4dcac49b16d9e.image.jpg 
https://live.staticflickr.com/4620/40540970652_628ccc67ec_b.jpg 
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prevalent across North America and other locations where expansive soils are prevalent (various 

locations in the USAð [13]; the Midlands region, Englandð [14]; Dallas County, Texasð [15]; City 

of Regina, Saskatchewanð [16]). Despite the prevalence of expansive soils in large parts of North 

America, studies focused on flexural failures due to differential soil expansion have not received 

the attention they deserve. 

1.1 Research Objectives 

The overarching goal of this thesis is to develop a risk-based2 assessment methodology for pipe-

soil system vulnerable to pitting corrosion and moisture-induced soil expansion. The developed 

framework will rank various regions of a pipe network based on the risk factors or stressors. Along 

these lines, the proposed research objectives are summarized as follows: 

¶ To develop a physics-based analytical model that will quantify flexural stresses in pipes 

subjected to moisture-induced soil expansion. 

¶  To develop a probabilistic framework for risk assessment of cast-iron pipes by -soil 

systems vulnerable to fracture caused by a combination of pitting corrosion and 

moisture-induced soil expansion. 

1.2 Organization of the Thesis 

The thesis contains 6 chapters and is organized as follows: 

¶ Chapter 1 provides a brief introduction and motivation for identifying the most at-risk 

cast iron pipes given a combination of configurational, locational, and seasonal factors 

and presents the overarching research goal. 

¶ Chapter 2 provides background of different mode of water pipe failures and loading 

conditions. Following this, moisture-induced soil loading is discussed which includes 

 
2 Note that, in this thesis, the terms òriskó and òreliabilityó are analogous to the probability of failure and the 
probability of survival, respectively. In this study, both these terms are used interchangeably to represent the 
probability of occurrence of an event. The formal definition of òriskó, as given in BS 4778 (BS 1991), combines the 
probability of occurrence and consequence of the occurrence of an event. The consequence of pipe failures is 
briefly discussed in the appendix with an example. 
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theory of soil expansion and a review of existing pipe-soil interaction models. Next, a 

brief review of the literature on risk assessment of deteriorated cast-iron pipes is 

presented. Finally, research gap areas are identified, and specific research objectives are 

outlined. 

¶ Chapter 3 presents a three-dimensional continuum finite element study to investigate 

the cast-iron pipe response to moisture-induced differential soil expansion. 

Subsequently, the impact of varying problem geometry and material characteristics on 

pipe deflection and stresses is assessed. 

¶ Chapter 4 presents an analytical model to predict pipe flexure stresses due to moisture-

induced soil expansion, given a range of parameters that describe pipe configuration and 

soil conditions. Moreover, a validation of this analytical model against finite element 

predictions is presented. 

¶ Chapter 5 presents a probabilistic framework for the assessment of pipe-soil systems 

vulnerable to fracture caused by a combination of pitting corrosion and moisture-

induced soil expansion. The prospective application in decision model aimed at 

identifying optimum pipe replacement is presented. 

¶ Finally, several conclusions resulting from the presented work are discussed in Chapter 

6. Several recommendations for future study are also discussed, followed by a summary 

of the significant contributions of the current work. 
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Chapter 2 

Background 

In line with the research objectives proposed in the previous section, this chapter provides the 

background of the study. The overall reliability assessment process can be considered as a four-

step procedure: (1) characterization of pipe failure mechanism which involves identification of key 

loading conditions experienced by a typical pipe located within the water distribution network, (2) 

characterization of pipe damage mechanism resulting in capacity estimation of the pipe, (3) 

formulation of a risk assessment model by combining the results from (1) and (2) which yields the 

probability of pipe failure, and (4) recommendation for a pipe replacement strategy by extending 

the results of the pipe segment to the pipe network. 

Accordingly, this chapter starts with a discussion of different types of failures in cast iron pipes 

and loading conditions that are common in pipe networks. The loading due to moisture-induced 

soil expansion, which is regarded as the plausible failure mechanism responsible for the majority 

of pipe fractures in North American pipe networks (where expansive soils are prevalent), is then 

discussed thoroughly. This discussion includes the theory of soil expansion and a review of 

analogous pipe-soil interaction models developed in other fields, such as pipe crossing faults and 

tunneling effect on buried pipes. Next, a section is devoted to reviewing studies of modeling cast 

iron corrosion damage in a soil environment. Next, a brief review of the literature on risk 

assessment of deteriorated cast-iron pipes is presented. Finally, key research gaps are identified, 

and specific research goals are outlined. 
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2.1 Cast-iron Material 

Cast iron (particularly gray cast iron) is a legacy material in water pipes throughout the world. 

According to Cast Iron Pipe Research Association [17], cast-iron pipes were first installed in 

Europe as early as the 1600s; however, it was the dominant water pipe material from the mid-

1800s to the 1950s. While some contemporary cast-iron (i.e., ductile iron) continues to be installed 

today, in the USA, the oldest cast-iron pipes still in use were installed in the 1880s [2].  

Since it was first introduced, cast iron pipe manufacturing techniques have changed significantly. 

Two primary types of casting methods, pit cast and spun cast, were used to produce cast iron 

pipes [17]. Pit casting typically involved the use of upright sand molds assembled in pits. Spun 

casting used horizontal, spinning molds, which were made of sand or metal. The metal molds were 

water cooled, which promoted more rapid cooling of the pipes. The different casting methods 

produced profound differences in the metallurgy of the pipe material which affected the 

mechanical properties [18]. The mechanical properties of exhumed gray cast iron pipes were 

investigated by Makar and McDonald [19]; Figure 2.1 shows a typical stress-strain curve in tension 

for pit cast and spun cast iron pipes. Referring to this figure, it is evident that the mechanical 

behavior of spun cast iron pipes is different from pit cast iron pipes and that pit cast iron pipes 

exhibit lower elastic modulus and ultimate strengths in tension. 
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Figure 2.1: Typical tensile stress-strain curves for pit cast, spun cast (different samples) and 

ductile iron [19]. 

2.1.1 Cast-iron Pipe Failure Modes 

The lifecycle of a typical buried pipe can be described by the òbathtub curveó [20], as shown in 

Figure 2.2. This consists of three phases: a burn-in phase, an in-usage phase, and a wear-out phase. 

The burn-in phase describes a period right after installation where breaks occur mainly due to 

faulty installation or major material defects. Breaks decline over time and enter the in-use phase, 

where it attains minima and a steady state. However, failure due to unexpected conditions could 

occur, but they are generally unexpected. The third and the most troublesome phase is the wear-

out phase, which is characterized by a higher frequency of failures due to factors related to pipe 

ageing. Currently, about 28% of all existing water pipes in North American pipe networks which 

are made out of cast iron are in the wear-out phase [1]. According to AWWA [8], the pipes 

manufactured at different times in history have different life expectancies due to changing 

materials and manufacturing techniques. For example, the oldest cast iron pipes dating back to the 
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late 1800s have an average life expectancy of about 120 years. The pipes laid around the 1920s 

have an average life expectancy of about 100 years. The more recent piped, laid around 1940s, 

have the least life expectancy of around 75 years. This information indicates that cast iron pipes 

have reached their life expectancy in the majority of installations. 

 

Figure 2.2: Life cycle of a buried pipe [20]. 

Pipe failures occur due to accumulated damage followed by an associated loading event. In cast-

iron pipes, the different modes of pipe fractures, classified by Clark et al. [21], include: (a) 

longitudinal cracks, (b) circumferential cracks, (c) split bell, and (d) corrosion holes. Examples of 

failed pipes exhibiting these modes clearly are shown in Figure 2.3.  
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(a) (b) 

  

(c) (d) 

Figure 2.3: Different modes of failure (a) longitudinal failure (b) circumferential failure (c) split 

bell (d) corrosion holes (from pipe fracture data, The City of Sacramento). 

Excessive circumferential stress probably due to internal water pressure causes longitudinal 

cracks that are confined to large diameter pipes [22]. On the other hand, circumferential cracks 

are the most common failure mode in small diameter pipes and are responsible for more than 

60% of the failures [6]. Typically, this type of failure occurs due to high longitudinal stresses caused 

by axial tension and bending which is the result of temperature change, ground movement, soil 

settlement, traffic load, etc. [23]. Bell splitting is mainly caused by the differential expansion due 

to the temperature change of filler material (leadite seal) used in the bell and spigot joint [22]. 

Corrosion holes occur due to the combined effect of pitting corrosion and water pressure inside 

the pipe, where pitting thins the pipe wall to the point where the water pressure blows out the 

remaining thickness. 

Pericoli et al. [11] studied the field failure data of cast iron pipes in the City of Sacramento and 

observed that a majority (~ 60%) of failures are circumferential (full-circle breaks transverse to 

the pipe axis) and they occurred during the months of high rainfall (see Figure 2.4). Furthermore, 

a moderate increase in failures can be seen in the extreme dry month, which might be associated 

Circumferential Crack 
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with human-induced moisture change in the soil (such as irrigation and watering lawns). This 

observation combined with the prevalence of expansive soils in the Sacramento area points 

towards moisture-induced differential soil expansion/contraction as a potential risk driver to 

explain such failures. This type of failure is not only limited to the Sacramento area but are 

predominant across North America and other locations where expansive soils are prevalent 

(various locations in the USAñ [13]; the Midlands region, Englandñ [14]; Dallas County, 

Texasñ [15]; City of Regina, Saskatchewanñ [16]). Despite such prevalence of expansive soils in 

large parts of North America, studies focused on flexural failures driven by differential soil 

expansion and reliability of such systems have not received the attention they deserve. This 

provided the motivation of this thesis to investigate the flexure failures in cast-iron water pipes 

caused by soil expansion, which has largely been overlooked in the literature. Expansion in soils 

can result from two different mechanisms: frost induced expansion (frost heave) and moisture-

induced expansion (reactive soils). In this thesis, the investigation is limited to moisture-induced 

soil expansion; however, the pipe-soil interaction model developed in this thesis can be easily 

modified to capture the pipe response in frost-induced soil expansion and included in the reliability 

assessment framework. 

 

Figure 2.4: Precipitation data and full-circle breaks in the City of Sacramento from 2000 to 

2011. 
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2.1.2 Cast-iron Pipe Failure Criteria 

Cast-iron water mains are continuously subjected to deterioration caused by corrosion that 

undermines their resistance to internal and external loads. Consequently, failure is defined when 

existing stresses on structurally deteriorated pipes exceed their structural capacity (stress capacity). 

The structural capacity of a deteriorating pipe diminishes as corrosion pits initiate randomly and 

subsequently grow over time. Cast iron is a brittle material and typically fails through facture rather 

than through yielding. Two specific failure criteria are applicable to cast iron, namely, in-plane and 

bi-axial distortion energy [24]. Based on his experimental work, Mair [25] concluded that the failure 

criterion in cast iron is best represented by the distortion energy theory given by von Mises. This 

theory states that failure by fracture occurs when the distortion energy per unit volume at any 

point in the body becomes equal to that associated with the fracture in a simple tension test [26]. 

The biaxial failure criterion based on distortion energy theory is given as 

where „ and „ are biaxial stresses, and „ is the ultimate tensile strength. 

2.2 Failure Mechanism Associated with Moisture-induced Soil 

Expansion 

2.2.1 Theory of Soil Expansion 

Expansive soils (also known as swelling or reactive soils) absorb moisture from available sources 

(such as rainfall, watering, irrigation, or leakage from water supply pipes or drain) and produce 

heave. Conversely, they can also contract when dry, resulting in shrinking and cracking of the 

ground. This heaving-and-shrinking is known as òshrink-swelló behavior [27] . Expansive soils 

exhibit expansion/contractions primarily due to a high percentage of fine-grained clay particles. 

Briefly, these clay particles consist of minerals (montmorillonite, elite, and kaolinite) containing 

sheets of silica tetrahedrons trapping octahedral aluminum hydroxide and other ions (for detailed 

configuration see [28, 29]). Due to the excess negative charge on these minerals, they absorb water 

and expand. Similarly, due to evaporation, they lose water and contract.  

 „ „„ „ „  (2.1) 
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The severity of the expansive soil is controlled by the amount of moisture variation that the soil 

experiences. Even though the soil is highly reactive (expansive), no effect would be observed, if 

the soil moisture is constant throughout the year. On the other hand, areas where the expansive 

soil experiences consistent moisture fluctuation can be severely affected. The other factor that 

greatly influences the degree of expansion is the depth of active zone. According to Nelson et al. 

[30], the depth of active zone may be defined as the depth of soil that experiences moisture 

fluctuation (see Figure 2.5) and participate in soil expansion. Due to its dependency on various 

factors such as depth of water table, soil type, vegetation, temperature, and the lack of field 

measurements, a common practice in the literature is to assume this variable to be between 2 to 3 

m [31]. However, discontinuities in the soils (such as the bedding plane, cracks, and fissures) and 

the presence of tree roots have a significant influence on its values [32]. The depth of active zone 

has particular importance because the total heave can be estimated by integrating the displacement 

produced over this depth [27, 33]. 

 

Figure 2.5: Typical water content profile along soil depth. 

2.2.2 Heave Prediction Methods 

Differential movement of the expansive soil in which a pipe is buried can result in significant pipe 

deformations due to pipe curvature and bending forces. The pipe deformation and the 

corresponding stresses/strains depends on the magnitude of soil volume changes (more 

importantly vertical heaving), which can also be taken as the upper bound of the pipe displacement 
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[34]. Significant advances have been made in the literature towards the prediction of heave and 

shrink related volume change behavior of expansive soils. Heave prediction methods were first 

introduced when researchers were interested in estimating volume change due to settlement in 

saturated soils [35]. There are several procedures available in geotechnical engineering to estimate 

the 1-D heave in expansive soils. These procedures can be divided broadly into three main 

categories: empirical methods, oedometer test methods, and soil suction methods. 

The soil classification and Atterberg limits are the basis of empirical methods. Many empirical 

methods have been suggested to correlate the swelling potential to the soil properties. Table 2.1 

presents several proposed relationships between soil classification characteristics and swelling 

potential. These relationships provide an estimate of 1-D heave, and they were developed through 

laboratory experiments and field data. 

Table 2.1: Summary of empirical methods proposed in literature. 

Empirical methods Reference 

Ὓὖ πȢππςρφὍȢ  Seed et al. [36] 

Ὓὖ πȢπππτρσὍȢ  Ranganathan & Satyanarayana [37] 

Ὓὖ ρρςϳ πȢτὒὒύ υȢυυ Vijayvergiva & Ghazzaly [38] 

ÌÏÇὛὖ πȢωὍ ύϳ ρȢρω Schneider & Poor [39] 

Ὓὖ πȢςυυψὩȢ  Chen [40] 

ЎὌ ὛὖϷ Ὄ Dhowian [41] 

Where Ὓὖ is swelling potential, Ὅ is plasticity index, Ὅ is shrinkage index, ὒὒ is liquid limit, ύ 

is initial water content, ῳὌ is total heave and Ὄ is soil thickness. Note that these equations are 

specific to the study test sites. 

Oedometer tests are widely used and more common as compared to other methods. The 

swelling pressure determined from oedometer test methods is one of the key parameters used in 

the determination of the 1-D heave. The 1-D oedometer tests comprise of loading and unloading 

sequence on a soil sample to determine the swelling pressure. The index parameters (i.e., swelling 

index, heave index) can be determined from the Oedometer test, and heave can be calculated with 

the help of these parameters.  
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Table 2.2: Heave calculation from Oedometer test methods. 

Oedometer test method Reference 

ЎὌ ὅ
Ὄ

ρ Ὡ
ÌÏÇ

ὖ

ὖᴂ
 Fredlund [42] 

ЎὌ ὅ
Ὄ

ρ Ὡ
ÌÏÇ
ὖ

ὖ
 Dhowian [41] 

ЎὌ ὅ
Ὄ

ρ Ὡ
ÌÏÇ

„ᴂ

„ᴂ
 Nelson & Miller [43] 

Where, Cs is swelling index, Cr is heave index, e0 is initial 

void ration, Pf is final stress state, Põs corrected swelling 

pressure, Ps swelling pressure, P0 is effective overburden 

pressure, Ǳõf is vertical stress at the midpoint of the soil 

layers and Ǳõcv is swell pressure from constant volume 

swell test. 

The soil suction method is more advanced compared to the other two methods in calculating 

the 1-D heave in expansive soils. It uses the stress state and suction pressure to calculate heave. 

There are several heave prediction formulations based on soil suction methods available in the 

literature. The method given by Hamberg & Nelson [44] is widely used because of its simplicity. 

This method uses the relationship between water content and volume change (between shrinkage 

limit to liquid limit) which is determined from the COLE (coefficient of linear extensibility) test. 

The COLE test was developed to calculate the heave of airfield pavements [43]. In this test, the 

initial moisture content of a resin-coated soil sample is determined by measuring its volume at 33 

kPa suction pressure (soil water content at a 33 kPa suction correlate closely with field capacity). 

To determine the final moisture condition, the oven-dried sample is weighted, and volume 

measured. A COLE value for the sample is defined as the normal strain that occurs from the moist 

to the dry condition as shown in Eq.(2.2). COLE values for various locations are outlined in the 

USDA maps [45]. The COLE represents the free swell capacity of the soil, providing a convenient 

way to quantify its swell-shrink response [46]. 
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where ὒ  is the length of moist sample at 33 kPa suction, ὒ  is the length of oven dried sample, 

‎  is the dry density of moist sample at 33 kPa suction and ‎  is the dry density of oven dried 

sample. 

2.3 Pipe-Soil Interaction in an Expansive Soil 

A typical situation is shown in Figure 2.6 where a pipe is passes through an expansive soil 

experiencing moisture fluctuations. In the rainy season, the part of the soil that receives moisture 

expands and forces the pipe to move upwards. Similarly, in the dry season, the soil shrinks and 

forces the pipe to move downwards. This up and down movement causes significant bending in 

the pipe and could lead to circumferential fracture. An early experimental study by Kassiff and 

Zeitlin [47] showed that the failure in buried pipes is correlated with soil expansion. This study 

concluded that swelling in expansive soil can damage pipes by introducing cracks in 

circumferential directions. Another study [48] showed an increased failure rate of pipes in hot and 

dry seasons (after rainy seasons) and periods of relatively low annual rainfall. Furthermore, Chan 

[49] and Gould [50] showed that considerably higher percentages of failures occur in reactive soil 

zones. The number of failures varies with the seasonal climate changes in a consistent pattern. 

 ὅὕὒὉ
ὒ ὒ

ὒ

ὒ

ὒ
ρ

‎

‎

Ȣ

ρ (2.2) 
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Figure 2.6: Pipe movement due to soil expansion and contraction, Chan at el. [51]. 

A significant number of circumferential failures and their correlation with moisture change in 

the soil have led researchers to conclude that the effect of soil expansion is a major reason for 

pipe failures in the areas where expansive soils are prevalent. The differential movement in the 

soil causes significant flexural stresses in buried pipes, and when the stresses exceed the strength, 

failure occurs. Despite this, surprisingly, flexural failures driven by differential soil expansion and 

reliability of pipes have not received much attention in the literature. The next section is dedicated 

to exploring the relevant literature in the area of pipe-soil interaction modeling techniques. The 

discussion is limited to numerical simulations and analytical modeling approaches since there is a 

lack of experimental studies. 

2.3.1 Numerical Simulation of Pipes Buried in Expansive Soil 

Literature is very limited for pipes buried in expansive soil subjected to moisture variations. Much 

of the previous work has been focused on foundations and pavements built on expansive soils. 


































































































































































































































































