
Bob Walker1

North America’s Cinderella Pipe Story: A Look at PVC Pipes’
Climb to the Top*

ABSTRACT: Remember the story of Cinderella? Cinderella was too poor and unworthy to ever become a
princess. Similarly, when first introduced into the North American pipe market in the 1950s, PVC pipe was
admonished by competitors and skeptics as having little chance to succeed. As a substitute for the well-
established pipe mainstays of that era—iron, steel reinforced concrete, asbestos cement, and vitrified clay;
PVC pipe was initially viewed as having insufficient strength and stiffness to be a viable contender. All of
these early views had to be changed. This paper summarily chronicles how the questions and doubts sur-
rounding PVC pipe’s performance capabilities were overcome, including the resolution of subsequently
raised concerns. Through the consistent treatment of every issue with rational, technical, research based
approaches; combined with an extensive in-service record of admirable performance; the use of PVC pipe
has grown steadily through more than five decades. As a direct consequence, PVC pipes now account for
the majority of all new water and sanitary sewer installations, exceeding the market shares of all the afore-
mentioned established pipe materials combined. PVC pipe’s fairy godmother is proud, indeed!
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Introduction

Cinderella is a classic folk tale embodying unjust oppression and unfortunate circumstances that ultimately

are changed and the result is remarkable fortune. The word “cinderella” has come to represent anyone

whose attributes were unrecognized but eventually was able to achieve success. On Feb. 15, 1950 the

Walt Disney Company released their animated feature film of the Cinderella story and it became an instant

classic. As a result, most people associate with the Disney version as opposed to the original [1].

Coincidentally, at about the same time Disney was releasing their animated movie classic, plastic

pipes manufactured from the plastic poly(vinyl chloride), now commonly referred to as PVC, quietly

made their debut in North America.

Chapter One

P.V. Cinderella’s Early, Formative Years

Once upon a time on or around 1950, pipe extrusion technology from Europe made its way to North

America where several enterprising companies began manufacturing pipes made from a thermoplastic

polymer that has come to be known by its initials —PVC. (In the context of this story and the Cinderella

analogy, PVC pipe will be appropriately viewed as P.V. Cinderella.) European PVC pipes had demon-

strated their abilities to provide durable performance in a number of applications which included buried

water distribution and buried sewage collection. However, these first PVC pipes were ahead of their time

and lacked the benefits of material and process advancements employed today. It was not until 1950 that

the systematic development of modern extrusion technology began. Throughout the 1950s and 1960s

effective stabilizers, lubricants and processing aids, together with improved extrusion machinery, all engi-

neered specifically for PVC pipe, were developed [2].
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The early installations of PVC pipe were highly successful but hardly a threat to North America’s main-

stay pipe products for water and sewer, i.e., pipes made from iron, steel, steel reinforced concrete, vitrified

clay, and asbestos cement. (In our analogy, these traditional pipe materials were P.V. Cinderella’s older and

vain stepsisters.) The civil engineers (handsome Prince) largely responsible for selecting pipe appropriate for

public and private water and wastewater applications had very little knowledge about PVC (P.V. Cinderella).

Moreover, plastics generally were considered to be structurally inadequate for infrastructure construction.

The early advocates of PVC pipe (P.V. Cinderella’s fairy godmother) came to understand that many

obstacles and misperceptions would have to be overcome if they were going to succeed in fostering acceptance

for PVC pipe (i.e., create a lasting eHarmony connection between the handsome Prince and P.V. Cinderella).

Chapter Two

P.V. Cinderella Undergoes Health Screening before Dancing with the Prince

One of the very first, and arguably most critical, issues that had to be addressed was that associated with

bringing a new material into our environment. Health officials were especially concerned about any possi-

ble adverse effects from materials in direct contact with public drinking water and food supplies. (No

Prince wants to end up in an unsafe or unhealthy relationship.)

An impartial, not-for-profit, private research organization known then as the National Sanitation Foun-

dation (now NSF International) was engaged in 1951 by the plastic pipe industry to conduct, “A Study of

Plastic Pipe for Potable Water Supplies.” The report was completed in 1955 and described a three-year

evaluation which examined the suitability of PVC pipes, among others, for underground potable water sys-

tems. That study provided public health officials with basic information about the safety of PVC pipes and

eventually led to an NSF voluntary PVC pipe certification testing program which began in 1959 and fol-

lowed by publication of an NSF plastic pipe certification standard in 1965 [3].

In 1984 the U.S. government announced that it wanted to establish a private sector certification pro-

gram run by a non-profit organization to verify product safety and compliance with national drinking

water standards. The program was awarded to a consortium of organizations in 1985 that included NSF,

AWWA Research Foundation, Association of State Drinking Water Administrators, and Conference of

State Health Managers. In 1988, Standard 61, “Drinking Water System Components—Health Effects,”

was published for pipes and piping components intended for contact with drinking water. This standard

replaced the earlier NSF Standard, and was adopted by the American National Standards Institute (ANSI).

The ANSI/NSF Standard includes both regulated and non-regulated substances, and is applicable not only

to PVC piping and components, but to all water piping materials [4,5].

Over four decades of testing and certified compliance have verified that PVC pipes do not exhibit sig-

nificant reaction with even aggressive drinking water and are arguably the safest of all common pipe mate-

rials. In addition, tests demonstrate that PVC pipes provide excellent antimicrobial performance and

protection against bio-film formation.

Concerns about drinking water becoming tainted from petrochemicals in the soils or groundwater sur-

rounding buried plastic pipes were raised in the 1980s. A number of industry and independently sponsored

studies followed to quantify the permeability of the various common pipes and pipe joint materials. The

studies revealed that permeability rates vary quite dramatically from one material to the next. When tested,

PVC proved to be relatively resistant to permeation. The most recent evaluation of permeability was con-

ducted by Iowa State University with funding from the AWWA Research Foundation [6]. The researchers

concluded that PVC pipes present an effective barrier to “permeation of benzene, toluene, and xylenes in

either gasoline vapors or gasoline contaminated groundwater at typical contaminated sites” [7].

Having undergone full and complete review by all the independent evaluators of public health and

safety, PVC pipe (P.V. Cinderella) was granted admission for use in water and wastewater pipe applica-

tions (granted entrance to the grand ball at the palace with authorization to dance with the Prince).

Chapter Three

Time Dependent Properties: Magic Only Until Midnight or for More Than 100 Years?

PVC pipes’ inherent viscoelastic nature provides for a stress-strain behavior different from that of tradi-

tional pipes made of iron, steel, concrete, and clay. PVC pipes subjected to a sustained internal hydraulic
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pressure undergo a form of creep, which is time dependent. The result is a non-linear stress-strain relation-

ship. The pressure that causes rupture at 10 000 h is less than the pressure causing rupture at 1000 h and

even less than after only 100 h. Higher stress means shorter life, but the converse is also true, the lower

the stress the longer the life.

A general lack of familiarity with viscoelastic materials among pipe design engineers, in combination

with PVC’s relatively lower tensile strength, presented a major obstacle. In order to be accepted and speci-

fied for buried water mains and fire protection systems, a method to establish PVC’s long-term strength

capacity had to be devised.

In November of 1958, a nine-member Working Stress Subcommittee under the Test Methods Committee

within the Thermoplastic Pipe Division of the Society of the Plastics Industry was formed. Under the capable

leadership of Dr. Frank Reinhart, the Subcommittee worked from 1958 to 1961 and developed a sound engi-

neering basis for evaluating the expected long-term performance of thermoplastic pressure pipe [8]. A large

volume of long-term hydrostatic strength testing was then conducted, the vast majority of which was on PVC

pipe, and all the collected data was analyzed. This resulted in approval of the first, “Standard Test Method for

Obtaining Hydrostatic Design Basis for Thermoplastic Pipe,” ASTM D2837 in 1969 [9].

The use of PVC compounds capable of providing predictable, linear, log of time versus log of stress-

to-failure behavior per ASTM D2837’s requirements, made it possible for pipe design engineers and pipe

manufacturers alike to consistently select a design stress low enough to confidently project long-life per-

formance. Perhaps even more importantly, the long-standing elastic design equations familiar to all pres-

sure pipe engineers could be used to design PVC pressure pipes. In order to apply elastic design, engineers

needed only to use PVC’s long-term design basis strength of 4000 psi, i.e., PVC’s ASTM D2837 catego-

rized Hydrostatic Design Basis (HDB), in place of PVC’s short-term yield strength (see Fig. 1).

Coincident with this development of a consistent PVC pressure pipe design basis, another engineer,

Cecil Rose, with the U.S. Farmers Home Administration boldly pioneered a new design for cost-effective

water distribution systems to serve low-income and low-population-density rural areas. In 1956, Mr. Rose

advocated using corrosion-free PVC pressure pipe to bring affordable potable water systems to rural

America [10]. PVC pipes’ lower cost and ease of installation enabled many more communities to be

served than otherwise would have been possible. Millions of Americans benefited from his decision.

By 1964 ASTM had published a standard for Pressure Rated PVC pipe, ASTM D2241 [11], and the

producers of traditional pipe products (the older stepsisters) were beginning to take notice (of P.V. Cinder-

ella). They were becoming concerned (jealous) as a result of PVC pipes’ early and rapidly growing suc-

cess. Their reaction was the dissemination of untrue negative information about PVC. Their most serious

allegation was that PVC pipes lose strength with time when pressurized or under load. The misconception

likely originated from misinterpretation of ASTM D2837 test method’s downward sloping stress-rupture

versus time line.

To determine what happens to the strength of PVC pipe under constant water pressure, pipe testing

began in 1970 at the Johns-Manville Corp. Research and Development Center in Denver, CO. All of the

FIG. 1—Typical ASTM D2837 stress-rupture regression line (life line) for PVC pipe [10].
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PVC pipes tested exhibited an increase in burst strength throughout the entire test period of 10 years. Most

impressive was the 22 % increase in burst strength of the sample held at twice its pressure rating for 10

years. The study conclusively showed the accusation that with time PVC pipes lose strength under pres-

sure was incorrect [12] (see Fig. 2).

The American Water Works Association (AWWA) approved their first PVC water pipe standard in

1975. AWWA’s PVC pipe standard helped to establish PVC pipe as much more than just a rural pipe

product but also a legitimate municipal water distribution pipe and fire protection pipe. Indeed, the water

engineering community (the handsome Prince) has made PVC (P.V. Cinderella) the most often installed

water pipe material (the most sought after maiden at the ball). By 2004, PVC accounted for 78 % of the

combined U.S. and Canadian buried water pipe market for pipe diameters 4 in. and larger [13].

Considering the extensive and widespread use of PVC pipe by the drinking water industry, the Ameri-

can Water Works Association Research Foundation (AwwaRF) and the Australian Commonwealth Scien-

tific and Industrial Research Organization (CSIRO) co-funded a research project to evaluate the

sustainable long-term performance of PVC water pipes. The researchers carefully analyzed more than 40

years of available in-service pipe performance information. Their report, published by AwwaRF in 2005,

included a performance model that projects a minimum service life of 100 years from PVC pipe when

properly designed and installed [14].

Chapter Four

P.V. Cinderella’s Rigid Stepsisters Desperately Tried to Keep Her from Attending the Grand Ball

PVC pipes’ introduction into the sanitary sewer market lagged slightly behind its use for water distribu-

tion. The earliest ASTM standards for PVC sanitary sewer pipes were approved in 1972, i.e., ASTM

D3033 [15] and D3034. However, the use of PVC pipe in both drainage and sewer applications in North

America dates back to the 1952.

In the 1950s and 1960s vitrified clay pipe dominated the North American sanitary sewer market. For

diameters above 30 in., concrete pipes held the largest market share. Clay pipes were highly resistant to

chemical attack and had high compression strength. Concrete pipes also possessed high compressive

strength but were vulnerable to attack from sulfuric acid generated from sewer gases. The structural

strength of both clay and concrete pipes was dependent upon a relatively thick-wall construction.

Concrete and clay pipes’ hold on the sanitary sewer market began slipping following passage of major

federal water pollution control legislation in 1972 (PL 92-500). That legislation called for stricter controls

on wastewater discharges and authorized billions of dollars to assist communities with compliance. To

assure that federal and local treatment dollars would be spent efficiently, grant recipients were required to

evaluate their sewage collection systems for costly leakage. These evaluations revealed that clay and con-

crete pipes leaked through joints and through cracks commonly caused by beam breaks in expansive clays,

shear failures due to manhole settlement, and shear and beam breaks as a result of shifting soils [16].

Environmental engineers looked for better pipe material options and began lowering the allowable leakage

limits for new sewer lines. PVC pipe and PVC fittings were more than up to the challenge. PVC pipes’ longer

FIG. 2—Strength and sustained stress lines for PVC pipe [11].
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lengths (fewer joints), smoother walls, and much tighter manufacturing tolerances virtually eliminated infiltra-

tion leakage. Moreover, when subjected to excess loading or shifting soils, PVC pipes had the ability to flex

without cracking or breaking, thereby retaining their leak-free superiority throughout their service life [16].

Pipe utility contractors welcomed PVC sewer pipe. They were tired of having to buy an extra 5 %–15

% to make up for spoilage or breakage during the handling and installation of clay pipe. Contractors also

often experienced difficulty in getting installations of new clay and concrete pipes to pass more stringent

leakage requirements. PVC pipe afforded them a competitive option that was much easier to handle and

install.

However, structural engineers proved to be much harder to convince. They were leery of the lower

strength and flexible behavior of PVC pipe. Furthermore, whole market transformations are rarely easy.

Both the clay and concrete pipe industries were large and very well entrenched (no pun intended). Massive

resources were committed to try and convince communities that PVC sewer pipes were structurally inad-

equate and would eventually collapse under trench loads and/or traffic loads. After it became evident that

PVC pipes were not collapsing, their negative sales strategy shifted to promoting overly restrictive, post-

installation ring-deflection or out-of-round requirements. Specifically, 5 % deflection was misrepresented

as “failure” of any buried PVC pipe. Their negative marketing strategy included insisting on post-installa-

tion deflection testing, which was a deterrent in the short run because utility contractors were fearful of

not being able to pass additional test requirements, but in the long run ended up favoring PVC pipe use.

Concrete and clay pipes are structurally “rigid” pipes. That is, if they do not crack or break, rigid pipes

stay round when buried and as such have limited interaction with their surrounding embedment. Con-

versely, PVC pipes are structurally “flexible.” PVC pipes’ crack resistance is the result of their ability to

deflect at least 60 % without cracking. PVC pipes yield or deflect when loaded, thereby developing passive

soil support at the sides and around the pipe. This results in a major portion of the vertical load being

picked up by the surrounding soil. The outcome is a desirable arching effect. Watkins et al. [17] conducted

tests at Utah State University (USU) in 1976 demonstrating that when installed under identical soil condi-

tions, an applied load of 5000 lb/ft (equivalent to a trench depth of 45–50 ft) resulted in structural failure

of a rigid pipe with a three-edge bearing strength of 3300 lb/ft, while a PVC sewer pipe with a pipe stiff-

ness of 46 lb/in./in. exhibited very minor deflection of only 5 % (see Fig. 3). The USU comparison

addressed the issue of strength adequacy but had not resolved the allegation that 5 % deflection represents

failure for a PVC pipe.

In order to objectively evaluate what deflection constitutes failure for PVC pipe, further testing was

conducted by Moser and Shupe at USU’s Buried Structures Laboratory in 1980. The PVC pipes performed

well structurally (i.e., were able to support increases in loading and to transfer load to the side support

soil) right up until inverse or reverse curvature of the pipe was observed. Therefore, while no catastrophic

failure was observed, the onset of inverse pipe wall curvature was concluded to be PVC pipes’ structural

failure limit. PVC pipes’ critical deflection limit was concluded to be 30 % because inverse curvature was

not observed at deflections at or below 30 % [18]. Later application of a conservative safety factor of 4.0 to

PVC pipes’ 30 % performance limit resulted in the publication of an Appendix to ASTM D3034 in 1981.

The Appendix included a post-installation testing deflection recommendation of 7.5 % (30–4) and defined

base inside diameters that appropriately accounted for dimensional manufacturing allowances [19,20].

FIG. 3—Load bearing strength of buried PVC sewer pipe exceeds that of rigid pipe [17].
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Communities derived considerable comfort from applying such a conservative post-installation deflec-

tion limit to their new PVC sewer pipe installations. Such testing enabled owners to enforce proper instal-

lation and has precluded structural difficulties with PVC sewers. The absence of problems spawned the

broader acceptance of and a strong preference for PVC sewer pipe. Pipe contractors who were sometimes

deterred from using PVC sewer pipe when a 5 % deflection limit was imposed, did not find it unreasonable

to comply with the 7.5 % limit.

Testing was also conducted at the USU Buried Structures Laboratory in 1979 to evaluate the root

intrusion and leakage performance limits of deflected PVC pipe joints. A 10 lb rock was placed on the

spigot end of each joint and adjacent to the adjoining bell to simulate worst-case conditions. Joint leakage

did not occur until deflection of the spigot end beneath the rock had reached 43 %, which is above PVC

pipes’ structural deflection limit of 30 % [21].

The performance research conducted on PVC pipe was effective (like a fairy godmother’s magic

wand) in debunking the negative sell campaigns that were run by members of the rigid pipe industry (P.V.

Cinderella’s older rigid and vain stepsisters).

Chapter Five

No Time for P.V. Cinderella to Relax at the Grand Ball

After successfully making it to the grand ball and receiving an enthusiastically favorable response from

the Prince, P.V. Cinderella began to look forward to an enjoyable evening. Regrettably, it did not take

long for jealousy to mount among all the other maidens in attendance. They repeatedly tried to trip up

P.V. Cinderella by raising new doubts about her. Each doubt had to be systematically addressed; otherwise

a less worthy maiden was likely to win over the handsome Prince.

A rumor was circulated that PVC pipe would degrade when exposed to direct sunlight. For a 2-year

exposure period beginning in 1977 and concluding in 1979, PVC pipes were placed in exposure racks at

locations throughout North America to quantify the effects of natural ultraviolet radiation on PVC pipe.

Periodic testing confirmed that neither the pressure capacity (tensile strength) nor ring stiffness (modulus

of elasticity) were degraded. Impact strength did decline but remained higher than that of PVC pipes’ rigid

competitors. The study concluded that the amount of ultraviolet inhibitor (titanium dioxide) used in stand-

ard PVC water and sewer pipe is sufficient to allow for 2 years of sun exposure, i.e., shielding from sun-

light only needed to be considered for storage periods in excess of 2 years [22].

Another rumor suggested that PVC pipes’ would not be able to handle traffic loads, particularly condi-

tions involving shallow depth installations under roadways. Repeated stress variations were known to

shorten the lives of many pipe materials through fatigue. The U.S. Federal Aviation Administration Sys-

tems Research and Development Service sponsored a series of field tests to evaluate the performance of

several plastic pipes under dynamic wheel loadings. The testing commenced in October of 1976 and con-

cluded in March of 1979. All of the testing was done at the U.S. Army Engineer Waterways Experiment

Station in Vicksburg, MS and the evaluated burial depths ranged from a mere 7 in. to a maximum of 30.5

in. in order to maximize the traffic loadings. All tests were performed with a flexible bituminous road sur-

face. PVC (DR 35) pipe displayed the best performance among the pipes tested under a range of loadings

representative of highway and light to medium aircraft traffic, which included load conditions simulating

over 400 000 passes of an 18 kip axle load (see Fig. 4).

As a result, a minimum cover height of 12 in. was recommended for PVC (DR 35) pipe subjected to

highway loads of up to 18 kip axle. Under light to medium aircraft loads of up to 320 000 lb gross weight,

a minimum burial depth of 2 ft was recommended [23]. Further shallow-burial, traffic load testing was

done on larger diameter (24 and 30-in.) PVC sewer pipes. The work was done by the Ontario Ministry of

Transportation and published in 1992. As with the earlier testing in Vicksburg, the PVC pipes performed

extremely well [24].

The performance capabilities and safety of direct tapping PVC pressure pipes was yet another topic

that the PVC pipe industry addressed. The tapping bits that had been used to tap metal and concrete pipes

had to be redesigned to safely cut through pressurized PVC pipe. Following the development of the proper

cutting or tapping bit designs, testing was conducted by various pipe manufacturers to determine which

tapping machines were best suited for tapping PVC pipe and to establish minimum wall thickness limits

and diameter limits for direct tapping. Consensus recommendations for direct tapping were published by
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the Uni-Bell PVC Pipe Association in 1979, which Uni-Bell supplemented in later years through publica-

tion of an instructional pocket guide and the production of a tapping training video [25–27]. AWWA

addressed the issue of tapping PVC pressure pipe in AWWA M23 and AWWA C605 [28,29].

In order to demonstrate and evaluate the structural integrity of a direct tap, i.e., a service line corpora-

tion valve or stop treaded directly in the wall of a PVC pressure pipe, tests measuring the pull out and

FIG. 4—Permanent deflection of shallow-burial PVC sewer pipe beneath roadway [22].

FIG. 5—This profile-wall PVC pipe shows little abrasion wear, whereas the steel reinforced concrete pipe
has clearly been completely compromised [34].
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torque out loads needed to dislodge the corporation valve were conducted [30]. To test the capability of a

direct tapped PVC pipe to hold their threaded corporation stops without leakage; 12 tapped samples were

subjected to 1.5� 106 pressure cycles. No leakage, not even a single drop, occurred in any of the pipes

tested [31].

Mechanical joint restraints presented another challenge for pressurized PVC pipes. Their effect on

pipe performance had not always been properly considered. Therefore, a performance standard was writ-

ten through a cooperative effort between members of the PVC pipe industry (Uni-Bell) and the manufac-

turers of mechanical joint restraints, which culminated in 1988 with Uni-Bell’s publication of

recommended performance requirements followed by approval of ASTM F1674 in 1996 [32,33].

Susceptibility to hydrocarbon permeation in severely contaminated soils was still another question that war-

ranted research and testing. As a result of several evaluations, PVC pipe’s resistance to permeation is well under-

stood. (A summary of PVC pipe’s resistance to permeation has previously been discussed in “Chapter Two.”)

European studies dating back to 1969 have shown that PVC pipes offer excellent resistance to abrasive

wear. Nonetheless, the growing popularity of large-diameter profile-wall PVC sewer pipes in North Amer-

ica gave rise to renewed interest in PVC’s abrasion resistance capabilities, especially with regard to storm

drainage applications. In 1991, comparative abrasion resistance testing was performed at California State

University in Sacramento. Using identical crushed rock slurries in parallel tests, the steel reinforced con-

crete pipe suffered excess abrasion wear to the point of failure while the PVC pipes experienced minimal

abrasion wear [34] (see Fig. 5).

Repeated pressure cycles, such as those associated with sewer force mains and some irrigation pipe

systems, presented questions regarding PVC pipes’ capability to handle dynamic cyclic loadings. Cyclic

pressure testing conducted in the 1970s did not provide an adequate design basis for PVC pressure pipe

and most often resulted in overly conservative predictions. Consequently, more research and testing was

undertaken at USU, spanning 4 years from 1999 to 2003. The extensive cyclic testing results enabled the

researchers to develop a new cyclic design approach for PVC pressure pipe that improved upon all previ-

ous approaches [35]. That USU cyclic design approach has been incorporated in the appendix of AWWA

C900.

The Prince was more than satisfied by P.V. Cinderella’s responses to these various and assorted

rumors. As they danced on, the night grew short and the countdown to midnight grew nearer and nearer.

P.V. Cinderella remembered to leave before midnight and the Prince looked forward to seeing P.V. Cin-

derella at the next evening’s ball.

Chapter Six

The Prince Learns That P.V. Cinderella is Green

With her fairy godmother’s help, P.V. Cinderella attended the ball held on the following evening. The sec-

ond ball gave the Prince ample opportunity to get to know P.V. Cinderella better. The Prince was quite

heavily involved in efforts to promote sustainable infrastructure and curtail global warming. He was very

pleased to learn that P.V. Cinderella was environmentally friendly.

As issues regarding environmental protection and sustainability moved higher on public and political

agendas, the demand for PVC pipe also increased. Indeed, the PVC pipe industry owes much of its success

to environmentalists and the environmental movement. More importantly, our environment has benefited

immensely as a result of the widespread use of PVC pipe [16].

PVC pipes’ rise to prominence was rooted in PVC’s inherent suitability for handling both the physi-

cal/mechanical and chemical/environmental conditions associated with our essential water and wastewater

pipe infrastructure systems. PVC pipe’s excellent resistance to chemical attack and immunity to both gal-

vanic and electrochemical corrosion meant that when designed properly, PVC pipe would perform for

hundreds of years. PVC pipes are not damaged by corrosive soils and are not affected by sulfuric acid in

the concentrations found in sanitary sewer systems. As a result, no linings, coatings, or cathodic protection

are required when PVC pipes are used [36].

For a pipe to be considered sustainable it needs to be produced with minimal adverse environmental

impact and minimal carbon footprint, provide for low life cycle cost, be maintenance-free or require mini-

mal maintenance, and be able to be economically recycled at the end of its useful life [37].
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Many people are under the false impression that plastic pipes use more natural resources in the form

of fossil fuels than traditional pipe materials. In fact, the reverse is true, because most of the heat energy

required for the production of ductile iron, steel, copper, and aluminum comes from oil or coal. Metal

pipes require very high temperatures to produce and thus are extremely energy intensive [37].

An Australian (CSIRO) study compared the embodied energy of various pipe products and concluded

that, “Within all scenarios, virtually all the various forms of PVC pipes produced lower embodied energy

results than any other piping material.” Embodied energy is defined as “the quantity of energy required by

all of the activities associated with a production process, including the relative proportions consumed in

all activities upstream to the acquisition of natural resources and the share of energy used in making equip-

ment and in other supporting functions, i.e., direct energy plus indirect energy.” The study considered the

energy required to manufacture the raw materials, transport of the raw materials, the pipe manufacturing

process, as well as the embodied energy implications of using different piping solutions to achieve a simi-

lar hydraulic performance over a fixed length [38]. The latter is important because PVC pipes are more

flow efficient as a result of their smoother interior surfaces.

Thus, PVC pipe use lowers carbon dioxide emissions that contribute to global warming. PVC pipes

are generally easier to cut in the field and can be joined to standard appurtenances (valves, fittings,

hydrants, etc.) without the need for special connections or adaptor couplings. Properly assembled PVC

pipe joints are leak-free and PVC pipe’s strain ability resists cracking. By and large, PVC pipes also

require little or no maintenance when designed and installed correctly.

Furthermore, PVC is produced by combining ethylene (derived from either natural gas or petroleum)

and chloride from salt (sodium chloride). As a result, only 43 % of PVC comes from a non-renewable

resource in the form of fossil fuels. Hence, PVC pipe is an excellent choice from the standpoint of non-

renewable resource conservation [39].

Consequently, the Prince’s regard for P.V. Cinderella increased during the second ball. But P.V. Cin-

derella had lost track of time and ending up having to leave at the stroke of midnight, losing one of her

glass slippers in the process. The Prince retrieved the slipper and vowed to find and marry the girl to

whom it belonged.

Chapter Seven

The Search Leads to a Very Happy Ending

In this Cinderella story the Prince did not have to search far and wide to find P.V. Cinderella because PVC

pipe has become today’s most widely utilized pipe material in the United States and Canada for transport-

ing fluids, especially in drinking water distribution systems and wastewater collection systems [13]. Owner

and contractor familiarity with PVC pipe is well established. PVC pipes are also often selected for sewer

force mains, agricultural and turf irrigation piping, storm water drainage, and a variety of industrial and

plumbing pipe applications.

While the combination of outstanding performance and value for more than five decades has certainly

been essential to sustaining PVC pipe’s market growth, this story was written to highlight the fact that a

tremendous amount of testing and research has taken place—and we only hit the highlights. The time and

money invested in properly addressing the issues raised by PVC pipe’s many skeptics, competitors, and

customers in a technical, scientific manner has proven to be invaluable. Certainly the benefits that have

been, and continue to be, derived from the millions of miles of PVC pipe in service far exceed the costs

and resources invested in the industry’s success.

Moreover, this happy ending story is not ending. New technological developments have enabled

PVC pipe to expand in to several emerging applications for which PVC pipes are well suited. These

include reclaimed/recycled water systems, trenchless directional drilled installations, and pipeline

rehabilitation.

The time has come to replace and repair our aging pipe infrastructure in ways that use less energy and

inflict substantially less harm to our environment. There is a growing trend toward minimally intrusive

trenchless methods, particularly in congested urban environments. Horizontal directional drilling, often

referred to as HDD, has increased from 12 operational units in 1984 to thousands of units today [40]. This

rapid growth has been driven by technological advancements in precision drilling equipment in conjunc-

tion with rising costs involved with construction in congested urban areas. Other contributing factors are
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the increased awareness of the social costs of open cut construction and increasing environmental regula-

tions, especially for pipes crossing rivers or passing through wetlands or other environmentally sensitive

areas [40].

The joining of PVC pipe via thermal butt fusion has been developed and has been highly successful in

waterworks projects, particularly in trenchless applications and installations. The technique allows for the

joining of multiple pipe sections into a continuous, gasket-less length of PVC pipe that can be pulled in to

place. PVC pipe joined by butt fusion facilitates installation through alignments created by a directionally

drilled path or through an existing pipeline, or installations involving pipe bursting, and eliminates the

need to enlarge the bore hole to accommodate the external protrusions associated with bell ends, couplers,

or mechanical restraints.

Two advancements have made the field fusion of PVC pipe possible. The first was the development of

a specific material formulation, or recipe, capable of consistently producing high-strength fusion joints.

The formulation is fully compliant with the industry’s established generic formula requirements for pres-

sure-rated PVC pipe. The second advancement was the development of the particular conditions and pro-

cedural steps for reliable in-the-field fusion of PVC pipe ends. The result has been leak-free joints that

consistently provide strength equal to that of the pipe barrel.

So P.V. Cinderella’s fairy godmother accomplished her mission. The Prince married P.V. Cinderella

and together their happiness is continuing to grow with time or, to put it more succinctly, they are living

happily ever after.
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