
Calcium Carbonate Formation in Water Distribution Systems and Autogenous Repair of Leaks 

by Inert Particle Clogging 

 

Colin Scott Richards 

 

 

Thesis submitted to the faculty of the Virginia Polytechnic Institute and State University in 

partial fulfillment of the requirements for the degree of 

 

Master of Science 

In 

Civil and Environmental Engineering 

 

 

 

 

 

Marc A. Edwards, Chair 

Sunil K. Sinha 

Fei Wang 

 

 

May 2nd, 2016 

Blacksburg, VA 

 

Keywords: Calcium carbonate, distribution system, precipitation, particle clogging, autogenous 

repair  

 

 

 

 

 

 

 

 

 

 

 

 

 



Calcium Carbonate Formation in Water Distribution Systems and Autogenous Repair of Leaks 

by Inert Particle Clogging 

 

Colin Scott Richards 

 

Abstract (academic) 

The formation of calcium carbonate (CaCO3) (i.e. scale) in potable water systems has long been a 

concern in water treatment and distribution. A literature review reveals that CaCO3 scaling issues 

are re-emerging due to climate change, temperature increases in hot water systems and lower use 

of scaling and corrosion inhibitors. Moreover, we have gathered insights that suggest CaCO3 

coatings can be beneficial and stop pipeline leaks via self-repair or clogging. Ironically, the actions 

we are taking to increase the lifespan of distribution systems (i.e. adding corrosion inhibitors) 

might have worsened leaks and pipe lifespans due to interference with self-repair. The increasing 

occurrence of scaling coupled with gaps in knowledge over CaCO3 formation in water systems 

make revisiting this topic timely. 

 

The concept of autogenous repair by clogging with inert particles was examined using silica and 

alumina. Small 250 µm diameter pinhole leaks were simulated in bench-scale water recirculation 

systems. Silica and alumina particles were added to solutions ranging from high to low ionic 

strength to determine the impact of water quality on leak repair. Size distribution and zeta potential 

of the particles were measured. Silica particles were practically unchanged by the different solution 

chemistries while the size and zeta potential of alumina particles varied. The rate of clogging with 

silica particles was not impacted by water chemistry. Alumina particles with a positive charge 

clogged 100% of the leaks while negatively charged alumina could not clog 100%. Very small 

alumina particles (4.1 µm) stayed suspended but were unable to clog leaks. 

  



 

 

Abstract (public) 

Formation of calcium carbonate (CaCO3) scale within water distribution and plumbing systems 

can cause major problems such as increased head loss and decreased energy efficiency in water 

heating systems. CaCO3 scale formation in potable water was once believed to be fully understood 

in water treatment and distribution, however there are several emerging trends that are causing the 

problematic formation to re-emerge, such as climate change, temperature increases in hot water 

systems, and lower usage of corrosion inhibitors. CaCO3 can also play a beneficial role in repairing 

leaks that form in pipelines by either depositing directly over the leak or by clogging the leak as a 

particle. Actions taken to lengthen the lifespan of water pipelines, such as adding corrosion and 

scaling inhibitors, may be having the opposite effect by preventing leak repair via CaCO3. 

 

The concept of leak repair by particle clogging was tested with alumina (Al2O3) and silica (SiO2) 

particles approximately 10-100 µm in diameter. Circular leaks 250 µm in diameter were simulated 

using glass capillary tubing in water-recirculating systems. The particles were suspended in 

recirculating water and passed through the leaks. Water quality parameters such as pH and ionic 

strength were adjusted to assess the impact of water quality on repair rate; the SiO2 particle 

characteristics were practically unchanged while Al2O3 characteristics varied. Al2O3 in lower pH 

solutions had significantly higher repair rates than Al2O3 in higher pH solutions. Very small Al2O3 

particles (1.4 µm) were not able to clog leaks over a long period of time. 
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Chapter 1: Literature Review - A 21st Century Perspective on Calcium Carbonate 

Formation in Potable Water Systems 

 

1.1 Introduction 

The prediction, monitoring, and consequences of CaCO3 formation have long been a key issue in 

potable water treatment. An early concern was that waters highly undersaturated with CaCO3 

would be corrosive to metallic and concrete pipe infrastructure (Baylis, 1935), and for waters 

highly supersaturated with CaCO3, issues related to scaling (i.e., pipe clogging, head loss, higher 

heating costs) are the primary concerns (Garrett-Price et al., 1985). In the 80+ years since the 

landmark studies examining these issues were published, many changes have occurred that can 

profoundly alter the likelihood of CaCO3 scaling in potable water systems including chemical 

corrosion control, changing water heater set-point temperatures, autogenous repair, global 

warming, biofilm growth, and erosion corrosion. This review is aimed at summarizing these 

changes and highlighting their practical implications for water utilities, regulators, building 

managers and consumers (Figure 1-1). 
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Figure 1-1 Overview of CaCO3 from source to tap: Beneficial and detrimental impacts of 

CaCO3 from source to tap. (1) Source water: Surface waters equilibrate with CO2, controlling pH 

and adding inorganic carbon to the system. Natural inhibitors to CaCO3 precipitation such as 

phosphate and NOM enter water through runoff or wastewater discharge, while calcium containing 

minerals in soils such as limestone can dissolve. (2) Water treatment plant: Corrosion inhibitors 

are also antiscalants that can inhibit CaCO3 formation. Membrane softening processes often scale 

and produce a brine reject stream with high hardness and treated water with lower hardness. (3) 

Distribution system: CaCO3 scale forms over distribution lines, protecting them from corrosive 

waters and potentially sealing leaks, but also increasing the head loss. (4) Premise plumbing: In 

households and buildings with ion exchange or RO membrane softeners, brine reject streams with 

high hardness are produced. Water heaters are very susceptible to scaling due to their high 

temperatures. Scale can easily coat heating elements and clog the narrow channels in on-demand 

water heaters. Particulate CaCO3 may accelerate erosion corrosion.  
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1.1.1 Scaling 

Scaling is the most obvious manifestation of CaCO3 precipitation in potable water systems, 

resulting in flow restrictions in the system by clogging plumbing devices and creating head loss 

(Krappe, 1940; Crabtree et al., 1999). CaCO3 scaling is a problem in granular media filters, where 

its formation can “cement” together the filter bed making it difficult to regenerate the media 

(Logsdon et al., 2002). Scaling is also a major issue in modern filters such as reverse osmosis (RO) 

or ultrafiltration membranes as it contributes to membrane fouling (Gwon et al., 2003). The 

concentration of Ca2+ and inorganic carbon in the reject stream can lead to CaCO3 precipitating on 

the membrane surface (Bremere et al., 1999) and it is recommended that feed water pH is lowered 

to prevent scaling on the membrane and brine discharge system (Seneviratne, 2007).  

 

The increased propensity of CaCO3 to precipitate at higher temperatures makes scaling a 

troublesome issue in hot water systems, especially in water heater or water cooling applications in 

which scale layers interfere with heat transfer and system efficiency. Water heating is extremely 

energy intensive, and the total energy demand for building water heating systems exceeds the 

energy demand for the entire water and wastewater utility sector (Brazeau and Edwards, 2011). It 

is estimated that a hard water can lower the heat transfer efficiency of gas storage water heaters by 

8.5%, and of instantaneous gas water heaters by 30%, over a 15 year lifecycle if no softening or 

de-liming is practiced (WQRF, 2011). Softening hard water can reduce the life cycle cost of 

instantaneous gas water heaters by 22.5% and gas storage water heaters by 6.6% over a 15 year 

lifecycle (WQRF, 2011). The annual cost of fouling for industrial operations in the U.S. alone was 

estimated in 1982 to be around $3-10 billion (Garrett-Price et al., 1985), including the cost of anti-

scaling programs, downtime for maintenance, lost production, cleaning, higher energy costs due 

to reduced heat transfer, and over-sizing equipment where fouling is expected. The worldwide cost 

in 2000 was estimated at roughly $26 billion and $8-10 billion in the U.S. alone (Müller-

Steinhagen, 2000). 

 

1.1.2 Autogenous Repair 

A possible but overlooked benefit of CaCO3 formation in potable water systems is its ability to 

seal leaks in a process known as autogenous leak repair. This method may have been first 
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discovered and applied in ancient Rome, where the addition of alkaline wood ash was used to seal 

leaking pipelines (Pollio 15 BC as translated by Morgan, 1960). Although the mechanism of leak 

repair is unspecified, the high pH of wood ash solutions of 11.7-13.1 (Pitman, 2006) would also 

cause solids to precipitate in the water and clog leaks, in addition to the particulates in wood ash 

that could directly block leaks. In modern times the self-healing of concrete cracks and leaks is 

known to be critical to the satisfactory long-term performance of concrete structures and pipelines 

(Hearn, 1998; Edvardsen, 1999). Autogenous healing via hydration reactions in concrete have been 

frequently observed (Hearn, 1998). However, CaCO3 deposition is also a major contributor to 

concrete repair (Edvardsen, 1999; Clear, 1985). Parks et al. (2010) found that concrete can also be 

repaired via magnesium-silicate precipitates which also form autogenously at higher pH in certain 

waters.  

 

1.2 Recent Trends Affecting CaCO3 Formation 

Overview. In the last half-century, the science and practice of potable water treatment and 

distribution has changed markedly in ways that can profoundly alter the extent of CaCO3 formation 

and scaling in water main and premise plumbing pipe systems (Figure 1-1). Inorganic carbon 

dissolves into natural water systems from CO2 in the atmosphere, and Ca2+ is released in natural 

waters through dissolution of minerals such as portlandite, gypsum, and dolomite that come into 

contact with the water (Table 1-1). De-icing salt can also contribute thousands of tons of Ca2+ to 

groundwater in regions where calcium chloride is used (Houska, 2007).  

 



5 

 

 

 

 

 

 

 

 

 

 

Table 1-1: Solubility of calcium containing minerals found in natural waters 

Mineral pKsp (25 

°C) 

Reaction References 

Limestone 

(calcite + 

aragonite) 

8.34 - 

8.48 

𝐶𝑎𝐶𝑂3(𝑠) ⇌ 𝐶𝑎2+ + 𝐶𝑂3
2−  Plummer and 

Busenberg, 

1982 

Portlandite 22.8 𝐶𝑎(𝑂𝐻)2(𝑠) ⇌ 𝐶𝑎2+ + 2𝑂𝐻−  Brezonik and 

Arnold, 2011 

Dolomite 17.2 𝐶𝑎𝑀𝑔(𝐶𝑂3)2(𝑠) +  𝐻+ ⇌ 𝑀𝑔𝐶𝑂3(𝑠) + 𝐶𝑎2+ +

𝐻𝐶𝑂3
−  

Sherman and 

Barak, 2000 

Gypsum 4.16 𝐶𝑎𝑆𝑂4 ∙ 2𝐻2𝑂(𝑠) ⇌ 𝐶𝑎2+ + 𝑆𝑂4
2− + 2𝐻2𝑂  Brezonik and 

Arnold, 2011 

 

CaCO3 formation as a corrosion control method has fallen out of favor. Corrosion has taken 

a heavy toll on plumbing and distribution systems throughout the U.S. The cost of maintaining the 

aging drinking water infrastructure in the U.S. alone will exceed $1 trillion over the next 25 years 

(AWWA, 2012). The original basis for controlling or reducing corrosion in potable water 

distribution systems was based on the premise that a layer of CaCO3 formed on pipe surfaces could 

almost completely protect all pipe materials from corrosive reactants in the water supply including 

oxygen and free chlorine. Numerous corrosion indices based on this hypothesis were formulated 

to monitor and control the supposedly protective carbonate scales including: Langelier saturation 

index (LSI), Ryznar stability index (RSI), Puckorius scaling index (PSI), Larson-Skold index (LI), 

and measurement of temporary hardness (Langelier, 1936; Ryznar and Langelier, 1944; Puckorius 

and Brooke, 1991; Larson and Skold, 1958). Early on some of these indices were criticized because 
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they oversimplified the process of scaling (Wiggin et al., 1938; Schneider and Stumm, 1964). Such 

views dominated potable water treatment until about the mid-1980s, when researchers studying 

corrosion began to notice that iron, lead, and copper corrosion had little to do with CaCO3 

precipitation, and a consensus emerged that the overall approach was without basis and should be 

abandoned (Stumm, 1956; Larson and Skold, 1957; Schock, 1989; AWWARF, 1996). However, 

that consensus neglected to consider the possible benefits of the approach in reducing pipeline 

leaks and extending lifetime of assets through autogenous repair processes or clogging (Tang et 

al., 2013). In practice, many water utilities continue to calculate and target specific levels of CaCO3 

saturation (or undersaturation) for corrosion control. 

 

CaCO3 scaling in building heating systems has recently become an increased concern. Many 

buildings are now beginning to target higher hot water system temperature setpoints (> 51 °C) to 

reduce growth of pathogens (e.g. Legionella pneumophila). Because the solubility of CaCO3 

decreases as temperature increases, and rates of precipitation also increase, scale formation on the 

surface of the heating element and throughout the system occurs more rapidly. Scaling can create 

serious problems including loss of heat transfer efficiency in heating systems, head loss (energy 

loss) induced by pipe clogging, and in some cases erosion corrosion from particles (Crabtree et al., 

1999; Dobersek and Goricanec, 2007; Krappe, 1940; Roy and Edwards, 2015). Lower heat transfer 

efficiency in heating systems can severely impair the proper operation of water heaters in homes 

and buildings as well as cooling towers and heat exchangers in industrial settings (Garrett-Price et 

al., 1985).  

 

Tankless on-demand water heaters are emerging as an important energy conserving device, due to 

their minimal hot water storage volumes and heat losses due to stagnation. The Department of 

Energy estimates that a centralized on-demand water heating system can reduce energy 

consumption by 8-34% (U.S. DoE) compared to conventional tank systems. Homeowners with 

gas heated on-demand systems are also eligible for federal tax credits (Energy Star) and the lack 

of stored hot water can reduce the risk of opportunistic pathogen growth (Brazeau and Edwards, 

2011). Although these factors incentivize home and building owners to install on-demand water 

heaters, their high surface area-to-volume ratio at heat transfer surfaces, which are inherent to their 

instant heating design, makes them highly susceptible to CaCO3 scaling and clogging in scaling 
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waters (Thomas et al., 2006; Brazeau and Edwards, 2011). In some cases, scaling may also reduce 

or eliminate their energy savings relative to conventional water heaters. 

 

CaCO3 may have the ability to clog leaks that have formed in pipes and extend the lifetime 

of distributions systems. It is hypothetically possible, that despite the sound scientific work 

discrediting Langelier and related indices as a guide to corrosion control, that the indices might 

have actually been “working” as advertised in controlling pipe leaks and extending distribution 

system lifetimes (DeMartini, 1938) but for reasons other than corrosion control. Specifically, 

rather than forming a thin CaCO3 layer to protect pipe from corrosion and associated leaks 

(Langelier, 1936), it is possible that a high CaCO3 formation potential could have reduced leak 

frequency by autogenous repair or clogging of leaks (Tang et al., 2013). Autogenous repair is a 

process by which existing leaks seal themselves, and CaCO3 formation is a well-known leak self-

repair mechanism for concrete pipes (Parks et al., 2010; Edvardsen, 1999). It is possible that this 

mechanism could also repair and heal leaks in metallic pipes before the leak holes grow to 

catastrophic failure, by either clogging of holes, assisting the formation of stronger or thicker pipe 

scales, or formation of corrosion byproducts (Tang et al., 2013; Tang et al., 2015). More research 

is needed correlating actual leaks to CaCO3 formation potential to test this hypothesis, especially 

given the poor condition of U.S. distribution system assets and lack of financial resources for 

traditional repair and replacement.   

 

CaCO3 precipitation inhibitors that are naturally present or are added at the point of 

treatment have probably changed the propensity of water to form CaCO3 scales in the last 

few decades. Water treatment policies aimed at controlling lead and copper corrosion dramatically 

increased the use of phosphate and polyphosphate corrosion inhibitors starting around 1990. These 

inhibitors are known to slow CaCO3 precipitation kinetics in potable water systems (Lin and 

Singer, 2005a; Lin and Singer, 2006). Use of such corrosion inhibitors might prevent leak repair 

that occurs naturally for concrete pipe leaks or even possibly for metallic pipe leaks that would 

have occurred when the inhibitor was absent. On the other hand, this may be offset by increased 

removal of natural organic matter (NOM) that many plants are trying to achieve due to its role as 

a disinfection byproduct (DBP) precursor. NOM has been shown to inhibit CaCO3 precipitation 

(Lin et al., 2005). 
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Climate change may play a role in CaCO3 formation. Rising CO2 levels in the atmosphere and 

more frequent and longer droughts caused by global warming can increase calcium levels in natural 

waters (Anderson and Faust, 1972; Mosley, 2015). Consequently, the CaCO3 saturation index in 

potable water systems may also be rising (Figure 1-2). The net effect of these changes is as yet 

unclear. Some types of dissolved organic carbon (DOC) are known to be a CaCO3 precipitation 

inhibitor (Lebron and Suarez, 1996). Although the major cause of increased DOC levels in natural 

waters is attributed to a decrease in acid rain deposition (Evans et al., 2006), there is evidence that 

higher CO2 levels leading to increases in primary productivity (Freeman et al., 2004) and rising 

temperatures (Freeman et al., 2001) also contribute to DOC release. 

 

 

Figure 1-2 Impact of rising atmospheric CO2 levels on CaCO3 formation: Calcite at 

equilibrium with atmospheric CO2 levels in the pre-industrial era, present day, and those projected 

for 2050. Higher atmospheric CO2 can increase the precipitation potential. Using Mineql+, waters 

were equilibrated at [Ca2+] = 40 mg/L and PCO2 = 280x10-6, 390x10-6, and 550x10-6 atm. Using the 

equilibrium CaT, Alk, and pH from the open systems as starting conditions for the closed systems, 

the potential CaCO3 formation at equilibrium was calculated for the closed systems. 

 

Scaling has been shown to affect biofilm growth in premise plumbing. 

A comprehensive study conducted by Fox and Abbaszadegan (2013) found that scale on PVC and 

copper, materials common in premise plumbing, promoted biofilm growth because it increased the 

surface roughness and provided a protected structure for the biofilm to grow on. An increase in 
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biofilm growth was most pronounced on scaled copper surfaces because the scale shielded the 

biofilm from the antimicrobial properties of copper. 

 

Bulk precipitation of CaCO3 may contribute to erosion corrosion in plumbing systems. 

Erosion corrosion occurs via mechanical action of fluid and suspended particles removing 

protective films on pipe surfaces. Roy and Edwards (2015) investigated erosion corrosion and 

found that aragonite, which is one polymorph of CaCO3, particles of sizes < 2 mm are capable of 

creating leaks in copper pipes. Typically, the formation of large CaCO3 particles is not a concern 

in potable water systems, however it has been shown that CaCO3 scale can be removed from 

premise plumbing materials (copper and polypropylene) by shear stress (Royer et al., 2010). The 

scale that gets released has potential to cause or accelerate erosion corrosion, especially in 

recirculating systems. 

 

The complexity of these phenomena and their profound impact on the infrastructure, energy and 

sustainable water nexus, make it an ideal time to revisit this important topic (Table 1-2).  The 

objectives of this review are: (1) re-evaluate CaCO3 formation in a modern context, such as global 

warming, autogenous repair, corrosion inhibitors and increasing water heater temperatures in 

building; (2) identify knowledge gaps regarding CaCO3 formation and control. 
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Table 1-2: Recent phenomena and its effect on CaCO3 formation 

Phenomenon Effects on CaCO3 formation Research priorities 

Global warming  Greater CO2 in atmosphere can 

raise or lower amount of CaCO3 

that could form 

 More severe droughts could raise 

Ca2+ in natural waters 

 Experimentally alter CaCO3 

formation potential at varying 

PCO2 

Corrosion and 

scaling inhibitors 

 Phosphates added to drinking 

water reduce CaCO3 formation 

 Use increased in last 25 years, but 

pressure on industry to lower the 

dosage for cost and environmental 

reasons 

 NOM is a scaling inhibitor, 

utilities are targeting it for removal 

because it is a precursor to DBPs 

 Find out how CaCO3 precipitation 

is affected by higher and lower 

phosphate concentrations 

 Effect of non-phosphate inhibitors 

on CaCO3 precipitation 

Raising water 

heater 

temperature 

 Home and building owners are 

raising water heater temperatures 

to control opportunistic pathogens. 

Higher temperatures increase 

CaCO3 scaling potential 

 Improve water heater design to 

reach higher temperatures but 

reduce scaling potential 

Autogenous 

repair 

 CaCO3 formation could 

beneficially be used to seal leaks 

in plumbing and distribution 

systems 

 Alter chemistry of drinking water 

to promote leak repair via CaCO3 

 Examine the impact inhibitors 

have on ability to repair 

Biofilm growth  CaCO3 provides a surface for 

biofilm to grow on. Shields 

biofilm from antimicrobial 

plumbing materials 

 Determine health implications of 

CaCO3-induced biofilm growth in 

domestic plumbing 

Erosion corrosion  Small (< 2 mm) CaCO3 particles 

and CaCO3 scale released from 

pipe surface can cause erosion 

corrosion 

 Analyze flow patterns and 

plumbing design to mitigate 

erosion corrosion from CaCO3 
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1.3 Chemistry of CaCO3 Formation 

1.3.1 Background 

To fully understand practical aspects of CaCO3 behavior in potable water systems, it is important 

to first review the chemistry of CaCO3 formation and dissolution. CaCO3 crystals are made up of 

Ca2+ and CO3
2- lattice ions, both of which are ubiquitous in natural water systems. It can exist in 

three crystalline polymorphs as well as an amorphous phase (ACC) or as a mono- and hexahydrate. 

The solubility product for each form varies with temperature (Table 1-3). CaCO3 has significantly 

lower solubility at higher temperatures, causing CaCO3 formation to be a major issue in many hot 

water systems even when it is not a problem in cold water systems for waters with moderate 

hardness and alkalinity (Figure 1-3). 

 

Table 1-3: Temperature dependence of solubility product for CaCO3 polymorphs 

Polymorph pKsp at 

25 °C 

Ksp Equation Temperature 

Range 

References 

ACC 6.04 
log Ksp =

1247

T
− 10.224 

16 to 60 °C Clarkson et 

al., 1992 

Vaterite 7.91 log Ksp = −172.1295 − 0.077993 ∗ T

+
3074.688

T
+ 71.595

∗ logT 

0 to 90 °C Plummer 

and 

Busenberg, 

1982 

Aragonite 8.34 log Ksp = −171.9773 − 0.077993 ∗ T

+
2903.293

T
+ 71.595

∗ logT 

0 to 90 °C Plummer 

and 

Busenberg, 

1982 

Calcite 8.48 log Ksp = −171.9065 − 0.077993 ∗ T

+
2839.319

T
+ 71.595

∗ logT 

0 to 90 °C Plummer 

and 

Busenberg, 

1982 

Note: T is temperature in K. 
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Figure 1-3 Impact of increasing temperature on CaCO3 formation: The amount of potential 

CaCO3 formation for all crystalline polymorphs (vaterite, aragonite and calcite) and ACC under 

different temperatures in water distribution systems. MINEQL+ simulations on a closed system 

with alkalinity = 100 mg/L as CaCO3 at pH 8.5 and (a) initial TOTCa = 40 mg/L and (b) initial 

TOTCa= 65 mg/L. 

 

 

While the levels of Ca2+ in natural waters are usually governed by regional geology (limestone, 

dolomite, etc.), the carbonate system is more complex. The pKa values indicate that CO3
2- becomes 

the dominant form of inorganic carbon at pH 10.3 and higher (Plummer and Busenberg, 1982). 

 

CO2(g) + H2O ⇌ CO2(aq) + H2CO3(aq)           pKH = 1.47 

H2CO3(aq) ⇌ H+ + HCO3
−(aq)           pKa1 = 6.4 

HCO3
−(aq) ⇌ H+ + CO3

2−(aq)             pKa2 = 10.3 

 

The ion activity product, Q, for CaCO3 is the product of the Ca2+ and CO3
2- activities as shown in 

the equation below. 

 

Q = {Ca2+}{CO3
2−} 

 

When Q < Ksp, the solution is undersaturated, precipitation is not thermodynamically favored, and 

solid CaCO3 can dissolve. However, when Q > Ksp, CaCO3 is supersaturated and can precipitate. 
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Precipitation starts with nucleation, which is the initiation of phase change from aqueous to solid 

in the solution. Nucleation is categorized as primary and secondary. Primary nucleation refers to 

nucleation when no other crystals are present (Mullin, 2001). It can occur homogeneously 

(spontaneous and in the absence of any solids) or heterogeneously (nucleation induced by foreign 

solid particles). Heterogeneous nucleation is more commonly observed for CaCO3 because the 

surface of the foreign solid generally lowers the activation energy barrier for nucleation (Brezonik 

and Arnold, 2011). Secondary nucleation refers to the growth of CaCO3 on pre-existing crystals 

(Mullin, 2001). 

 

The induction time, τ, is defined as the time between the moment the solution reaches 

supersaturation and the onset of precipitation. A general model for induction time for CaCO3 

precipitation is given by Xyla et al. (1991) as 

 

𝜏 = 𝐾(Ω
0.5 − 1)𝑝 

 

Where K depends on the system’s characteristics, p is apparent growth order (for CaCO3, p was 

determined to be 8.0 [Xyla et al., 1991]), and Ω is the degree of supersaturation, defined as 

 

Ω =
𝑄

𝐾𝑠𝑝
 

Typical induction times for homogeneous precipitation can range from <1 to 136 minutes 

depending on Ω and assuming there are no impurities (i.e. inhibitors) (Xyla et al. 1991). 

 

1.3.2 Precipitation and Growth in Plumbing and Distribution Systems 

Homogeneous Precipitation 

Homogeneous nucleation of CaCO3 occurs less frequently than heterogeneous nucleation due to 

the larger energy barrier of spontaneously forming CaCO3 nuclei in solution. As a result, 

homogeneous nucleation is mostly observed at Ω greater than 1.6 (Lioliou et al., 2007). 
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Homogeneous nucleation of CaCO3 was believed to follow classical nucleation theory (CNT). 

CNT states that a nucleus is not stabilized until a critical radius is reached in which the bulk energy 

and surface energy of the nuclei is balanced (Gebauer et al., 2014). However, the recent discovery 

of pre-nucleation clusters (PNCs) undermines CNT (Gebauer et al., 2008). PNCs contain CaCO3 

lattice ions but do not have an explicit phase boundary with the solution. There are also structural 

characteristics of PNCs that indicate which polymorph nucleates. More stable PNCs yield ACC 

with short-range order corresponding to calcite while less stable PNCs yield ACC with short-range 

order corresponding to vaterite (Lam et al., 2007; Gebauer et al., 2014). 

  

Homogeneous CaCO3 precipitation roughly follows Ostwald’s rule of stages. The rule of stages 

states that often the least stable polymorph crystallizes first before transforming into the most 

stable polymorph (Ng et al., 1996). For CaCO3, ACC is the first to precipitate, followed by vaterite, 

before transforming into calcite which is its most stable form (Wolf et al., 2008). Ogino et al. 

(1987) observed the same at lower temperatures (14-30 °C) while at higher temperatures (60-80 

°C), the transition of ACC to aragonite to calcite was observed. At intermediate temperatures (40-

50 °C), CaCO3 crystallization closely follows Ostwald’s rule of stages because every polymorph 

forms before becoming calcite (Ogino et al., 1987).  

 

CaCO3 scale that forms in plumbing and distribution systems is unlikely to have originated from 

homogeneous nucleation. The large energy barrier for homogeneous nucleation means the solution 

must have a higher Ω for CaCO3 to readily precipitate. Even in systems that stagnate for long 

periods of time, heterogeneous nucleation is likely to be the more common form of nucleation due 

to the scale already present or bare surfaces that lower the energy barrier for nucleation.  

 

Heterogeneous Precipitation 

As discussed previously, heterogeneous nucleation occurs more readily than homogeneous 

nucleation due to the lower energy barrier the surface provides. As a result, it is likely the most 

common route of nucleation for CaCO3 scale in plumbing and distribution systems. 

 

Many characteristics of surface materials will affect heterogeneous precipitation of CaCO3, such 

as surface roughness (Keysar et al., 1994; Wu et al., 2010; Cheong et al., 2013; MacAdam and 
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Parsons, 2004a) and surface charge (Wu et al., 2010). Several studies have been conducted to 

determine the susceptibility of CaCO3 to scale surfaces made of different materials. In general, 

inert materials such as polymers are less likely to scale than metallic surfaces (Githens et al., 1965). 

In a study done on heated metallic surfaces, it was found that copper has the highest scaling rate 

compared to steel and aluminum (Macadam and Parsons, 2004a). These results contradict those of 

a previous experiment that observed aluminum as having the highest scaling rate followed by mild 

steel, then copper (Troup and Richardson, 1978).  

 

Comparing copper and polypropylene tubes in heat exchangers, copper was scaled with Ca-

containing minerals at a rate twice that of polypropylene (Wu et al., 2009). However, a similar 

study found no significant difference between CaCO3 scaling on copper and polymer surface 

including polypropylene (Wang et al., 2005). Comparison of heterogeneous nucleation on PVC 

and stainless steel surfaces shows that stainless steel has higher precipitation rate at low Ca2+ 

concentration (200 mg/L as CaCO3), however at higher Ca2+ concentration (400 mg/L as CaCO3) 

higher heterogeneous precipitation rate was observed on PVC (Amor et al., 2004). There is a gap 

in research comparing the heterogeneous nucleation on traditional water distribution system 

materials (i.e. concrete and cast iron). Predictions about the heterogeneous nucleation rate can be 

made using absolute surface roughness. The Hazen-Williams coefficient (C-factor) for concrete is 

100 and for cast iron is 80-130, depending on age (Jaćimović et al., 2015). Lower C-factors indicate 

a rougher surface; thus aged cast iron would have a higher scaling potential than concrete.  

 

It is also important to consider CaCO3 nucleation on waterborne particles because bulk 

precipitation can enhance scaling (Andritsos and Karabelas, 2003; Pääkkönen et al., 2009). 

Although suspended calcite crystals are the most effective CaCO3 seeds (Nancollas and Reddy, 

1971; Lin and Singer, 2005b), they are relatively uncommon in natural waters. Some particles that 

make up clay, which contributes to turbidity, have shown to induce CaCO3 precipitation. For 

example, montmorillonite, a type of clay, was shown to instantaneously lead to calcite 

precipitation (Kralj and Vdović, 2000). 

 

Surface free energy is believed to influence heterogeneous CaCO3 nucleation. Lower surface 

energy reduces the adhesion strength of CaCO3 (Müller-Steinhagen and Zhao, 1997; Förster et al., 
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1999; Yang et al., 2000; Yang et al., 2002; MacAdam and Parsons, 2004b). Müller-Steinhagen and 

Zhao (1997) successfully reduced CaSO4 scaling rate on stainless steel by lowering its surface 

energy via ion implantation. Förster et al. (1999) also found a negative correlation between surface 

energy and induction time for CaSO4 formation on a variety of materials. A similar result might 

be expected with CaCO3. 

 

Growth Rate 

Previous models of seeded growth kinetics only considered Ω. Morse (1983) modeled the growth 

rate using the equation below.  

 

𝑅 = 𝑘(Ω − 1)𝑛 

 

Where R is the rate of precipitation normalized to surface area, k is an empirical rate constant, and 

n is reaction order. The general growth rate of CaCO3 has also been modeled in terms of the rate 

of decrease in Ca2+ concentration as shown in the equation below (Kazmierczak et al., 1982; 

Nancollas and Reddy, 1971). 

 

−
𝑑[𝐶𝑎2+]

𝑑𝑡
= 𝑘𝑠([{𝐶𝑎2+}{𝐶𝑂3

2−}]0.5 − 𝐾𝑠𝑜
0.5)2 

 

Where k is the rate constant for growth and s is a function of the crystal surface area. The two 

growth models shown so far only consider the degree of supersaturation. Lin and Singer (2005b) 

did extensive research on the surface reactions occurring during CaCO3 growth and found positive 

correlation between CaCO3
0 with the surface species >CaCO3

- and >CO3
-. 

 

For CaCO3 crystallization, the growth mechanism can be either surface-controlled or diffusion-

controlled. In a surface-controlled mechanism, incorporation of lattice ions into the crystal 

structure is the rate limiting process. In a diffusion-controlled mechanism, diffusion of lattice ions 

from the solution to the crystal surface is the rate limiting process. Past research points toward the 

surface-controlled mechanism being dominant in CaCO3 crystallization (Rodriguez-Hornedo and 

Murphy, 1999; Xyla et al., 1991; Dalas et al., 1988; Lioliou et al., 2007). However, pH, 
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supersaturation, and hydrodynamic conditions can influence whether the rate is surface- or 

diffusion-controlled (Lin and Singer, 2005b).  

 

Dissolution 

Numerous comprehensive studies on calcite dissolution kinetics or the dissolution of carbonate 

minerals in general determined that dissolution occurs by the following mechanism (Berner and 

Morse, 1974; Plummer et al., 1978; Chou et al., 1989).  

 

𝐶𝑎𝐶𝑂3 + 𝐻+ ⇌ 𝐶𝑎2+ + 𝐻𝐶𝑂3
− 

𝐶𝑎𝐶𝑂3 + 𝐻2𝐶𝑂3
∗ ⇌ 𝐶𝑎2+ + 2𝐻𝐶𝑂3

− 

𝐶𝑎𝐶𝑂3 + 𝐻2𝑂 ⇌ 𝐶𝑎2+ + 𝐻𝐶𝑂3
− + 𝑂𝐻− 

 

The first mechanism has a first-order dependence on H+ activity and is the most affected by 

changes in pH (k1). The second mechanism describes a first-order dependence on CO2 (aq) and 

H2CO3 and therefore has a linear dependence on PCO2 (k2). However, dissolution is nearly 

independent from PCO2 at low levels such as those found in the atmosphere (Plummer et al., 1978). 

The third mechanism describes dissolution at low H+ activity and dissolved CO2 (k3). For the final 

rate expression, given in the equation below, there is an additional term for calcite precipitation 

whose rate constant, k4, is a function of temperature and PCO2 (Plummer et al., 1978; Reddy et al., 

1981). 

 

𝑅 = 𝑘1{𝐻+} + 𝑘2{𝐻2𝐶𝑂3
∗} + 𝑘3{𝐻2𝑂} − 𝑘4{𝐶𝑎2+}{𝐻𝐶𝑂3

−} 

 

Rate constants depend on the pH of the system and transport of ions, however dissolution via the 

first mechanism is the largest contributor to dissolution and this mechanism is often diffusion-

controlled (Berner and Morse, 1974; Plummer et al., 1978).  

 

1.3.3 Morphology and Polymorph Stability 

Although calcite is the thermodynamically stable polymorph in most cases, solution temperature 

can impact the stability and metastability of aragonite and vaterite. At temperatures greater than 
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60 °C, homogeneous precipitation yields aragonite as the dominant polymorph over a period of 

hours (Wray and Daniels, 1957; Sawada, 1997; Kellermeier et al., 2013). Temperature also affects 

the relative abundance of each polymorph during the early metastable stage of homogeneous 

precipitation. Vaterite is the dominant metastable phase at standard temperature, however at 

temperatures below 25 °C, calcite is the dominant metastable phase and at temperatures above 50 

°C, aragonite is the dominant metastable phase (Ogino et al., 1987).  

 

The mechanism of CaCO3 precipitation and calcite formation occurs in stages via redissolution of 

ACC to vaterite and vaterite to calcite over a period of approximately 3 hours (Ogino et al., 1987; 

Sawada, 1997). Knowing the polymorph evolution as CaCO3 precipitates could have importance 

in predicting scale formation. Some sources reference formation of “hard” calcite scale and “soft” 

aragonite scale that is easier to be removed (Liu et al., 2010). Although this claim is unverified, if 

it is true, the time between CaCO3 precipitation and “hard” scale deposition could be predicted in 

some systems. 

 

1.4 Monitoring CaCO3 Formation in Potable Water Systems 

1.4.1 Tests and Indices for Scale Formation 

The problems caused by scaling have led to the development of numerous scaling indices (Table 

1-4) to monitor CaCO3 formation in potable water systems. Degree of supersaturation (Ω) is the 

most widely accepted scaling index, however, it only accounts for chemical equilibrium in 

determining whether scaling will occur, and does not account for reaction kinetics. As discussed 

in the previous sections, CaCO3 precipitation and dissolution can occur very slowly, especially in 

the presence of natural and artificial scaling inhibitors—thus calculation of Ω is only a first step to 

predicting scaling in potable water systems. The only measure that takes into account actual 

precipitation kinetics is temporary hardness. Temporary hardness represents the amount of 

hardness that precipitates by boiling water, and was once widely applied as a practical way of 

describing scaling potential of water heating systems. In practice, temporary hardness does not 

often differentiate the precipitated solids so it is not only a measure of CaCO3 precipitation but 

also of MgCO3 and sulfate salts (Greth, 1910; Buswell, 1916; Goudey, 1933). Temporary hardness 

has also been defined strictly as carbonate hardness which in the past was measured by titration 
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and soap tests (Hehner, 1883; Norton and Knowles, 1916). Despite its simplicity, the temporary 

hardness test could still have value as a quick test for scaling potential. 

 

Table 1-4: Scaling indices used in practice 

Index or test  Definition  Scaling 

condition 

Accounts for 

Kinetics? 

Degree of 

supersaturation 
Ω =

{𝐶𝑎2+}{𝐶𝑂3
2−}

𝐾𝑠𝑝
 

Ω > 1 No 

Langelier saturation 

index (LSI)  

LSI = pHactual - pHsaturated  

where pHsaturated = pK2 - pKs + 

pCa + pAlk  

LSI > 0  No 

Ryznar stability index 

(RI) 

RSI = 2·pHsaturated - pHactual  RSI < 6.2  No 

Puckorius scaling index 

(PSI) 

PSI = 2·pHsaturated - pHequilibrium 

where pHequilibrium = 1.47 + 

log(Alk) + 4.54 

PSI < 6 No 

Larson-Skold index (LI) LI = [(Cl-) + (SO4
2-)]/[(HCO3

-) + 

(CO3
2-)] 

LI < 0.8 No 

Calcium carbonate 

precipitation potential 

(CCPP) 

CCPP = 50,000([Alk]-

[Alk]equilibrium) 

For [Alk]equilibrium calculation, 

refer to U.S. EPA, 1992 

CCPP > 4 

mg/L 

No 

Aggressive Index (AI) AI = pH + log([Alk]∙[Hardness]), 

where [Alk] and [Hardness] are in 

mg/L as CaCO3 

AI > 12 No 

Temporary hardness  Water is heated until no more 

minerals precipitate, standard 

method is unknown  

Measured by 

hardness loss  

Yes 
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There are several more indices that aim to predict scaling in specific systems. The Langelier 

saturation index (LSI) was first described in Langelier (1936) as a way to predict the formation of 

a corrosion-resistant CaCO3 coating in distribution systems and has since been revised 

(Wojtowicz, 2001). LSI has been called an oversimplification in that it assumes pH and CaCO3 

saturation are the most important factors for corrosion control (Schneider and Stumm, 1964) and 

it does not account for other dissolved calcium species or other forms of alkalinity (Kutty et al., 

1992). Dabrowski et al. (2010) tested the LSI on a water distribution system and found no 

correlation between waters with LSI < 0 and a water’s aggressiveness. 

 

Indices developed after LSI are similar to LSI in that they express CaCO3 undersaturation or 

supersaturation, but take into account and emphasize different factors such as equilibrium pH and 

non-carbonate hardness. The Ryznar stability index (RI) still uses pHsaturated like the LSI, however, 

it recognizes calcium and alkalinity as more important parameters in determining scale formation 

potential, thus pHsaturated is multiplied by a factor of 2 (Ryznar and Langelier, 1944). The RI was 

successfully tested on real waters where it was determined that an RI < 6.2 should form scale. The 

Puckorius scaling index (PSI) was formulated for cooling tower water and includes a term for 

pHequilibrium, which depends on alkalinity (Puckorius and Brooke, 1991). PSI stresses the 

importance of alkalinity in scale formation, because a higher alkalinity increases the water’s 

buffering capacity such that more CaCO3 is able to precipitate before the water reaches equilibrium 

pH. Unlike the other indices, the Larson-Skold index (LI) does not use pHsaturated in its calculation. 

LI was originally intended for Great Lakes waters traveling through steel distribution lines (Larson 

and Skold, 1958) and is best suited for waters of similar quality. LI considers the effect of Cl- and 

SO4
2- on CaCO3 film formation, since higher Cl- and SO4

2- levels usually indicate a greater 

presence of non-carbonate hardness (e.g. CaSO4), which is not conducive to scale formation in 

potable water systems. 

 

The aggressive index (AI) was developed to monitor the corrosiveness of water in asbestos cement 

pipes. AI < 10 indicates a highly aggressive (corrosive) water and AI > 12 indicates a 

nonaggressive water (NRC, 1982). Due to the AI’s simplicity, it could be considered one of the 

weaker scaling indices, as it does not account for temperature or ionic strength like the other 

indices do. 
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The calcium carbonate precipitation potential (CCPP) is unique in that it attempts to quantify the 

amount of CaCO3 that could precipitate. For the purpose of corrosion control, the EPA once 

recommended that the CCPP should have a value of 4 - 10 mg/L to form a thin protective coating 

(U.S. EPA, 1992). CCPP relies on the estimation of the equilibrium alkalinity, [Alk]equilibrium, 

through an iterative process. Rossum and Merrill’s (1983) study comparing several scaling indices 

found that CCPP is the best estimate of a water’s ability to deposit or dissolve CaCO3. 

 

1.4.2 In-Situ Monitoring of Scale 

Several in-situ methods have been used to monitor scale formation. These methods are often used 

in experiments for the purpose of optimizing anti-scaling techniques. For water heating systems, 

scale can be monitored by measuring changes in the overall heat transfer coefficient. Al-Deffeeri 

(2007) implemented this method on a multi-stage flash distillation desalination process to optimize 

it. 

 

The use of focused beam reflection measurement (FBRM) has also proven capable of monitoring 

scale formation (Al Nasser et al., 2008; Al Nasser et al., 2011). Instead of measuring the mass of 

the deposited scale, the number of crystals deposited over the FBRM probe is measured as well as 

the size distribution of these crystals. 

 

Neville et al. (1999) tested the rotating disk electrode (RDE) method on detecting CaCO3 scale. 

RDE is based on the oxygen reduction reaction; as scale accumulates over the RDE, less of the 

surface is exposed to the bulk solution and the rate of oxygen reduction is slowed. One of the 

benefits of RDE is that it is applicable to many waters of different quality and flow conditions. 

 

1.5 Control and prevention of calcium carbonate scaling 

To control and prevent CaCO3 scaling issues, the first and foremost step is to monitor the scaling 

potential of drinking water (e.g. degree of supersaturation, Langelier saturation index) at different 

points of the distribution system as discussed in Section 4. Once CaCO3 scaling potential is 
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confirmed, different control and prevention methods might be applied for specific environmental 

conditions and water compositions (Table 1-5). 

 

Table 1-5: Control and prevention of CaCO3 scaling in drinking water systems 
Methods Likely effects Rationale 

Control CaCO3 precipitation 

Decrease hot water temperature Effective Solubility products of CaCO3 increase with decreasing water 

temperature. 

Decrease water pH Effective Saturation ratios of CaCO3 decrease with decreasing pH. 

Remove dissolved Ca Effective Saturation ratios of CaCO3 decrease with decreasing dissolved Ca 

concentration. 

Control CaCO3 morphology Sometimes 

effective 

Reduce scaling potential, by preferring the CaCO3 polymorph with 

a higher solubility product to form first. 

Control the use of surface materials Sometimes 

effective 

Scaling potentials of CaCO3 are different on various surface 

materials. 

Control the location of CaCO3 

formation 

Sometimes 

effective 

Phosphates delay the formation of CaCO3, so that it occurs 

throughout potable water systems. 

Delay or prevent CaCO3 precipitation 

Scale inhibitors Effective Delay or prevent CaCO3 precipitation completely, mostly by 

adsorption of inhibitors onto CaCO3 nuclei. 

Potential beneficial application of CaCO3 

Control CaCO3 precipitation for 

autogenous repair of pipe leaks 

N/A Precipitation of CaCO3 is allowed. However, the precipitated CaCO3 

particles can be used for autogenous repair of the leaks in drinking 

water pipelines. (Tang et al., 2013) 

Dutch pellet softening method Effective Precipitation of CaCO3 on calcite pellets removes supersaturation 

when water passes through a column of calcite pellets. Contact time 

and surface area are important parameters. (Schetters, 2013) 

 

 

1.5.1 Controlling CaCO3 precipitation through water chemistry parameters 

Temperature 

Reducing water temperature is very effective in reducing CaCO3 scaling potential in potable water 

systems. First, the solubility of all CaCO3 polymorphs (calcite, vaterite, aragonite, and amorphous 

CaCO3) increase with decreasing temperature (Clarkson et al., 1992; Plummer and Busenberg, 

1982), causing less CaCO3 to precipitate at lower temperature. Second, the reaction kinetics for 

CaCO3 formation is much slower at lower temperatures (Morse et al., 2007), thereby forming less 
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CaCO3 precipitates. Finally, polyphosphates, which are widely present in potable water systems 

and are stronger inhibitors for CaCO3 precipitation than orthophosphate (Lin and Singer, 2005), 

are converted into orthophosphate much faster at higher temperature through hydrolysis reactions 

(Holm and Edwards, 2003). Hence, at a lower temperature, more polyphosphates are present and 

will inhibit CaCO3 precipitation more. However, the temperature drop for hot water might cause 

Opportunistic Premise Plumbing Pathogens (OPPPs), including Legionella pneumophila, to grow 

and transmit in drinking water systems and cause potential human health problems (ASHRAE, 

2015).  

 

To further illustrate how effective reducing water temperature is in controlling CaCO3 

precipitation, we compared the scaling potentials of all the potable water samples collected from 

a national survey at different temperatures relevant to potable water systems (Figure 1-4) (U.S. 

EPA, 2000). In our calculation, we chose calcite saturation ratio (Ωcalcite) to represent the calcite 

scaling potentials for the 51,846 water samples collected from water utilities in the U.S., and we 

only accounted for solubility change at different temperatures. As water temperature increased 

from ambient temperature to higher temperatures, the percentage of water samples that are at risk 

of scaling (Ωcalcite > 1) is 59% (or 30,538 water samples) at 48 °C and 62% (or 31,910) at 60 °C, 

which is much higher than the 47% (or 24,468 water samples) at the ambient temperature (Figure 

1-4b). This clearly indicates that more waters are at higher scaling risks as temperature increases, 

due to the decreasing calcite solubility. In addition, most of these water samples do not have very 

high Ca hardness (soft and moderately hard), which might explain why most of these water 

samples do not have high scaling potentials at ambient temperatures (Figure 1-4c). 

 



24 

 

 

Figure 1-4 Scaling potential in potable water systems throughout the U.S.: The scaling 

potentials of water samples collected from a national survey at different temperatures relevant to 

potable water systems (U.S. EPA, 2000). (a) Histogram of saturation ratio of calcite (Ωcalcite) at 

various temperatures, (b) the percentage of water samples at scaling risks (Ωcalcite >1), and (c) the 

percentage of water samples at different Ca hardness levels. The saturation ratio of calcite was 

calculated for 48 oC and 60 oC, in addition to the ambient temperature provided in the national 

survey (U.S. EPA, 2000). MATLAB was used to calculate Ωcalcite for 51,846 water samples that 

have all four parameters of temperature, pH, alkalinity, and Ca hardness. The change of 

equilibrium constants (K) and solubility products (Ksp) with temperature was accounted for using 

the K and Ksp values and △H at 25 oC from MINEQL+. Ca-containing species considered included 

Ca2+, CaHCO3
+, CaOH+, and CaCO3(aq). 
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Water pH 

Reducing water pH and removing dissolved Ca content can reduce scaling potential by decreasing 

the ion activity product (𝑄 = {𝐶𝑎2+}{𝐶𝑂3
2−}). However, engineers should be careful when 

considering reducing water pH in drinking water systems, because the decrease in water pH might 

cause corrosion of metallic pipelines.  

 

1.5.2 Other methods that might be effective in controlling CaCO3 scaling 

Stabilization of metastable CaCO3 polymorphs over calcite by including different additives might 

be effective in controlling CaCO3 scaling potential. Additives, including metal cations, silica and 

organic species, can help stabilize metastable CaCO3 polymorphs, such as aragonite, vaterite and 

ACC (Table 1-6). Zn2+ is the only additive that has been reported to help avoid massive calcite 

scaling when dosed at a concentration relevant to drinking water (1.5×10-7 - 1.5×10-4 M), by 

preferring aragonite nuclei to form instead of calcite. As a result, Zn can co-precipitate into 

aragonite nuclei or adsorb on aragonite nuclei and inhibit   the further growth of CaCO3 crystals 

(Wada et al., 1995; Ghizellaoui and Euvrard, 2008). Other additives must be dosed at 

concentrations that are much higher than their typical concentrations in drinking water. For 

example, when silica is added at a concentration of 3.3×10-3 - 0.2 M, metastable CaCO3 

polymorphs can be stabilized to co-exist with calcite for as long as 2 hours at 50 oC and 80 oC 

(Kellermeier et al., 2013).  
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Table 1-6: Different additives and their favored CaCO3 polymorphs 

 Species Concentration Favored CaCO3 

polymorph 

References 

Cations Fe2+, Mg2+, Ni2+ 

Co2+, Cu2+ 

0.2 - 3.0 M 

 

Aragonite Wada et al., 1995 

Zn2+ 1.5×10-7 

- 1.5×10-4 M 

Aragonite Wada et al., 1995; 

Ghizellaoui and 

Euvrard., 2008 

Silica SiO2 3.3×10-3 - 0.2 M vaterite, aragonite, 

and ACC 

Kellermeier et al., 

2013 

Organic PAA, PBTCA 5 - 25 mg/L vaterite, aragonite Yang et al., 2001 

OMM 8 - 20 mg/L Vaterite Roque et al., 2004 

Note: PAA is the abbreviation of polyacrylic acid, PBTCA is the abbreviation of is 2-

phosphonobutane-1,2,4-tricarboxylic acid, and OMM is the abbreviation of organic matrix 

macromolecules. 

 

Surface materials and roughness might affect CaCO3 scaling potentials as well as the physical and 

mechanical properties of scales. Since CaCO3 can form through heterogeneous nucleation on 

different surface materials, the surface energy and the nucleation energy barrier of different surface 

materials will affect CaCO3 scaling potentials. As discussed in section 3.2.2, copper surface has a 

lower scaling potential than polypropylene (Wu et al., 2010), while stainless steel and aluminum 

surfaces have similar scaling potentials (Dalas and Koutsoukos, 1990). In addition, the roughness 

of the surface materials can affect the physical and mechanical properties of CaCO3 scales (e.g. 

porosity and tensile strength). For mild steel surfaces, the rougher the surfaces, the lower porosity 

and higher tensile strength the CaCO3 scales possess (Keysar et al., 1994). This might be due to 

enhanced surface nucleation density and a certain orientation of the calcite structure. 

 

1.5.3 Delay or prevent CaCO3 precipitation using scale inhibitors 

Scale inhibitors can effectively delay or even completely prevent CaCO3 scaling problems. Scale 

inhibitors are widely used to combat severe scaling issues in water processing equipment that 

handle large volumes of water, including cooling towers and production wells in oil and gas fields. 
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These scale inhibitors generally include phosphonates, phosphate esters, polyacrylates and 

phosphates (Matty and Tomson, 1988; Shakkthivel and Vasudevan, 2006; Xyla et al., 1992). 

However, most of these inhibitors are not used in drinking water systems (except polyphosphates 

or phosphates). 

 

Inorganic cations Mg2+ and Zn2+ that are readily present in drinking water systems can act as scale 

inhibitors (Table 1-7). Addition of Mg2+ at a concentration of 10-3 M and above can significantly 

inhibit calcite precipitation (Reddy and Wang, 1980; Lin and Singer, 2009). The mechanism 

behind the inhibiting effect of Mg2+ has been confirmed as the adsorption of Mg2+ onto calcite 

active crystal growth sites (or kinks) and subsequent kink blocking (Lin and Singer, 2009; Nielsen 

et al., 2013), rather than the previously proposed mechanisms of increasing the mineral solubility 

by incorporating Mg2+ into calcite (or incorporation inhibition) (Davis et al., 2000). Addition of 

Zn2+ at a much smaller concentration (~10-7 M) can also significantly inhibit calcite precipitation 

(Ghizellaoui and Euvrard, 2008). It is possible Zn2+ can inhibit CaCO3 (calcite or aragonite) 

precipitation through either kink blocking or incorporation inhibition, but the exact mechanism 

behind this inhibiting effect by Zn2+ has not yet been identified. However, no threshold values can 

be identified for either Mg2+ or Zn2+, because they reduce the CaCO3 precipitation rate even at 

very low concentrations, rather than abruptly halt calcite precipitation once a threshold value is 

reached. 

 

Other organic inhibitors that widely exist in drinking water systems are phosphates and natural 

organic matter (or NOM) (Table 1-7). Lin and Singer systematically studied the inhibiting effects 

of orthophosphate (PO4
3-), pyrophosphate (P2O7

4-), tripolyphosphate (P3O10
5-), 

hexametaphosphate (P6O18
6-) and binary-polyphosphate blends, and suggested that a total P 

concentration of 10-8 M and above can inhibit calcite precipitation (Lin and Singer, 2006; Lin and 

Singer, 2005a). The reason for this inhibiting effect is the adsorption of phosphates onto calcite 

crystal growth sites and blocking further growth. NOM, such as fulvic acid and humic acid, can 

also inhibit calcite precipitation through a similar mechanism to phosphates (Lin et al., 2005; Hoch 

et al., 2000).  
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Table 1-7: Effective concentrations of CaCO3 scale inhibitors in drinking water systems 

Scale inhibitors  Effective concentration References 

Inorganic inhibitors Mg2+ 6 ~ 21 (×10-3 M) Lin and Singer, 2009 

Zn2+ 2 ~7 (×10-7 M) Ghizellaoui and Euvrard, 2008 

Organic inhibitors Phosphates 1 1 ~ 5 (×10-8 M) Lin and Singer, 2005a 

Lin and Singer, 2006 

NOM 2 1 ~ 5 (mg/L) Lin et al., 2005 

1 Phosphates include orthophosphate, pyrophosphate, tripolyphosphate and hexametaphosphate. 

2 NOM includes Suwannee River fulvic acid, Pacific Ocean fulvic acid, and Williams Lake 

hydrophobic organic acid. 

 

Phosphates can be used to advantageously control the location of CaCO3 formation in potable 

water systems. Addition of excess lime may only tend to coat the pipeline near the point of addition 

(Hatch, 1942). However, addition of orthophosphate (Hatch, 1942) and polyphosphate (Hasson 

and Karmon, 1981; McCauley, 1960), including hexametaphosphate (Primus and Hunhoff, 1972), 

to supersaturated waters could delay precipitation or prevent it completely, potentially extending 

the distance that pipes are coated from CaCO3 formation. 

 

1.5.4 Potential beneficial application of CaCO3 precipitation for autogenous repair 

Although usually considered harmful, CaCO3 precipitation might be potentially beneficial when 

manipulated to repair leaks in drinking water systems via autogenous repair (i.e., leak self-repair) 

(Edvardsen, 1999; Clear, 1985; Tang et al., 2013). Autogenous repair is a promising and low cost 

approach to leak repair that can be achieved by manipulating the water chemistry and formation 

of CaCO3 (e.g., calcite) to clog small leaks (holes typically ≈ 10 µm diameter) (Tang et al., 2013). 

If successfully applied, autogenous repair through CaCO3 precipitation might help stop water 

losses that cost about $3 billion per year (FHWA, 2002), and extend the lifetime of the critically 

important and aging drinking water infrastructure that is expected to cost at least $1 trillion to 

repair, replace and upgrade through 2035, according to an estimate by the American Water Works 

Association (AWWA) (Shanaghan, 2012).  
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The possible mechanisms of autogenous repair by CaCO3 precipitation are either the formation of 

precipitates directly in leaks (smart precipitation) or the clogging of the leaks when precipitates 

pass through the leaks (physical clogging) (Figure 1-5) (Tang et al., 2013). It is even possible that 

these two mechanisms may be operative simultaneously.  

 

   

Figure 1-5 Autogenous repair of leaks by CaCO3 precipitation in drinking water pipelines: 

(a) smart precipitation and (b) physical clogging. (Adopted from Tang et al., 2013) 

 

One potential problem of autogenous repair or clogging by CaCO3 precipitation is the long-term 

resistance to dissolution and longevity of the repair. It is possible that the repair materials (i.e. 

CaCO3) might start to dissolve, once a water that is undersaturated with respect to CaCO3 is 

pumped through the drinking water pipelines. However, since CaCO3 dissolution is not very fast 

at pH ≥ 5 (Morse and Arvidson, 2002) and ambient temperature, the repair might be relatively 

long-lived, even when the water is relatively undersaturated.   

  

1.5.5 Combating scaling by homeowners 

Various water treatment devices have become commercially available for homeowners to combat 

scaling issues (Table 1-8), and most of them have a strong scientific basis. First, ion exchange 

softeners are designed to exchange Ca2+ with Na+, reducing the dissolved Ca2+ concentration and 

scaling potentials in drinking water. Second, membrane treatments (nanofilters and reverse 

osmosis) can remove dissolved Ca2+ and inorganic carbon to reduce scaling potential, without 

introducing net extra salinity into the drinking water systems considering both reject water and 

treated water streams. Third, surface catalyzed crystallization induces CaCO3 precipitation during 

the treatment process itself, so that future scaling potential can be greatly reduced. Finally, 
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reducing water heater temperature can be easily achieved by homeowners, and  reduces scaling 

potentials by making all CaCO3 solids more soluble at lower temperatures. 

 

However, researchers are still dubious about the effects of magnetic antifouling, electronic 

antifouling and electrostatic devices on treating CaCO3 scaling issues. These devices have been 

marketed for half a century, and vendors generally claim that these devices can reduce scaling by 

applying a magnetic field using either a permanent magnet or a temporary electromagnetic field 

generated by electron currents (Powell, 1998). A literature review by Powell (1998) suggests that 

there is little scientific data to support the claims of these devices, and a systematic experimental 

study by Limpert and Raber (1985) proved that eight electrostatic, magnetic and electromagnetic 

devices did not significantly reduce CaCO3 scaling. However, Al Nasser et al. (2011) has observed 

a slight decrease in the scaling rates of CaCO3 with the usage of electronic antifouling. They 

suggested that the conversion of calcite to vaterite, which is more soluble at 25 °C, might 

contribute to the decreased scaling rates of CaCO3. 
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Table 1-8: Effects of common scaling prevention practices available for homes and 

buildings 
Scaling prevention 

strategy 

Advantages Disadvantages Mechanisms References 

Ion exchange 

softener 

Frequently used; 

Softens water 

Regeneration cycles add 

large amounts of salt to 

sewage and environment 

Remove 

dissolved Ca 

Edzwald, 

2011 

Nanofilters and 

Reverse osmosis 

membranes 

High Ca2+ rejection (>90%);  

No net salinity addition to sewage 

Energy intensive; 

Large amount of water is 

wasted 

Remove 

dissolved Ca 

Edzwald, 

2011 

Dutch pellet 

softening method 

More effective than other 

alternative strategies 

Water must initially be 

supersaturated with CaCO3  

Remove 

dissolved Ca 

Schetters, 

2013 

Reduce water 

heater temperature 

Lowers scaling potential in water 

heater;  

Greater savings on energy 

Increases likelihood of 

pathogen formation (i.e. 

Legionella pneumophila) 

Increase the 

solubility 

products of 

CaCO3 solids 

Plummer and 

Busenberg, 

1982; 

ASHRAE, 

2015 

Magnetic 

antifouling devices 

Inexpensive CaCO3 control 

method;  

Little to no maintenance 

No agreed upon 

mechanism of scaling 

inhibition;  

Questionable credibility 

 

Weak scientific 

basis 

Powell, 

1998; 

Limpert and 

Raber. 1985; 

Al Nasser et 

al., 2011 

 

1.6 Knowledge Gaps 

This review re-evaluated CaCO3 formation in potable water systems in the 21st century 

considering global warming, autogenous repair/leak clogging, use of corrosion inhibitors, and 

rising water temperatures in buildings and homes. Because of these emerging issues, research on 

CaCO3 formation needs to be directed toward filling the following knowledge gaps: (1) Rising 

water heater temperatures and atmospheric CO2 levels make it important to predict CaCO3 

formation in water systems. (2) Previous work needs to be updated to predict CaCO3 scaling 

potential in presence of inhibitors and higher water heater set-point temperatures. (3) Scaling 

inhibitors such as phosphates or Zn2+ can control CaCO3 formation, however scaling may be 

beneficial in protecting and repairing water pipelines.  
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Chapter 2: Autogenous Leak Repair via Inert Particle Clogging  

 

2.1 Introduction 

Fixing the aging water infrastructure in the United States (U.S.) is one of the grand challenges of 

the 21st century. As many systems approach 100 years old, they have begun to fail at an alarming 

rate. Nearly 5.9 billion gallons of water are lost every day in our water infrastructure due to leaks, 

main breaks, and inaccurate meters (CNT, 2013). Consequences of small leaks, if they grow larger, 

can include increased water loss and eventually catastrophic and expensive water main breaks—

240,000 main breaks occur in the U.S. every year (ASCE) (2013). Dirt and pathogens can also be 

drawn into water mains through leaks (AWWARF, 2001), during brief depressurization events 

(Walski and Lutes, 1994). Finally, water main leaks and breaks can cause property damage to 

nearby buildings and infrastructure (i.e. flooding, pothole formation), and undermine roads. 

 

In 2013, the ASCE gave the U.S. drinking water infrastructure a grade of D (ASCE, 2013). It is 

estimated that the cost of repairing our existing infrastructure is $200 billion over the next 20 years 

(Shanaghan, 2012). Conventional methods include repair, rehabilitation, and replacement, which 

are effective but time consuming and expensive. Therefore, there is a continued demand for a more 

cost-effective solution to fixing our leaking water infrastructure, as well as a desire to reduce the 

frequency of leaks in the first place.  

 

Novel methods of in situ repair of leaks have been proposed as promising temporary measure 

(Tang et al., 2013) and have shown effective in lab-scale studies in concrete (Edvardsen, 1999; 

Parks et al., 2010) and metallic (Tang et al., 2015) pipes. There are three mechanisms: (1) Metallic 

corrosion, where leaks are repaired through the formation of iron or copper corrosion precipitates, 

(2) precipitation, where leaks are repaired by clogging with water-formed particles such as CaCO3 

or hydration products from concrete, and (3) physical clogging, where leaks are repaired via 

blockage by waterborne particles. Among these three mechanisms, physical clogging is of the 

potentially greatest application, because it might be applied to a wide range of pipe materials 

including inert materials such as aged concrete and PVC (Tang et al., 2013). 
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We conceptualize blockage of small pipe leaks by waterborne particles as a two step process 

including 1) particle transport to the leak, and 2) deposition and formation of blockages within 

leaks (Figure 2-1). The first step is practically important because, in concept, the leaks might be 

quite distant from the point of introduction to the system, and the particles will be prevented from 

reaching the leak if it settles out of the bulk fluid or adheres to the pipe wall too early. Even when 

a particle settles out of the bulk fluid, it is not necessarily stationary as there are still mechanisms 

by which it can be transported through a pipe. These mechanisms include rolling/sliding (Soepyan 

et al., 2013) and saltation, where a settled particle is resuspended before resettling (Cabrejos and 

Klinzing, 1994). To the extent particles do settle, the leaks at the top of the pipe will be more 

difficult to clog. The critical deposit velocity describes the minimum velocity required to keep a 

particle suspended in flow (Thomas, 1979) and it primarily depends on particle size, particle 

density, and pipe diameter (Turian et al., 1987). Water velocity through a distribution system might 

not be able to vary significantly from its design flow, thus in practical application of attempted 

leak repair via particle clogging, the particle type and size would be the controlled variables. 

 

After the particle arrives at the leak, it must be capable of clogging it (Figure 2-1). There are several 

mechanisms by which this can occur. (1) If the particle is larger than the leak, it can become 

trapped in the leak and held by pressure via a sieving type mechanism. Similarly, smaller, 

destabilized particles can flocculate into a larger particle capable of clogging. (2) If particles are 

smaller than the leak, they can build up around it and gradually reduce the leak size (Hajra et al., 

2002). (3) Using analogies to filtration, the speed of build-up in or around the leaks is expected to 

be maximum if the particles are nearly zero surface charge.  

 

Different water chemistry and flow parameters can affect a particle’s capability of clogging leaks, 

especially when the particles are smaller than the leak. Agbangla et al. (2012) found that the type 

of pore clogging (i.e. arching, dendrite formation, or dense deposit formation) is dependent on 

flow patterns, particle concentration, and physical interactions between the particle and pore. A 

model constructed by Wyss et al. (2006) suggests that the pore clogging rate is controlled by a 

critical number of particles that pass through a pore. The critical number is strongly influenced by 

particle diameter (Wyss et al., 2006). This is consistent with other studies that found solutions with 

a lower concentration of larger particles clogs pores more rapidly than solutions with greater 
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concentration of smaller particles (Hajra et al., 2002; Mustin and Stoeber, 2010). Finally, the 

water’s ionic strength affects a particle’s ability to clog pores. Waters with high ionic strength will 

compress the double layer surrounding particles, increasing their likelihood of adhesion upon 

contact with one another and the leak wall (Hajra et al., 2002; Dersoir et al., 2015). Other methods 

of particle agglomeration, such as neutralizing the zeta potential, may also prove to be conducive 

to clogging (Tang et al., 2013). However, in a potable water system, the larger particles formed by 

agglomeration may settle out of a solution or adhere to the pipe wall before they reach a leak, 

which in turn eliminates the likelihood of clogging a leak. Therefore, the particle size, surface 

charge, and solution ionic strength may need to be optimized to maximize clogging rate at a given 

distance downstream from a point at which particles are added to the water.   

 

 

Figure 2-1 Overview of factors important to particle transport and leak clogging in pipes: (1) 

Large particles and flocculated smaller particles may settle before reaching the leak. (2) Charged 

particles can stick to the walls of the pipe if conditions are suitable in terms of charge and transport. 

(3) Particles smaller than the leak can clog it by sticking to the wall of the leak and gradually 

building up inside it. (4) A single large particle or a floc of smaller particles can clog the leak 

provided it has a greater diameter. (5) Particles of a similar charge can coat a leak as a monolayer 

without particle build-up. (6) Certain flow conditions (i.e. turbulence) can allow particles 

suspended throughout the pipe depth to clog leaks regardless of leak orientation. 
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The overall goal of this work is to assess leak repair via the particle clogging mechanism. Both the 

particle transport and particle clogging steps of this mechanism are tested simultaneously. 

Specifically, this study aims to simulate pinhole (circular, 250 µm diameter) leaks in a bench scale 

water-recirculating system using two model inert particles including silica and alumina. 

 

2.2 Materials and Methods 

Particle Analysis 

Silica particles were ground Sil-Co-Sil 75 and fine ground Min-U-Sil 40, donated by U.S. Silica. 

Aluminum oxide (alumina) particles was purchased from Sigma Aldrich (CAS number 1344-28-

1), sized -325 mesh with purity ≥ 99%. The crystal polymorph of the silica and alumina were 

analyzed by X-ray diffraction (Panalytical X’Pert 3 Powder). Particle size distributions were 

measured using a HORIBA LA-300 Laser Diffraction Particle Size Distribution Analyzer. A 10.12 

± 0.06 µm diameter polystyrene particle was used as a size standard to confirm particle sizing 

accuracy. Particle zeta potential was determined by measurement of electrophoretic mobility using 

a Zeta-Meter 3.0+ instrument. Accurate zeta potential measurement was confirmed using a 100 

mg/L Min-U-Sil 40 standard in a 100 mg/L NaCl solution per manufacturer instruction. 

 

Solution Compositions 

A total of nine different solutions were prepared in nanopure water for the leak repair experiments 

including one control (Table 2-1) with the highest concentration of each constituent used in the 

high ionic strength waters. Low ionic strength solutions represented potable water quality in a real 

water distribution system. The pH of the low ionic strength solutions ranged from 5.5 to 10.3 

without any particles. NaCl was added to the 0.1 mM NaHCO3 and 1 mM NaHCO3 waters to 

ensure each of low ionic strength solutions had a nearly uniform ionic strength. The pH of each 

water measured by an Oakton 110 Series pH meter. Ionic strength for each solution was calculated 

using Mineql+. 
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Table 2-1 Composition of waters used in leak clogging experiments 

Name Composition Ionic strength 

(M)1 

Control 

Control 94 mM K2HPO4 + 38.5 mM 

KH2PO4 + 25 mM NaHCO3 + 10.7 

mM KOH 

0.335 

High ionic strength 

pH 7 Buffer 61.5 mM K2HPO4 + 38.5 mM 

KH2PO4 

0.199 

pH 8 Buffer 94 mM K2HPO4 + 6 mM KH2PO4 0.240 

pH 9.6 Buffer 25 mM NaHCO3 + 5 mM KOH 0.035 

pH 10 Buffer 25 mM NaHCO3 + 10.7 mM KOH 0.045 

Low ionic strength 

3 mM NaCl 3 mM NaCl 3.00x10-3 

0.1 mM NaHCO3 0.1 mM NaHCO3 + 2.9 mM NaCl 3.00x10-3 

1 mM NaHCO3 1 mM NaHCO3 + 2 mM NaCl 3.07x10-3 

1 mM Na2CO3 1 mM Na2CO3 2.61x10-3 

1Ionic strength calculated using Mineql+ in a closed system 

 

Leak Repair Experimental Design 

A series of 17 separate leak repair experiments and 1 control experiment were conducted to study 

the repair of leaks by particle clogging: 4 experiments were conducted using Sil-Co-Sil 75 in the 

high ionic strength waters, 8 were conducted using Min-U-Sil 40 in the high ionic strength and 

low ionic strength waters, 4 were conducted using alumina particles in the low ionic strength 

waters, and 1 was conducted using alumina particles that remained unsettled 60 minutes after 

mixing a 5 g/L alumina stock solution. No particles were added to the control experiment. 

 

Each experiment was conducted in a water-recirculation system (Figure 2-2) in which water was 

pumped (MasterFlex L/S series peristaltic pump) through a system made from rigid PVC tubing 

(3/8” o.d. x 1/4” i.d.). Total system pressure was adjusted to 20 psi via a needle valve and was 
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monitored using a pressure gauge. Three 1 m long segments of flexible tubing were installed to 

maintain constant pressure. After the valve, the water was redirected back into the stirred vessel.  

 

Leaks were simulated using borosilicate, heavy wall capillaries (3 mm o.d. x 0.25 mm i.d.) 

purchased from Vitrocom. 3 mm diameter holes were drilled into a 6 in. long portion of PVC 

tubing. The capillaries were cut to lengths of 2 cm and adhered to the holes using epoxy glue. 

Leaks were oriented on the top, side, and bottom walls of the tubing to test leak clogging at 

different orientations. Each orientation was tested in triplicate, making a total of nine leaks in each 

experiment. Flexible, 3 mm i.d. tubing was placed at the end of each capillary to redirect the leaked 

water back into the stirred vessel. 

 

Before starting each experiment, silica or alumina particles were added into the synthesized 

solutions (Table 2-1) in the reservoir. For experiments using silica particles, an initial turbidity of 

approximately 6-7 NTU was achieved by adding 4-5 mL of the silica stock solution (5 g/L) into 

750 mL of the solution. For the experiments using alumina particles, an initial alumina 

concentration of 250 mg/L was achieved by adding alumina stock solution (5 g/L) into 855 mL of 

the synthesized solution. An additional experiment was conducted on smaller alumina particles 

that have a lower tendency to settle. For this experiment, the alumina stock solution was stirred 

vigorously before settling for 60 minutes. Then, 45 mL were drawn from the surface of the stock 

solution, which contained the unsettled alumina particles, and transferred to 855 mL of the 

synthesized solution via pipette.  
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Figure 2-2 Recirculation system setup: Synthesized solutions were well mixed with silica or 

alumina particles in a reservoir, before being pumped through the recirculation system using a 

peristaltic pump. A pressure tank was placed after the pump to maintain 20 psi and reduce 

fluctuations in pressure. Capillaries (250 um i.d.) simulated pipe leaks, and the leaked water was 

rerouted back to the stirred container via flexible tubing (not shown). A pressure gauge and needle 

valve were used to monitor and regulate system pressure. 

 

Leak Monitoring 

The leak rate through each capillary was measured daily for 10 days. The water in each vessel was 

also replaced daily with freshly made synthesized water and dosed to the same particle 

concentration, with the exception of the unsettled particle experiment, which was only replaced 

once at day 6. Two turbidity measurements were taken daily, right before and after each water 

replacement. Turbidity was measured on a Hach 2100N Turbidimeter which was regularly 

calibrated using a hydrazine sulfate turbidity standard. Microscope photos of the leaks, simulated 

by glass capillaries, were taken using an MU300 3 megapixel camera mounted on an AmScope 

IN300TC optical microscope. 
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2.3 Results and Discussion 

Particle Characterization 

Particle size distributions were measured for Min-U-Sil 40, Sil-Co-Sil 75, and alumina in each of 

the solutions used in the clogging experiments (Table 2-2). As expected given that the pH of the 

experiments was much higher than the pHPZC (Schwarz et al., 1984), the size of the Min-U-Sil 40 

and Sil-Co-Sil 75 particles were not significantly affected by the solution chemistry. In contrast, 

the alumina particles had higher mean diameter than the silica particles, and had a range of zeta 

potentials from moderately negative (-22.2 mV), near neutral (-7.1 and 12.0 mV), and highly 

positive (36.0 mV) consistent with pHpzc = 7.1 correspondingly varied in size due to coagulation 

(Schwarz et al., 1984). Thus, the silica particles essentially allowed for study of fixed particle size 

and settling velocity on clogging rates in different solutions, whereas the alumina allowed these 

parameters to be varied, thereby representing extremes of behavior for particles that could be used 

in practice. In one experiment, the fraction of alumina unsettled after 60 minutes of stagnation was 

collected, creating a suspension with much lower particle size and initial settling velocity than the 

other alumina solutions.  

 

As discussed in the introduction, it was hypothesized that larger particles would be more efficient 

at clogging pores than small particles at the same volume fraction (Hajra et al., 2002; Mustin and 

Stoeber, 2006; Wyss et al., 2010). On the other hand, if the particles are too large, they have a 

higher tendency to settle out of the water flowing through the pipe before they arrive at a leak. The 

critical settling velocity, or the minimum fluid velocity required to keep particles from settling in 

a pipeline, was modeled using the approach of Danielson (2007) (Figure 2-3). Larger diameter 

pipes require higher flow velocities to keep particles suspended. For the particles tested herein, the 

model predicts that all the alumina and silica particles in a real pipe system with a large diameter 

such as the Delaware Aqueduct will settle, including particles as small as 10 nm (Figure 2-3A, 2-

3C). But for the very small diameter tube systems tested herein, the average-sized particles in each 

of these experiments are predicted to remain in suspension, with the alumina particles being closer 

to the critical settling velocity than silica (Figure 2-3B, 2-3D).  
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Table 2-2: Mean particle size and zeta potential measurements on particles used in each 

solution 

Solution Mean diameter (µm) Mean standard deviation 

(µm) 

Zeta potential (mV) 

Min-U-Sil 40 

Nanopure 17.4 9.6 N/A 

pH 7 Buffer 15.3 12.5 -31.6 

pH 8 Buffer 13.7 12.3 -30.5 

pH 9.6 Buffer 14.1 12.4 -40.0 

pH 10 Buffer 16.2 13.3 -36.0 

3 mM NaCl 17.3 9.5 -34.1 

0.1 mM NaHCO3 15.5 8.6 -49.3 

1 mM NaHCO3 17.3 9.6 -25.0 

1 mM Na2CO3 19.6 10.8 -37.8 

Sil-Co-Sil 75 

Nanopure 12.7 7.9 N/A 

pH 7 Buffer 16.5 13.4 -29.4 

pH 8 Buffer 18.6 15.8 -24.5 

pH 9.6 Buffer 14.8 12.8 -45.4 

pH 10 Buffer 15.3 13.6 -40.0 

Alumina 

Nanopure 30.2 13.3 N/A 

3 mM NaCl 31.2 11.5 36.0 

0.1 mM NaHCO3 40.2 24.3 12.0 

1 mM NaHCO3 37.1 18.5 -7.1 

1 mM Na2CO3 26.6 12.9 -22.2 

Alumina, unsettled after 60 minutes stagnation 

1 mM Na2CO3 4.1 2.5 -18.9 
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Figure 2-3 Critical settling velocity model: Critical settling velocities for particles in water at 

20°C for A) alumina and C) silica in pipes of varying diameter, including real systems such as the 

Delaware Aqueduct (19.5’) and these experiments (1/4”). Dotted lines are the flow velocities in 

those systems. Bottom graphs magnify the critical flow velocity scale to conditions relevant to this 

experiment. Dots represent B) mean alumina size in each low ionic strength solution and D) mean 

silica sizes in high ionic strength and high ionic strength solutions. However, visual observations 

indicated that the majority of the particles did settle to the bottom of the tubes despite the prediction 

herein, suggesting that the model approach would need to be adjusted to make accurate predictions 

in practice. The model in Danielson (2007) was calibrated for silica sand with mean diameters of 

280-500 µm and tube diameter of 6.9 cm, which is outside the range in this experiment. 

 

Leak Clogging with Silica 

Both Min-U-Sil 40 and Sil-Co-Sil 75 in were shown to be capable of repairing leaks in nearly 

every solution, with the exception of Min-U-Sil 40 in the 1 mM NaHCO3 solution (Table 2-3). 

None of the leaks repaired in the high ionic strength control after ten days. As noted before, there 

are similarities between the two types of silica; they have similar sizes and zeta potentials in the 

high ionic strength solutions (Table 2-2). Although both types of silica had similar particle 

characteristics in high ionic strength solutions, there was variation in clogging rate. For example, 
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Sil-Co-Sil 75 in the pH 9.6 buffer clogged all nine leaks over eight days, while Sil-Co-Sil 75 in 

pH 8 buffer only repaired one leak over ten days. Regardless of particle similarities, there seems 

to be some randomness in the length of time required to clog a leak with silica. 

 

Table 2-3: Summary of Leak Clogging Results  

 

1Experiments were run for 10 days but were ended early if every leaked was clogged. 

 

Leak Clogging with Alumina 

The results of the leak clogging experiments with alumina particles provide valuable insight into 

the effects of water quality on repair efficiency. Like silica, alumina was shown capable of leak 

clogging in each solution (Table 2-3), though alumina was added at higher concentration. The two 

alumina solutions that clogged all of the leaks were 3 mM NaCl and 0.1 mM NaHCO3. While their 

sizes were significantly different, the zeta potential of alumina in both of these solutions was 

positive while the borosilicate capillaries should have a negative charge (Lameiras et al., 2008). 

This suggests that opposite charges on the particle and leak surfaces could be highly conducive to 

initiating processes of leak clogging, as the particles quickly adhere over and inside the leak as a 

monolayer. This also promotes the notion that smaller particles whose charge is opposite of that 

Particle Solution Fraction 

repaired 

Experiment 

duration (days)1 

N/A Control 0/9 10 

Min-U-Sil 40 pH 7 Buffer 4/8 10 

 pH 8 Buffer 5/9 10 

 pH 9.6 Buffer 4/9 10 

 pH 10 Buffer 8/9 10 

 3 mM NaCl 9/9 8 

 0.1 mM NaHCO3 6/9 10 

 1 mM NaHCO3 0/9 10 

 1 mM Na2CO3 6/9 10 

Sil-Co-Sil 75 pH 7 Buffer 4/9 10 

 pH 8 Buffer 1/9 10 

 pH 9.6 Buffer 9/9 8 

 pH 10 Buffer 5/9 10 

Alumina 3 mM NaCl 9/9 4 

 0.1 mM NaHCO3 8/8 3 

 1 mM NaHCO3 4/9 10 

 1 mM Na2CO3 6/9 10 

Alumina, unsettled after 

60 min. stagnation 

1 mM Na2CO3 1/9 10 
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in the leak may be more effective in repairing leaks because they have lower tendency to settle out 

in the system. On the other hand, there is homogeneity in the materials in real pipe systems outside 

of this experiment, and the particles should also deposit to pipe surfaces other than the inside of 

the leak and be more rapidly lost from the system.   

 

Turbidity was tracked in the recirculation systems for each solution over 24 hours (Figure 2-4). 

However, turbidity is not exactly proportional to particle volume as it can depend on particle size 

(Baker and Lavelle, 1984; Gibbs and Wolanski, 1992). For the alumina size ranges in these 

experiments (>0.5 µm), the turbidity should decrease as particles grow larger, assuming equal 

particle volumes (Morris, 1987). Because the alumina in the 0.1 mM NaHCO3 and 1 mM NaHCO3 

solutions has higher average size, there is a lower amount of turbidity generated in those solutions 

per unit volume of alumina particles.  

 

There is a rapid drop in turbidity in every system in the first hour after the water is replaced, likely 

due to particles settling out of the system (Figure 2-4). While the flow velocity is fast enough to 

keep the mean particle size suspended (Figure 2-3), there are alumina particles that are large 

enough (>100 µm) to settle out in each system (Figure 2-5). The portions of each recirculation 

system where particle build-up occurred include the pressure gauge, valve, pressure tank, and 90° 

elbows. These components likely contributed to the initial turbidity drop. The area under the curves 

in Figure 2-4A was calculated to estimate the relative volume of alumina particles that were 

flowing through each system (Figure 2-4B). 3 mM NaCl, 0.1 mM NaHCO3, and 1 mM NaHCO3 

solutions had similar total turbidities over 24 hours, while 1 mM Na2CO3 had the highest total 

turbidity. Although the 1 mM Na2CO3 experiment had the highest overall turbidity pass through it 

each day, it did not fully repair. This contradicts previous studies showing that pore clogging rate 

depends on the number of particles that pass through the pore (Wyss et al., 2006). Furthermore, 

the condition with the second highest turbidity had the lowest repair rate after 10 days. These 

findings support our previous assertion that particle charge is a dominant factor in repair.  
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Figure 2-4 Alumina turbidity measurements: A) Turbidity of alumina solutions passing through 

the recirculation systems over a 24-hour period. B) Area under each curve in Figure 2-4A, 

proportional to the total amount of particles that pass through each system over 24 hours. 

 

 

Figure 2-5 Particle size distributions of alumina particles. 

 

A leak clogging experiment on the suspension of smaller alumina particles that did not settle after 

60 minutes of stagnation was done to assess leak repair in a system that retains most of its initial 

turbidity. 60 minutes was selected as the stagnation time because more than 50% the initial 

turbidity was still suspended in the recirculation system after running for 24 hours (Figure 2-6). 

While two leaks were temporarily clogged for one and four days, only one leak was clogged after 

ten days (Table 2-3). The phenomenon of temporary leak clogging before becoming unclogged 

occurred in the other experiments as well. Additional experiments in 3 mM NaCl or 0.1 mM 

NaHCO3 solutions could be performed to test if the unsettled particles have a higher clogging 

efficiency with a positive zeta potential.  
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Figure 2-6 Unsettled alumina turbidity over 24 hours. 

 

The final disposition of particles in holes that were successfully clogged also varied widely (Figure 

2-7). For example, microscope images observe build-up of smaller particles over a leak (Figure 2-

7B), clogging by a single large particle (Figure 2-7C), and clogging by small particles further down 

the path of the leak (Figure 2-7D). The wall thickness of the pipe material could be an important 

factor in repair via particle clogging. For example, particles traveling through leaks in pipes with 

lower wall thickness will have less opportunities to collide with and stick to the leak wall than 

particles traveling through leaks in pipes with greater wall thickness. 
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Figure 2-7: Microscope images of clogged capillaries. 40x magnification of 250 µm i.d. 

capillaries from -alumina in 1 mM NaHCO3 clogging experiment. A) Non-repaired leak. B) 

Potential leak repair by gradual build-up of particles. The clog extends approximately 600 µm into 

the leak. C) Leak repaired by a single large particle. D) Leak repaired further down the leak path. 

 

2.4 Conclusions 

Analysis of particle sizes, zeta potential, and leak clogging data from silica and alumina particles 

in various solutions yielded the following conclusions: 

 Changing water quality impacted the size of alumina particles, but not silica particles. 

Alumina sizes were consistent with expectations based on their zeta potential. Silica 

particles were roughly the same size likely because they had highly negative zeta 

potentials. 

 Silica particles were proven capable of repairing leaks in high and low ionic strength 

solutions, but the water quality was not shown to influence leak clogging rate. 

 Water quality has a pronounced impact on clogging with alumina particles. Alumina with 

positive zeta potential repaired significantly faster than alumina with negative zeta 

A B 

C D 
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potential. This could be due to the opposite surface charges between the negatively charged 

capillary and positively charged alumina. 

 The total turbidity of alumina particles that passes through a leak does not affect its 

clogging rate. The experiment that had the highest estimated volume of alumina particles 

repaired relatively slow. 

 Smaller alumina particles (i.e. alumina particles that do not settle out of the solution) were 

ineffective at clogging leaks even though they remained suspended in solution over longer 

periods of time. In a real system, leaks that are far from the point of particle addition are 

unexpected to repair as fast as leaks close to the point of particle addition. 

 

2.5 Limitations and Future Research 

While these particle clogging experiments demonstrate a proof of concept, there are several 

limitations in this work that prevent it from being applied to distribution systems. The pipe 

diameter in these experiments is orders of magnitude lower than actual water mains. Models 

predict that the critical flow velocity is strongly dependent on pipe diameter and particles will 

settle more frequently in pipes with larger diameters (Soepyan et al., 2013). Distribution systems 

also operate at higher pressures, typically around 120 psi. It is possible that the clogs in these 

experiments at 20 psi would not hold under higher pressure. Leak geometry in distribution systems 

is also different, as longitudinal cracks are more prominent than the pinhole leaks simulated in 

these experiments. Finally, water hammering, which is a surge in system pressure that results from 

valve closure, occurs in practice. Sudden spikes in pressure could unclog leaks while turbulent 

flow conditions during hammering events can suspend settled particles in the system. 

 

Both steps in the two-step model have been confirmed as being important for leak clogging. Two 

extremes were tested with regard to particle transport and particle clogging. Larger particles settled 

relatively fast but were more capable of clogging leaks, and smaller particles stayed suspended but 

were less capable of clogging leaks. Future research should determine how far along a pipe leaks 

can be effectively repaired. There should exist an optimal particle size that is capable of flowing 

to and repairing leaks further from the point of particle addition. Methods of transporting larger 

particles greater distances should also be considered, such as temporary increases in flow velocity. 

The critical flow velocity model formulated in Danielson (2007) needs to be calibrated to the 
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conditions in these experiments as well as the conditions relevant to water distributions systems. 

Modeling critical flow velocity in a real system can have benefits outside of autogenous repair. 

For example, presence of lead particulates is a concern in some systems (Masters et al., 2016) and 

having accurate models for critical flow velocity would allow for tracking its transport. 
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Appendix: Supporting Tables and Figures 

 

 

 
Figure A-1: Leak clogging and turbidity results for Min-U-Sil 40 in pH 7 buffer 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure A-2: Leak clogging and turbidity results for Min-U-Sil 40 in pH 8 buffer 
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Figure A-3: Leak clogging and turbidity results for Min-U-Sil 40 in pH 9.6 buffer 

 

 

 
Figure A-4: Leak clogging and turbidity results for Min-U-Sil 40 in pH 10 buffer 
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Figure A-5: Leak clogging and turbidity results for Min-U-Sil 40 in 3 mM NaCl solution 

 

 

 
Figure A-6: Leak clogging and turbidity results for Min-U-Sil 40 in 1 mM Na2CO3 solution 
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Figure A-7: Leak clogging and turbidity results for Min-U-Sil 40 in 0.1 mM NaHCO3 solution 

 

 
 

 

 

 

 

 

 
 

Figure A-8: Leak clogging and turbidity results for Min-U-Sil 40 in 1 mM NaHCO3 solution 
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Figure A-9: Leak clogging and turbidity results for Sil-Co-Sil 75 in pH 7 buffer solution 

 

 

 
Figure A-10: Leak clogging and turbidity results for Sil-Co-Sil 75 in pH 8 buffer solution 
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Figure A-11: Leak clogging and turbidity results for Sil-Co-Sil 75 in pH 9.6 buffer solution 

 

 

 
Figure A-12: Leak clogging and turbidity results for Sil-Co-Sil 75 in pH 10 buffer solution 
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Figure A-13: Leak clogging and turbidity results for alumina in 3 mM NaCl solution 

 

 
 

 

 

 

 

 

 

 

 

 

Figure A-14: Leak clogging and turbidity results for alumina in 1 mM Na2CO3 solution 
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Figure A-15: Leak clogging and turbidity results for alumina in 0.1 mM NaHCO3 solution 

 

 

 
Figure A-16: Leak clogging and turbidity results for alumina in 1 mM NaHCO3 solution 
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Figure A-17: Leak clogging and turbidity results for unsettled alumina in 1 mM Na2CO3 

solution 

 

 

 
Figure A-18: Leak clogging and turbidity results for unsettled alumina in control solution 
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Figure A-19: XRD results for A) Min-U-Sil 40, B) Sil-Co-Sil 75, and C) alumina 
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Figure A-20: Zeta potential measurements for A) high ionic strength and B) low ionic 

strengths solutions. Error bars represent 95% confidence interval 
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Figure A-21: Min-U-Sil 40 particle size distribution in pH 7 buffer solution 

 

 
Figure A-22: Min-U-Sil 40 particle size distribution in pH 8 buffer solution 

 

 
Figure A-23: Min-U-Sil 40 particle size distribution in pH 9.6 buffer solution 
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Figure A-24: Min-U-Sil 40 particle size distribution in pH 10 buffer solution 

 

 
Figure A-25: Min-U-Sil 40 particle size distribution in low ionic strength solutions 

 

 
Figure A-26: Sil-Co-Sil 75 particle size distribution in pH 7 buffer solution 
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Figure A-27: Sil-Co-Sil 75 particle size distribution in pH 8 buffer solution 

 

 
Figure A-28: Sil-Co-Sil 75 particle size distribution in pH 9.6 buffer solution 

 

 
Figure A-29: Sil-Co-Sil 75 particle size distribution in pH 10 buffer solution 
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Figure A-30: Alumina particle size distribution in 3 mM NaCl solution 

 

 
Figure A-31: Alumina particle size distribution in 0.1 mM NaHCO3 solution 

 

 
Figure A-32: Alumina particle size distribution in 1 mM NaHCO3 solution 
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Figure A-33: Alumina particle size distribution in 1 mM Na2CO3 solution 

 

 
Figure A-34: Particle size distribution on alumina that remained unsettled after 30 and 60 

minutes of stagnation in 1 mM Na2CO3 solution 

 


