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ABSTRACT

The drinking water distribution infrastructure is a network of pipes composed of different
materials, of different ages and states of repair and subject to varying environments and stresses.
Often newer drinking water regulations may require a change in the water-sources, treatment
processes and/or practices. The distribution system is at the receiving end of these changes. It is
understood from general principles, that any change in the quality of the transported water can
adversely affect the distribution system components.

Relating changes in treatment practices to distribution infrastructure integrity is complicated
by a number of inter-related processes taking place within the distribution system. This paper
elaborates a conceptual framework for evaluating the impact of changes in treatment practices on
the long-term structural and functional integrity of the distribution infrastructure. The proposed
conceptual framework can be used to identify potential problems in the distribution infrastructure
that are associated with the changing water treatment practices.
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INTRODUCTION

Water traveling through deteriorating distribution infrastructure may decrease in quality due to
the uptake of contaminants through intrusion from compromised components, internal corrosion,
leaching and permeation. Though considerable research exists that focuses on the deterioration
of water quality through distribution infrastructure, the converse phenomenon of deterioration of
distribution infrastructure has not been extensively studied. This paper provides a brief overview
of the impacts of changing water quality on infrastructure integrity due to new regulations. The
main focus of this paper is to identify how the water distribution network might be impacted by
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water'quality “changes that occur when water utilities attempt to comply with these new
regulations.

DETERIORATION AND INTEGRITY OF WATER DISTRIBUTION INFRASTRUCTURE

In this paper, ‘integrity’ of distribution infrastructure is defined as its ability to transport water in
acceptable quantity and quality without causing any ‘structural’ or ‘functional’ failure of its
components. In the context of this research, a structural failure is defined as leaks and breaks in
the pipes, while functional failure is the loss of quality and quantity of water.

Water quality failures in the distribution system are often an indicator of long-term
deterioration. For instance, finished water introduced into the distribution system might cause
metallic corrosion and lead to red water problems at the consumers tap. From a public water
system (PWS) point of view, a water quality change (increase in color) is often the first
indication that the integrity of the distribution system is being compromised in some way. A
PWS may conduct further investigations to ascertain the cause of water quality deterioration.

Though the ‘structural’ integrity of the system may be intact, the “functional’ integrity could
be compromised because of the failure of the distribution system to avoid deterioration of the
transmitted water (due to corrosion, biofilms etc.). In actual PWS experience, the functional
failures may persist for years before leading to an actual structural failure. For instance, water
quality problems related to distribution system such as red water, loss of residual and subsequent
microbiological proliferation may persist for years before actual failure of the pipe. Thus the
water quality at the consumers tap can be used as an indicator of the “health” of the distribution
infrastructure. Since distribution infrastructure is essentially a buried structure, these symptoms
are often used to measure the impact of finished water quality on its integrity.

Public water systems have traditionally taken a long-term approach to maintaining and
rehabilitating the distribution infrastructure when compared with the short-term urgency of water
quality deterioration. Compromise on the integrity of water distribution infrastructure could
trigger a number of water quality deterioration mechanisms including internal corrosion,
leaching, contaminant intrusion, microbial proliferation and permeation of organic compounds
through system components (Sadiq et al. 2004). Failure at the distribution level can be critical
because it is closest to the point of use and there are virtually no safety barriers before
consumption. PWSs must manage the source-waters, treatment processes and distribution
infrastructure holistically in order to maintain the quality at the consumers tap.

The distribution infrastructure can be divided into three broad groups of materials - metallic,
polymeric and/or cementitious. The distinction between these three is based on the dominant
deterioration processes; internal corrosion, microbiologically induced corrosion (MIC) or and
leaching of material. Though a specific material may have a predominant mechanism of
deterioration, all three processes play a role (at different levels) towards an overall deterioration
of the buried asset.

DRINKING WATER REGULATIONS AND WATER QUALITY

Public water systems are under tremendous pressure to meet national and state
regulations/guidelines for maintaining maximum contaminant levels (MCLS) in the distribution
system, in order to provide consumers with safe drinking water ((Pontius 2004)). The United
States Environmental Protection Agency (USEPA) establishes national drinking water
regulations in the US, under the Safe Drinking Water Act (SDWA) of 1974. Currently 91
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contaminants are regulated by establishing MCLs in the treated water before introduction into
the distribution system (Pontius 2004).

Traditionally, utilities have managed the mandated compliance levels by upgrading and
optimizing their treatment processes or by changing source-waters (Daniel 1998; Taylor et al.
2005). Recent and proposed future regulations are more complex and favor a managed, multiple
strategy approach to maintaining safe drinking water quality. For instance, a surface water
system is expected to reduce overall risk by balancing the short-term (acute) and certain
microbiological risk with the potential long-term (chronic) and uncertain risk from disinfection
byproducts (DBPs) (Ashbolt 2004). The USEPA addresses this risk-risk trade-off by
promulgating paired regulations, Stage 1 Disinfectant/Disinfection Byproduct Rule and Long
Term 1 Enhanced Surface Water Treatment Rule (Stage 1 D/DBPR and LT1ESWTR),
simultaneously. Specific provisions in these paired regulations require utilities to comply with
both. This encourages utilities to carefully evaluate treatment alternatives to reduce DBPs while
maintaining microbial protection ((Roberson 2003). The upcoming Groundwater Rule (GWR)
and Stage 2 D/DBPR are expected to provide similar provisions for groundwater systems.

Changes in the treatment techniques, to reduce or eliminate contaminants of concern, which
in turn may trigger a cycle of changes, in which the distribution system as well as the final water
quality are likely to be impacted (Imran et al. 2005). It is noted that depending on their size and
water source, PWS may not have to comply with all the drinking water regulations. Most
regulations are limited to PWSs of particular size and source.

DRINKING WATER TREATMENT TECHNOLOGIES

Regulatory compliance with drinking water standards can be achieved by using alternate water
sources, treatment chemicals and/or treatment technologies. A survey of 200 PWSs in the US
indicated that 50% anticipated changes in their treatment practices to meet future regulations
(AWWA 2000). These changes in treatment practices could be as simple as controlling pH or
could be a complete overhaul of existing treatment facilities.

The selection of a particular technology for drinking water treatment is governed largely by
the PWSs consideration of a number of constraints in addition to the requirement to provide safe
drinking water. Sometimes the best technology for a particular source-water or regulated
contaminant may not be feasible due to other considerations. These considerations may include
state and national environmental and permitting restrictions on the plant-siting, limitations on
withdrawals from a desirable source, restrictions on disposal of process wastes, logistic
requirements of monitoring, operation and maintenance, future capacity development and cost of
construction (Pontius 2003a).

The selection of a particular train (series) of unit treatment processes is complicated, as even
a small number of unit processes can be arranged in numerous sequences. Furthermore,
depending upon their location within the treatment train, effects of unit processes can be
synergistic or antagonistic for the removal of specific contaminants.

The primary objective of any treatment technology is to achieve acceptable removals of the
targeted contaminants. However, the use of pre-treatment, treatment and post-treatment
practices causes changes in the ionic content of the water and can impact distribution
infrastructure. For instance, coagulation may be achieved by using alum, ferric chloride or ferric
sulfate. Alum and ferric sulfate will increase the sulfate in the finished water relative to the
source water, while ferric chloride will increase the chloride content of the water. Both sulfate
and chloride increase the corrosion of metallic pipes, albeit to a different degree. Coagulation is
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also accompanied by‘d consumption of total alkalinity in the source water. Decreased alkalinity
is detrimental to iron components in the distribution system, but at the same time may be
beneficial in reducing copper corrosion.

The evaluation of all different trains of unit processes and their related water quality impacts
is neither intended nor attempted in this paper. Instead, different unit processes are evaluated for
their simultaneous impact on the removal of different contaminants. The water quality impacts
for the unit processes comprising a train can be collated to give an estimate of the overall water
quality impact due to the treatment train. The assumption here is that the water quality impact of
a particular treatment train is the aggregation of the individual impacts of the unit processes.

PROPOSED HIERARCHICAL RELATIONAL MODEL (HRM)

This section introduces a method to identify problems related to the integrity of distribution
system associated with changing water quality for regulatory compliance. A hierarchical
relational model (HRM) is proposed for this purpose. The HRM is schematically illustrated in
Figure 1. In Stage 1, the primary and secondary impacts of drinking water regulations are
defined using the matrices A and B respectively. In Stage 2, matrices A and B are aggregated to
yield matrix C. Further, matrix D is defined in Stage 2. In Stage 3, matrix C is aggregated with
matrix D to yield the final effects matrix E.

This procedure allows experts in different domains/fields to provide inputs to the relational
matrices depending on their expertise. Also research needs can be identified easily by studying
gaps in the effects-matrices.

Drinking Water Regs.
S ]

Treatment Technologies

(Matrix A) Drinking Water Regs.

_®_ Secondary wQ Changes

Treatment '\I/';:chnologies | (Matrix C) _®_ Drinking \\//\;ater Regs.
Secondary WQ Changes DSM Impacts

(Matrix B) Secondary XQ Changes (Matrix £)

DSM Impacts
(Matrix D)
<—— Stagel Stage 2 Stage3 ————>

Regs — regulations, WQ — Water Quality, DSM — distribution system material

Figure 1: Proposed Hierarchical Relationship model (HRM)

Matrix A relates the effectiveness of common unit treatment processes towards compliance
of drinking water regulations. The element «;; is a measure of the effectiveness of unit treatment

‘> (UT;) towards compliance of drinking water regulation ‘i’ (Reg;). Matrix A was populated

with values (Table 1), developed based on a comprehensive literature review, where -1<a;; <+1.
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A value’ of +1indicates the most effective technology to remove the selected contaminant, while
-1 indicates a technology that might hinder the removal of the selected contaminant. A value of
0 is given to a technology that has no known effect on the removal of a selected contaminant.

Y YT e YT
Reg, Gy A o Qg
A= Reg2 bay an, - any | swherei=1,2,.., 1 J =12, ..J (1)
Reg, @i A o Ay
| WQP, WQP, -~ WQPy
UTlE P P P
B=|UT, | fa B - P |;where j=1,2,..,J k=1,2,.,K (2)
uT, Bn B2 - Bx

The matrix B relates the effect of unit technology (UT;j) on increase or decrease in selected
water quality parameter (WQPy). Primary water quality changes as well as secondary water
quality impacts were evaluated for each specific treatment technology (Table 2). For instance,
the primary impact of ion exchange is the removal of targeted ions from water and the secondary
impact is the removal of non-targeted ions and the addition of counter-ions to the water.
Secondary changes induced by the treatment technologies are dose-specific. For instance,
depending on the source water quality, different concentration of treatment chemicals need to be
added and thereby result in different concentrations of secondary ions in the finished water. The
water-quality parameters selected are those known or suspected in the deterioration of
distribution infrastructure.

Matrix D relates the effect of change in selected water-quality parameters (WQPy) on the
deterioration of selected distribution system material (DSM). The element y,, is a measure of the

adverse effect that an increase in WQPy have on DSM,. Table 3 provides values for matrix D.

These values represent aggregate impacts and should be used for a qualitative evaluation, rather
than a quantitative one.

; DSMl DSM2 A DSML
WQP; | it Yoot T
D= WQP2 o Y22 on where k =1,2,...,.K 1=1,2,...,L (3)
WQPK VK1 Yk2 v Tk
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Table1: Effectiveness of Selected Treatments in Removing Drinking Water Contaminants (A)

2 5 g2 5 S B
s g 2 £ § 8 & 585 &
= s s £ © ] > < o % = o
s 2858 £ § § % §%E 5§
Contaminant Categories & &8 & ©O O O SO &8 T =
Inorganics
Arsenic 0.8 0.8 0.8 0.9
Disinfection Byproduct
Formation Potential
Bromate 0.4 -1.0
TTHMs 10 -10 -02 0.8
HAAS5 10 -10 -0.2 0.8
Microorganisms
HPC bacteria 1.0 0.8 1.0 06 05 08
Viruses 1.0 0.5 08 06 0.8
Cryptosporidium 1.0 0.5 1.0 0.6 0.8
Organic Contaminants
Volatile organics 1.0 08 0.5 0.5
Dissolved organics 05 1.0 0.5 0.8 0.8
“Effectiveness” is defined as follows:
+1.0 0 -1.0
« I I I >
Most Effective Technology No Effect Adversely Effective Technology
No data (information)
The transition from Stage 1 to Stage 2 (Figure 1) is performed by;
C=A®B (4)
where, ® represents a composition operation defined by;
J
Ci = ZSignof (Bi)-(ejxBy), where i=12.,1 k=12 .,K (5)
j=1
Similarly, the transition to Stage 3 is performed by;
E=C®D (6)

In this case, ® represents a composition operation defined by;
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K
zj =Y (Cixra), where i=1,2..,1 1=1,2 L )

k=1

Table 2: Secondary Water Quality Changes due to Treatment Techniques (B)

> = © P 2
T R = = 38 F = S S S Z
S z %) S a5 S = p4 5<
o IS}
Air Stripping 0.5 0.8
Activated Carbon -1.0
Chlorination
Cl, gas -0.2 0.5 0.1 1.0 -1.0
NaOCI 0 0.5 0.1 1.0 -10
Chloramination 0 0.5 0.1 -1.0 1.0
Ozonation 0.8 -0.5
Coagulation
FeSO, or Alum 0.8 -05 08 -0.8
FeCl; 0.8 -0.5 0.8 -0.8
lon Exchange -0.8 -0.5
Precipitation/Softening 0.8 -05  -05 -04
Filtration -0.6
Membranes -08 -0.8 -0.8 -0.9
“Change” is defined as follows:
+1.0 0 -1.0
« I I I >
Definite Increase No Effect Definite Decrease
No data (information)
DSM; DSM, --- DSM_
Reg, Iy Zip Iy
E =| Reg, Iy Zp I (8)
Reg, I Zig Iy

The element z;, indicates the impact of changing treatment technique for regulatory
compliance (Regi) on the distribution system material (DSM;). Taking an arithmetic average
(based on the number of regulations that were selected), would give the overall impact on DSM;,

(DSM, ).

Page 549



|
Xy
DSM, = T; where |I| = Number of regulations under consideration )

Table 3: Effect of Water Quality Parameters on Deterioration of Distribution Materials (D)

Metals Cementitious Polymeric (Plastic)
Factors Iron  Copper Lead Galvan. Steel | AC, Concrete |PVC, PE etc. Bituminous
pH 0.8 0.8 0.8 0.8
Calcium 0.6 0.6 0.6
Alkalinity 0.8 -0.8 0.8 0.8 0.8
Sulfate -0.8 -0.8 -0.1 -0.8 -0.8
Chloride -0.8 -0.8 -0.1 -0.8 -0.8
DO -0.8 -0.8 -0.8 -0.8
TDS -0.2 -0.2 -0.2 -0.2 -0.2 -0.1
Chlorine residual -0.4 -0.4 -0.4 -0.4 -0.8 -0.6
Chloramine residual -0.2 -0.2 -0.7 -0.2 -0.4
Natural organic matter| 0.5 0.5 0.5 -0.5 -0.5
“Effect” is defined as follows:
+1.0 0 -1.0
I I I I I
46 — ! ! | d >
Reduced Deterioration No Effect Increased Deterioration

No data (information)

APPLICATION

Suppose that a utility considers changing its secondary disinfectant from chlorine to chloramines
to comply with the Disinfectant/Disinfection Byproduct Rule (D/DBPR) for TTHMs and HAAs.
From Table 1 it can be seen that chloramination has a less adverse DBP formation impact than
chlorination (highlighted region). Though the utility has conducted studies that show that the
change will indeed result in compliance with the D/DBPR, there is some concern over the impact
on the distribution system.

The first step would be to establish a baseline value for current changes, to which the
proposed changes can be compared. Therefore the rows for TTHM and HAAs are activated
along with the column for chlorination. The resulting A is:

i Chlorination
A=|TTHM | -10
HAA; i -10

The secondary water quality changes due to chlorination are given in Table 2. Based on the
water quality parameters that change during chlorination;
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B pH"" Chloride TDS Chlorine Chloramine
~| Chlorination i —0.2 05 01 10 ~10

From Table 3, the impact of the water quality on iron, copper and lead is;
i Iron  Copper Lead

TpH 08 08 05
p_| Chloride | -08 -08 -01
| TDS  i-02 -02 -02

Chlorine {-04 -04 -0.4
Chloramine i —0.2 -02 -0.7

Using Equation 4 and 6, the resulting effects matrix E is calculated as;

{ Iron Copper Lead
EChIorination =| TTHM ;_0-78 -0.78 0.13
HAA; i -0.78 -0.78 0.13

In the above matrix DSM, = z;. The resulting matrix (E chorinaion ) €Stablishes the baseline for

iron, copper and lead deterioration in the distribution system. In order to evaluate the relative
impact of chloramination, the relational matrix for chloramination (E cjoramination ) 1S Obtained in a

similar manner as was done for chlorination.
{ Iron Copper Lead
=|TTHM i —0.04 -0.04 -0.10
HAA; i -0.04 -0.04 -0.10

EChIora min ation

The difference in the two matrices (E chioramination = E chiorination ) 91VeS the relative impact of the
change on the distribution system materials (i.e., iron, copper and lead). It is concluded that
though the change might benefit iron and copper components of the distribution system, lead
components could suffer from increased deterioration.

{ Iron Copper Lead
EChIoramin ation _EChIorination =| TTHM 0.74 0.74 -0.23
HAA; 074 074 -0.23

The utility concludes that further studies are warranted to evaluate the impact of the change
on lead components of the distribution system.

CONCLUSIONS

Changing drinking water regulations requires water systems to modify their water-sources,
treatment processes and/or practices. The distribution system is at the receiving end of these
changes. Relating changes in treatment practices to distribution infrastructure integrity is
complicated by a number of inter-related processes taking place within the distribution system.
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This“paper”'elaborates a hierarchical relational model (HRM) for evaluating the impact of
changes in treatment practices on the long-term structural and functional integrity of the
distribution infrastructure. The application of proposed HRM is demonstrated with the help of an
example. This can be used to identify potential distribution infrastructure problems associated
with the changing water treatment practices.
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