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PRINCIPAL SI UNITS USED IN SANITARY ENGINEERING

Quantity Unit Symbol Formula
Area square meter — m?
square kilometer — km?
Density grams per cubic centimeter — g/cm?
kilograms per cubic meter — kg/m3
Energy joule . J N-m
Force newton N kg - m/s?
Frequency hertz Hz s™!
Length meter m *
Mass . kilogram kg *
Power watt w J/s
Pressure pascal Pa N/m?
Time second s *
Velocity meters per second — m/s
Volume cubic meter — m?
liter 1 107 3m?
Work joule J N-m
* Base unit
SI PREFIXES
Multiplication factor Prefixt Symbol
1 000 000 000 000 = 10*? tera T
1 000 000 000 = 10° giga G
1 000 000 = 10° mega M
1000 = 103 kilo k
100 = 10? hecto} h
10 = 10! dekat da
0.1=10"" deci} d
0.01 =102 centit c
0.001 =10"3 milli m
0.000 001 = 10~¢ micro u
0.000 000 001 = 10~° nano n
0.000 000 000 001 = 10~ 12 pico p
0.000 000 000 000 001 = 10713 femto f
0.000 000 000 000 000 001 = 10~ '8 atto a

t The first syllable for every prefix is accented so that the prefix will retain its identity. Thus, the

preferred pronunciation of kilometer places the accent on the first syllable, not the second.

1 The use of these prefixes should be avoided, except for the measurement of areas and volumes

and for the nontechnical use of centimeter, as for body and clothing measurements.



U.S. CUSTOMARY UNITS AND SI EQUIVALENTS

Quantity U.S. customary unit SI equivalent
Area mi? 2.590 km?
acre 4047 m?
ft? 0.0929 m?
in2 645.2 mm?
Concentration 1b/million gal 0.1200 mg/!
Energy ft - Ib 1.356 J
Force b 4448 N
Flow ft3/s 0.0283 m3/s
gal/min 0.003785 m*/min
Length ft 0.3048 m
in 25.40 mm
mi 1.609 km
Mass grain 64.86 mg
oz 2835¢g
Ib 0.4536 kg
ton 907.2 kg
Power ft - Ib/s 1.356 W
hp 7457 W
Pressure 1b/ft? 4788 Pa
Ib/in? 6.895 kPa
ft (of water) 2.988 kPa
Velocity ft/s 0.3048 m/s
in/s 0.0254 m/s
gal/ft? per min 0.0407 m/min
58.678 m/day
gal/ft? per day 0.0407 m/day
ft3 0.02832 m?
yd? 0.7646 m?
Volume gal ~ 0.003785 m3 ~
acre - ft 1233.5 m?
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PREFACE

It is both a privilege and a formidable challenge to follow in the footsteps of
Professor Steel, whose text has been a standard in the field of sanitary engineer-
ing for over forty years.

In writing the book the original format has been followed. The emphasis is
upon design of water and sewerage works, and the intended audience is the
undergraduate student in Civil Engineering. The text has been thoroughly revised
to incorporate the latest techniques of water and wastewater conveyance and
treatment, and outdated materials and methods have been dropped.

The present author trusts that the revised work will continue to serve the
needs of the profession in the same fashion as did the earlier editions, and will

welcome comments and suggestions from users of the text.
Terence J. McGhee
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CHAPTER

ONE

INTRODUCTION

1-1 Work of the Sanitary Engineer

The development of sanitary engineering has paralleled and contributed to the
growth of cities. Without an adequate supply of safe water, the great city could not
exist, and life in it would be both unpleasant and dangerous unless human and
other wastes were promptly removed. The concentration of population in rela-
tively small areas has made the task of the sanitary engineer more complex.
Groundwater supplies are frequently inadequate to the huge demand and surface
waters, polluted by the cities, towns, and villages on watersheds, must be treated
more and more elaborately as the population density increases. Industry also
demands more and better water from all available sources. The rivers receive
ever-increasing amounts of sewage and industrial wastes, thus requiring more
attention to sewage treatment, stream pollution, and the complicated phenomena
of self-purification.

The design, construction, and operation of water and sewage works are
treated in this book, but the field of sanitary engineering extends beyond these
limits. The public looks to the sanitary engineer for assistance in such matters as
the control of malaria by mosquito control, the eradication of other dangerous
insects, rodent control, collection and disposal of municipal refuse, industrial
hygiene, and sanitation of housing and swimming pools. The activities just given,
which are likely to be controlled by local or state health departments, are
sometimes known as public health or environmental engineering, terms which,
while descriptive, are not accepted by all engineers. The terms, however, are
indicative of the important place the engineer holds in the field of public health
and in the prevention of diseases. -



2 WATER SUPPLY AND SEWERAGE
1-2 Water Supply

Throughout recorded history large cities have been concerned with their water
supplies. Even ancient cities found that local sources of supply—shallow wells,
springs, and brooks—were inadequate to meet the very modest sanitary demands
of the day, and the inhabitants were constrained to build aqueducts! which could
bring water from distant sources. Such supply systems could not compare with
modern types, for only a few of the wealthier people had private taps in their
homes or gardens, and most citizens carried water in vessels to their homes from
fountains or public outlets. Medieval cities were smaller than the ancient cities,
and public water supplies were practically nonexistent. The existing aqueducts of
ancient Athens, Rome, and the Roman provincial cities fell into disuse, and their
purposes were even forgotten.

The waterworks engineer of ancient times labored under the severe handicap
of having no type of pipe that could withstand even moderate pressures. He used
pipe of clay, lead, and bored wood in small sizes, but even with these, as with
masonry aqueducts and tunnels, he followed the hydraulic grade line and rarely
placed conduits under pressure.

In the seventeenth century the first experiments were made with cast-iron pipe
but it was not until the middle of the eighteenth century that these pipes were
cheap enough for wide use. The durability of cast iron and its freedom from breaks
and leakages soon made its use almost universal, although steel and other mater-
ials were also used. This advance, together with improved pumping methods,
made it economically possible for all but the smallest villages to obtaln water
supplies and to deliver the water into the homes of the citizens.

Although some cities were able to collect safe water from uninhabited regions
and thereby reduce waterborne disease to a low level, many others found that
their supplies were dangerously polluted and that the danger was increasing as
population increased upon watersheds. Accordingly treatment methods were
developed that, when properly applied, reduced the hazard.

Coagulants have been used in water treatment since at least 2000 B.C., as has
filtration, however their use in municipal treatment in the United States was not
common until about 1900. The application of various treatment techniques in the
early part of the twentieth century resulted in the marked decrease in waterborne
disease illustrated in Fig. 1-1.

Philadelphia’s water supply came, w1thout treatment of any kind, from in-
creasingly polluted rivers until 1906, when slow sand filters were completed. An
immediate reduction in typhoid fever followed over a period of 7 years. A ten-
dency to increase, possibly caused by further increases in the pollution of the
untreated water, was checked by disinfection of the filteréd water with chlorine. A
still greater decrease was accomplished after 1920 by careful control over infected
persons who had become carriers.

Outbreaks of waterborne disease still occur in the United States and other
countries with generally modern treatment systems. The average number of such
incidents in the United States in the period 1971 to 1974 was 25 per year.? Most of
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these outbreaks were associated with obvious deficiencies in treatment or distribu-
tion systems.

1-3 Sewerage

Remains of sanitary sewers are to be found in the ruins of the ancient cities of
Crete and Assyria. Rome also had sewers, but they were primarily drains to carry
away storm water. It was the practice to deposit all sorts of refuse in the streets,
and accordingly the storm sewers also carried much organic matter at times.
Sewerage was practically unknown during the Middle Ages, and construction of
sewers was not resumed until modern times. At first, these were storm sewers not
intended to carry domestic sewage. As late as 1850, the discharge of household
wastes into the sewers of London was forbidden. The water courses in or near
towns apparently were used as convenient places of refuse disposal, for many
writers comment upon the offensive condition of the London brooks, with their
burden of dead dogs and filtht of all sorts. In the course of time it was recognized
that sanitation would best be served by permitting the use of sewers to convey
human excreta away from dwellings as promptly as possible, and the original
storm drains became combined sewers which carried both storm-water runoff and
the liquid wastes from occupied buildings. The development of water supplies, of
course, played a large part in the greater use of plumbing systems with water-flush
toilets. The commonly used vault toilets, which frequently overflowed and always
produced odors, were soon legislated out of existence in the larger cities in favor of
the water-carried system. This improvement together with safer water supplies
caused a sharp decline in the urban death rate.

+ Queen Elizabeth I once decreed that the rushes which were used as floor coverings in many
homes were not to be disposed of by dumping into streams, as the practice was polluting the drinking

water of Her Majesty’s subjects. History does not record how well the decree was enforced.
°
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Providing sewers for the cities was not a complete solution of the problem of
excreta disposal. The offensive and dangerous materials were discharged into the
streams where they decomposed to cause discomfort and danger to rural popula-
tions or to cities located downstream. Most cities, therefore, soon found it neces-
sary to treat the sewage before releasing it. Even cities located along the ocean
were in many cases obliged to protect bathing beaches or shellfish beds. Some,
however, were able to discharge their sewage untreated into very large bodies of
water or into streams that traversed relatively uninhabited regions. Still others
were indifferent to the need for sewage treatment and in the absence of laws or
proper enforcement spoiled the beauty of streams, made them unusable for recre-
ational purposes, and endangered lives. A later development of this sanitary prob-
lem was the pollution of streams by industrial plants located not only in cities but
in previously unspoiled rural sections. Streams have been spoiled for fishing,
camping, and swimming by the putrescible and toxic wastes of industrial plants.

When the problem of sewage treatment first attracted attention, a difference of
opinion existed among engineers as to the completeness of treatment that should
be given to sewage before discharge into a body of water. Some engineers main-
tained that the public interest required the most complete treatment possible.
Others held the opinion that treatment should be based upon local conditions and
that no more treatment need be provided than would give reasonable assurance,
with a factor of safety, that danger and nuisance would not exist. So far as safety of
water supplies is concerned, this viewpoint placed upon the waterworks authori-
ties some of the burden of safeguarding and treating their raw water. When it is
considered that water of streams and lakes may often be polluted or made unsuit-
able for use otherwise than by city sewage, it is obviously inequitable to require all
cities to produce a sewage treatment plant effluent comparable to drinking water.
Therefore, sewage treatment has been based upon local conditions rather than
idealistic standards.

Present regulations in the United States establish which bodies of water are
quality, and which effluent limited. Those waters which are of a quality suitable
for their highest intended use are defined as effluent limited. Wastes discharged
into such waters must be treated to the degree obtained in secondary systems.
Waters which are not suitable for their highest intended use under such effluent
limitations are governed by water quality and are analyzed to establish the allow-
able total pollutional load which can be assimilated without degradation. This
allowable waste load is then allocated to present and future discharges. Treatment
at each discharge point is then tailored to meet this waste load allocation. Treat-
ment to a level less than that provided by secondary systems is never permitted
under either system.

Waste discharges are regulated by the National Pollutional Discharge Elim-
ination System (NPDES) under which permits are issued either by the U.S.
Environmental Protection Agency (EPA) or state agencies approved by EPA.
Each discharge must have an NPDES permit specifying the required waste qual-

ity, and regular reports must be submitted to the regulatory agency by the
permittee. .
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1-4 Effects of Sanitary Engineering upon City Life

The bills of mortality of London in the seventeenth century, which were the vital
statistics of the day, indicate that the death rate in large cities at that time was
greater than the birth rate. Cities, therefore, grew slowly and only by migration
from country to city. This condition can be ascribed to prevailing insanitary
conditions combined with crowding of people into a small area and the resulting
prevalence of communicable disease. The first municipal sanitary improvement
both in England and elsewhere was the construction of water supplies which, in
large cities, were soon followed by sewerage. Small cities and towns have also
installed waterworks and sewerage systems during the last few decades until, at
the present time, there are few communities that do not have a public water supply
and in most cases a sewer system.

The construction grants program of EPA and, earlier, the Federal Water
Pollution Control Administration (FWPCA), under which the construction of
sewage works is largely financed by federal funds, has hastened the construction of
collection and treatment systems in communities which had lacked them.

EPA is also charged with ensuring the provision of suitable drinking water
and, as successor to the U.S. Public Health Service (USPHS), is conducting
research into the health effects of minute concentrations of various contaminants
and has established water quality standards for public water supplies.

The important effects of waterworks and sewerage upon cities are not
confined to safeguarding of health. Safety of life and property against fire has been
obtained. Street cleaning and flushing are possible. Swimming pools, fountains,
and other ornamental and recreational uses of water are now commonplace.
Industries will locate in cities where they are assured of an ample supply of water
and where there are sewers to remove their liquid wastes. Some industries, and
this should be recognized by municipal authorities, may make unreasonably high
demands for water or may produce wastes which are unsuitable for joint treat-
ment and disposal.

The unthinKing citizen, accustomed to the comforts of civilization, has little
conception of the significance of the stream of water that he obtains when he turns
on a tap and even less of the vast network of underground conduits available to
receive that water as it escapes into the drainpipe. To the student, this book, brief
as it is, will convey some idea of the investigation, planning, accumulated exper-
ience, and plain hard work behind the waterworks and sewerage works that give
our citizen water in the amounts that he wants when he wants it and remove it
when it has served his purpose.

1-5 Magnitude of the Problem

Supply of water to the cities of the United States is a huge engineering problem.
According to the U.S. Geological Survey? the cities of the United States, with a
total population of 165 million in 1970, produced and distributed 104 billion liters
(27.4 billion gallons) of water daily to their domestic, commercial, and industrial
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consumers. Of this, 68 billion liters (18 billion gallons) were from surface water
sources which usually require elaborate treatment. Of the 36 billion liters (9.4
billion gallons) from ground sources a portion would require treatment. Large as
these figures are, they are increasing yearly. It is estimated that in the year 2000
public supply requirements will be about 193 billion liters (51 billion gallons)
daily.*

Water use is not confined to cities. In 1965 industrial users and such miscel-
laneous users as motels, resorts, army installations, and mines, all self-supplied,
withdrew 174 billion liters (46 billion gallons) daily, and this use is estimated to
reach 481 billion liters (127 billion gallons) in the year 2000.

Water supply is only a part of the task. Nearly all the water will become
sewage that must be collected and disposed of after such treatment as the local
situation may require. A third problem is the collection and disposal of the storm
sewage resulting from rainfall upon cities growing in area as well as population.

A large amount of capital is required to construct adequate works for z city.
Such works will include a source (which may be wells, impounding reservoirs,
lakes, or rivers), pumping equipment, treatment plant, and the distribution system
(which will include the storage reservoirs, system of pipes or mains, and such
appurtenances as valves and fire hydrants). The total per capita investment will
vary according to local conditions as to source, need for elaborate water treat-
ment, and topography.
~ No general rule for the cost of water and sewerage works can be given. The
first cost of water and sewer lines, in place, in moderate sizes was about $1.30/cm
diameter per m of length ($1.00/in per ft)in 1976. This cost does not include valves
or fittings, household connections, nor provision for unusual construction
conditions.

The cost of treatment facilities is dependent upon the degree of treatment
required, the process selected, and the equipment used. Cost per unit treated

varies widely with total plant capacity. Estimation of costs is dealt with in
Chap. 28.
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CHAPTER

TWO

QUANTITY OF WATER AND SEWAGE

WATER
2-1

In the design of any waterworks project it is necessary to estimate the amount of
water that is required. This involves determining the number of people who will be
served and their per capita water consumption, together with an analysis of the
factors that may operate to affect consumption.

It is usual to express water consumption in liters or gallons per capita per day,
obtaining this figure by dividing the total number of people in the city into the
total daily water consumption. For many purposes the average daily consumption
is convenient. It is obtained by dividing the population into the total daily con-
sumption averaged over one year. It must be realized, however, that using the
total population may, in some cases, result in serious inaccuracy, since a large
proportion of the population may be served by privately owned wells. A more
accurate figure would be the daily consumption per person served.

2-2 Forecasting Population

Prior to design of a waterworks one must establish the length of time the improve-
ment will serve the community before it is abandoned or enlarged.

For example, an impounding reservoir may be constructed of such capacity
that it will furnish a sufficient amount of water for 30 years, or the capacity of a
water purification plant may be adequate for 10 years. These petiods are known
as periods of design, and they have an important bearing upon the amount of funds
that may be invested in construction of both waterworks and sewerage works. Since
most American cities are growing in population, the period of design depends

7



8 WATER SUPPLY AND SEWERAGE

-

mainly upon the rate of population growth; ie., the water purification plant
mentioned above will just serve the population expected 10 years hence. The
problem, accordingly, is to forecast as accurately as possible the population 10,
20, or 30 years in the future.

One source of population figures is the U.S. Bureau of the Census, which
makes decennial counts and publishes reports covering its enumerations. While
the Census Reports give the data upon which to base estimates of population, it is
frequently necessary to estimate present population in a year subsequent to the
last decennial census. Finding present population is sometimes done by plotting
the line of population increase as shown by the last two preceding enumerations
and continuing the line to the year in question. Population figures shown by city
directories may also be used. Possibly the best method is to obtain the ratio of
population to the number of children in the schools or to the number of telephone
services in the census year and apply the same ratio to the number of school
children or services of the present year.

It is more difficult to estimate the population in some future year. Several
methods are used, but it should be pointed out that judgment must be exercised by
the engineer as to which method is most applicable. A knowledge of the city and
its environs, its trade territory, whether or not its industries are expanding, the
state of development in the surrounding country, location with regard to rail or
water shipment of raw materials and manufactured goods will all enter into the
estimation of future population. Of course, extraordinary events, such as
discovery of a nearby oil field or sudden development of a new industry, upset all

calculations of future growth and necessitate hasty extension of existing water and
sewage facilities.

Arithmetic method This method is based upon the hypothesis that the rate of
growth is constant. The hypothesis may be tested by examining the growth of the
community to determine if approximately equal incremental increases have oc-

curred between recent censuses. Mathematically this hypothesis may be expressed
as:

dp

in which dP/dt is the rate of change of population with time and K is a éonstant. K

is determined graphically or from consideration of actual populations in succes-
sive censuses as

AP

The population in the future is then estimated from
P, = P, + Kt (2-3)

where P, is the population at some time in the future, Py, is the present population,
and ¢ is the period of the projection.
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Uniform percentage method The hypothesis of geometric or uniform percentage
growth assumes a rate of increase which is proportional to population:

P
S =KP (2-4)

Integration of this equation yields
InP=1In Py + K' At (2-5)

This hypothesis is best tested by plotting recorded population growth on semilog
paper. If a straight line can be fitted to the data, the value of K’ can be determined
from its slope. Alternately K’ may be estimated from recorded population using
_InP-InP,
B At

in which P and P, are recorded populations separated by a time interval At.

K’ (2-6)

Curvilinear method This technique involves the graphical projection of the past
population growth curve, following whatever tendencies the graph indicates. The
commonly used variant of this method includes comparison of the projected
growth to that of other cities of larger size. The cities chosen for the comparison
should be as similar as possible to the city being studied. Geographical proximity,
likeness of economic base, access to similar transportation systems, and other
such factors should be considered. As an example, in Fig. 2-1, city A, the city being
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Figure 2-1 Curvilinear method of predicting population. The dashed line is the forecast for city A.
Scales A, B, C, D, and E apply to the corresponding cities. '



10 WATER SUPPLY AND SEWERAGE ~

studied, is plotted up to 1970, the
reached 51,000 in 1930, and its cu
drawn for cities C, D, and E from the
population. A’s curve can then be continued,
rates of growth of the larger cities. So far as pos
reflect conditions as they are in the city being studied.

upon the equation:

P=irrm= (2-7)

in which P, is the saturation population of the community and g and b are

constants. P, a and b may be determined from three successive census popula-
tions and the equations:

P =2P0P1P2“P%(P'0+P2)

sat Po P2 _ P% (2-8)
a=In L:% (2-9)

1. Py(P, — P,)
b - _ ln 0 sat 1 2-10
n Pi(Py— Py) (2-10)

where n is the time interval between successive censuses. Substitution of these

values in Eq. (2-7) permits the estimation of population for any period At beyond
the base year corresponding to P,.

Declining growth method This technique, like the logistic method, assumes that

the city has some limiting saturation population, and that its rate of growth is a
function of its population deficit:

dP
E; = K”(Psat - P) (2'11)

Following estimation of the satur
as land available and existing p
successive censuses and

ation population upon some rational basis such
opulation density, K” may be determined from

" __ 1 Psat—P
K— nlﬂm (212)

year in which its population was 51,000, City B
rve is plotted from 1930 on; similarly curves are
years in which they reached A’s 1970
allowing it to be influenced by the
sible the larger cities chosen should
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where P and P, are populations recorded n years apart. Future population can
then be estimated using this value and

P = Po+ (P — Po)(1 — ") (2-13)

Ratio method The ratio method of forecasting relies upon the population projec-
tions of state or federal demographers and the presumption that the city in
question will maintain the same trend in the change of the ratio of its population
to that of the larger entity. Application of the method requires calculation of the
ratio of the local to regional population in a series of census years, projection of
the trend line using any of the techniques above, and application of the projected
ratio to the estimated regional population in the year of interest. .

Accuracy in population estimation is important since if the estimate is too low
the engineering works will quickly be inadequate and redesign, reconstruction,
and refinancing will be necessary. Overestimation of population, on the other
hand, results in excess capacity which must be financed by a smaller population at
a considerably higher unit cost.

The selection of an appropriate technique is not always easy and many engi-
neers will test all methods against the recorded growth, consider whatever local
factors may be known to have influenced the rate, and eliminate those techniques
which are clearly inapplicable. The growth of a community with limited land area
for future expansion might be modeled using the declining growth or logistic
technique, while another, with large resources of land, power, water, and good
transportation might be best predicted by the geometric or uniform percentage
growth model. In nearly all cases comparison to similar cities is used, and the
results obtained by this technique are favored by most engineers.

2-3 Consumption for Various Purposes

The water furnished to a city can be classified according to its ultimate use or end.
The uses are:

Domestic. This includes water furnished to houses, hotels, etc., for sanitary, culin-
ary, drinking, washing, bathing, and other purposes. It varies according to
living conditions of consumers, the range usually being considered as 75 to
380 1 (20 to 100 gal) per capita per day, averaging 190 to 340 1 (50 to 90 gal)
per capita. These figures include air conditioning of residences and irrigation
or sprinkling of privately owned gardens and lawns, a practice that may have
a considerable effect upon total consumption in some parts of the country.
The domestic consumption may be expected to be about 50 percent of the
total in the average city; but where the total consumption is small, the propor-
tion will be much greater.

Commercial and Industrial. Water so classified is that furnished to industrial and
commercial plants. Its importance will depend upon local conditions, such as
the existence of large industries, and whether or not the industries patronize
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f{ﬁe public waterworks. Self-supplied industrial water requirements are

estimated to be more than 200 percent of municipal water supply demand.!

The quantity of water required for commercial and industrial use has
been related to the floor area of buildings served. Symons? proposes an aver-
age of 122 m*/1000 m? of floor area per day (0.3 gal/ft? per day). In cities of
over 25,000 population commercial consumption may be expected to amount
to about 15 percent of the total consumption.

Public Use. Public buildings, such as city halls, jails, and schools, as well as public

service—flushing streets and fire protection—require much water for which,
usually, the city is not paid. Such water amounts to 50 to 75 1 per capita. The
actual amount of water used for extinguishing fires does not figure greatly in

the average consumption, but very large fires will cause the rate of use to be
high for short periods.

Loss and Waste. This water is sometimes classified as “ unaccounted for,” although

some of the loss and waste may be accounted for in the sense that its cause
and amount are approximately known. Unaccounted-for water is due to
meter and pump slippage, unauthorized water connections and leaks in
mains. It is apparent that the unaccounted-for water, and also waste by cus-
tomers, can be reduced by careful maintenance of the water system and by
universal metering of all water services. In a system 100 percent metered and
moderately well maintained, the unaccounted-for water, exclusive of pump
slippage, will be about 10 percent.

The total consumption will be the sum of the foregoing uses and the loss and

waste. The probable division of this consumption is shown in Table 2-1. Table 2-2
shows some total consumptions as reported in cities in various parts of the
country. The average daily per capita consumption may be taken to be 670 1
(175 gal). This means little, however, as individual figures vary widely. Each city
has to be studied, particularly with regard to industrial and commercial uses and
actual or probable loss and waste. Care must also be taken in considering per

capita figures since the figure may be based upon persons actually served or upon
census population of the city.

Table 2-1 Projected consumption of water
for various purposes in the year 2000

Liters per Percentage
Use capita/dayt of total
Domestic 300 44
Industrial 160 24
Commercial 100 15
Public 60 9
Loss and waste 50 8
Total 670 100

+ Gallons = liters x 0.264
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Table 2-2 Recorded rates of water consumption in some American
cities ‘

Maximum one-day

Average daily consumption Maximum in
per capita in a 3-year proportion
City consumption, 1t period, 1 to average, %
Rochester, N.Y. 451 637 141
Syracuse, N.Y. 728 917 126
Hartford, Conn. 671 887 132
Albany, N.Y. 671 860 128
El Paso, Tex. 447 739 165
Portland, Me. 572 773 135
Camden, N.J. 641 963 150
Albuquerque, N.M. 402 766 190
Winston-Salem, N.C. 447 580 130
Waterloo, Iowa 383 625 163
Passaic, N.J. 807 1016 126
South Gate, Calif. 550 891 162
Fort Smith, Ark. 474 652 138
Poughkeepsie, N.Y. 569 728 128
Tyler, Tex. 371 743 200
Monroe, La. 584 875 150
Spartanburg, S.C. 754 955 126
Pomona, Calif. 629 1092 173
St. Cloud, Minn. 277 701 254
Salina, Kan. 603 1357 225
Alliance, Ohio 796 1114 140
Ashtabula, Ohio 766 985 129

t Gallons = liters x 0.264

2-4 Factors Affecting Consumption

The average daily per capita water consumption varies from 130 to 2000 1 (35 to
530 gal) in American cities. Such variations depend upon a number of important
factors, including size of city, presence of industries, quality of the water, its cost,
its pressure, the climate, characteristics of the population, whether supplies are
metered, and efficiency of the waterworks administration. The more important of
these factors will be separately treated below, but some can be briefly discussed
here.

The efficiency of the waterworks management will affect consumption by
decreasing loss and waste. Leaks in the water mains and services and unauth-
orized use of water can be kept to a minimum by surveys (see Art. 6-33). A water
supply that is both safe and attractive in quality will be used to a greater extent
than one of poor quality. In this connection it should be recognized that improve-
ment of the quality of water supply will probably be followed by an increase in



14 WATER SUPPLY AND SEWERAGE -

consumption. Increasing the pressure will have a similar effect. Changing the rates

charged for water has little effect upon consumption, at least in prosperous
periods.

2-5 Size of City

The effect of size of the city is probably indirect. It is true that a small per capita
water consumption is to be expected in a small city, but this is usually due to the
fact that there are only limited uses for water in small towns. On the other hand,
the presence of an important water-using industry may result in high consump-
tion. A small city is likely to have a relatively larger area that is inadequately
served by both the water and sewer systems than a large city. Sewerage or its
absence will have considerable effect. In the unsewered home, water consumption
will rarely exceed 40 1 (10 gal) per capita/day; while in the average sewered home,

it will equal or exceed 300 | (80 gal). The extension of sewers may, therefore,
necessitate additional water supply facilities.

2-6 Characteristics of the Population

Although the average domestic use of water may be expected to be about 300 ]
(80 gal) per capita daily, wide variations are found. These are largely dependent
upon the economic status of the consumers and will differ greatly in various
sections of a city. In the high-value residential districts of a city or in a suburban
community with a similar population the water consumption per capita will be
high. In apartment houses, which may be considered as representing the maxi-
mum domestic demand to be expected, the average consumption should be about
380 1 (100 gal) per capita. In areas of moderate- or high-value single residences
even higher consumption may be expected, since to the ordinary domestic
demand there will be added an amount for watering lawns. The slum districts of
large cities will have low per capita consumptions, perhaps 100 1 (25 gal), but
consumptions as low as 50 1 (13 gal) per capita have been reported. The lowest
figures of all will be found in low-value districts where sewerage is not available
and where perhaps a single faucet serves one or several homes.

2-7 Industries and Commerce

The presence of industries in a city has a great effect upon total consumption. As
already indicated, domestic use is comparatively small, and the difference between
it and the total water consumption is largely caused by industrial use and loss and
waste. Since industrial use has no direct relation to population, great care must be
taken when estimating present or future water consumption in any restricted
portion of a city. It is necessary to study the existing industries of the section, their
actual use of water, and the probability of establishment of more industrial plants
in the neighborhood. Zoning of the city (see Art. 2-13) will make the prediction of
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future consumption in various districts far more accurate. The use of auxiliary
water supplies, frequently untreated, for certain industrial processes is quite
common. This will, of course, decrease the consumption of the municipal supply.

Commercial consumption is that of the retail and wholesale mercantile
houses and office buildings. Although it is largely dependent upon the number of
people working in the business districts, who may be very numerous, it cannot be

* estimated on the basis of the residents of such districts, who may be very few in

numbers. Figures are few and widely divergent as to the commercial consumption
of water; and if the consumption is desired for any district, a special investigation
should be made. Use of floor area as a unit has already been mentioned. Another
convenient unit for this consumption is ground area. Some investigations indicate
that in the highly developed business sections of large cities the water consump-
tion may reach 94,000 m*/km? per day (100,000 gal/acre per day).

Use of water for air conditioning of buildings, including residences, 1s
common, and its importance is enhanced by the fact that it coincides with the
normally high hot-weather use for other purposes. If the water is under 16°C, it
may be used directly for cooling. This provides cheap cooling from an energy
standpoint but the water cost and use are high. In some areas water so used must
be returned to the ground (Art. 4-13).

2-8 Climatic Conditions

Where summers are hot and dry, much water will be used for watering lawns.
Domestic use will be further increased by more bathing, while public use will be
affected by use in parks and recreation fields for watering grass and for ornamen-
tal fountains. On the other hand, in cold weather water may be wasted at the
faucets to prevent freezing of pipes, thereby greatly increasing consumption. High
temperatures may also lead to high water use for air conditioning.

2-9 Metering

Every waterworks should have some means at the pumping plant of accurately
measuring all the water that is delivered to the city. If the meters are of the
recording type, valuable information regarding hourly rates of consumption will
be available. If all services are metered, the difference between the total amount
pumped and the sum of service meter readings and any unmetered publicly used
water will be the unaccounted-for water. :

Metering of services consists of placing a recording meter in the line leading
from the water main to the building served. Consumers are then billed for the
water that they use. The alternative to this method is charging by some form of flat
rate which has no relation to the actual amount of water used or wasted. The
advantages of metering are apparent. Pumping and treatment of water cost
money, and wasting of water means a greater cost to be distributed among cus-
tomers. If services are unmetered, the careful consumers bear some of the burden
imposed by the careless and wasteful. It is almost impossible to construct a good
system of water charges unless they are-based upon actual consumption of water.
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Lack of service meters has a definite effect upon water consumption. In fact,
the installation of meters may so reduce consumption that provision of more
water may be indefinitely postponed. Comparison of figures? in 22 cities, 90 to 100
percent metered, with 13 cities, 20 percent metered, showed that the former group
had an average consumption of 366 1 (96 gal); and the latter, 824 1 (217 gal).
These were all cities having over 100,000 population. Metering all services of a city
should reduce consumption to about 50 percent of the consumption without
meters. Although metering reduces water consumption there is a tendency for
consumption to increase gradually after all services are metered.

2-10 Variations in Rate of Consumption

The per capita daily water consumption figures discussed above have been based
upon annual consumption. The annual average daily consumption, while useful,
does not tell the full story. Climatic conditions, the working day, etc., tend to cause
wide variations in water use. Through the week, Monday will usually have the
highest consumption, and Sunday the lowest. Some months will have an average
daily consumption higher than the annual average. In most cities the peak month
will be July or August. Especially hot, dry weather will produce a week of maxi-
mum consumption, and certain days will place still greater demand upon the
water system. Peak demands also occur during the day, the hours of occurrence
depending upon the characteristics of the city. There will usually be a peak in
the morning as the day’s activities start and a minimum about 4 AM. A curve
showing hourly variations in consumption for a limited area of a city may show a
characteristic shape. If the district is commercial or industrial, no pronounced
peak will be seen, but there will be a fairly high consumption through the working
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day. The night flow, excluding industries using much water at night, is a good
indication of the magnitude of the loss and waste.

The importance of keeping complete records of water pumpage of a city for
each day and fluctuations of demand throughout the day cannot b overem-
phasized. So far as possible the information should be obtained for specific areas.
These are the basic data required for planning of waterworks improvements. If
obtained and analyzed, they will also indicate trends in per capita consumptions
and hourly demands for which future provision must be made.

In the absence of data it is sometimes necessary to estimate the maximum
water consumption during a month, week, day, or hour. The maximum daily
consumption is likely to be 180 percent of the annual average and may reach 200

percent. The formula suggested by R. O. Goodrich is convenient for estimating
consumption and is:

p = 1807 0:10 (2-14)

in which p is the percentage of the annual average consumption for the time ¢ in
days from 2/24 to 360. The formula gives the consumption for the maximum day
as 180 percent of the average, the weekly consumption as 148 percent, and the
monthly as 128 percent. These figures apply particularly to smaller residential
cities. Other cities will generally have smaller peaks.

The maximum hourly consumption is likely to be about 150 percent of the
average for that day. Therefore, the maximum hourly consumption for a city
having an annual average consumption of 670 l/day per capita would occur
on the maximum day and would be 670 x 1.80 x 1.50, or 1800 l/day. The fire
demand must also be added, according to the method indicated in the following
article. Minimum rate of consumption is of less importance than maximum flow
but is required in connection with design of pumping plants. It will depend largely
upon loss and waste, night industrial uses of water, and the proportion of peak
demand provided from storage. Usually it will vary from 25 to 50 percent of the
daily average.

Table 2-2 gives consumption statistics of cities. It will be noted that there are
wide variations in the rates, suggesting that each city is a problem in itself. The
very high rates of some Western cities are probably caused by much use of water
for irrigating gardens and lawns.

Peaks of water consumption in certain areas of a city will affect design of the
distribution system. High peaks of hourly consumption can be expected in res-
idential or predominantly residential sections because of heavy uses of water for
lawn watering, especially where underground systems are used, air conditioning,
or in other water-using appliances. Since use of such appliances is increasing, peak
hourly consumptions are also increasing. A study* indicated hourly peaks as high
as 1000 percent of the annual average for a suburban-type city, with hourly peaks
of 300 to 400 percent not uncommon in residential areas of large cities. The lower
the population density of a fully developed residential area, the higher will be the
hourly peak in terms of the average. Commercial and industrial users will reduce
the peak, although the total use will be affected (see also Art. 6-13).
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2-11 Fire Demand

Although the actual amount of water used in a year for fire fighting is small, the
rate of use is large. The Insurance Services Office® uses the formula

F = 18C(4)°* (2-15)

in which F is the required fire flow in gpm (1/min/3.78), C is a coefficient related to
the type of construction, and A is the total floor area in ft*> (m? x 10.76) excluding
the basement of the building.

A variety of special factors which can affect the required fire flow are pre-
sented in reference 5. The general considerations are as follows:

C ranges from a maximum of 1.5 for wood frame to a minimum of 0.6 for fire
resistive construction. The fire flow calculated from the formula is not to exceed
8000 gpm (30,240 1/min) in general, nor 6000 gpm (22,680 1/min) for one story
construction. The minimum fire flow is not to be less than 500 gpm (1890 }/min).
Additional flow may be required to protect nearby buildings. The total for all
purposes for a single fire is not to exceed 12,000 gpm (45,360 1/min) nor be less
than 500 gpm (1890 1/min).

For groups of single and two-family residences the following table may be
used to determine the required flow.

The fire flow must be maintained for a minimum of 4 hours as shown in Table
2-4. Most communities will tequire a duration of 10 hours.

In order to determine the maximum water demand during a fire, the fire flow
must be added to the maximum daily consumption. If it is assumed that a com-
munity with a population of 22,000 has an average consumption of 600 1 per
capita/day and a fire flow dictated by a building of ordinary construction with a
floor area of 1000 m? and a height of 6 stories, the calculation is as follows:

Average domestic demand = 22,000 x 600 = 13.2 x 10° l/day
Maximum daily demand = 1.8 x avg = 23.76 x 10° l/day

Table 2-3 Residential fire flows

Distance between

adjacent units Required fire flow
ft m gpm I/min
> 100 > 30.5 500 1890
31-100 9.5-30.5 750-1000 2835-3780
11-30 34-9.2 1000-1500 3780-5670
<10 <30 1500-2000% 5670-7560t

t+ For continuous construction use 2500 gpm (9450 1/min).
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Table 2-4 Fire flow duration

Required fire flow

Duration, h

gpm l/min
< 1000 < 3780 4
1000-1250 3780-4725 5
1250-1500 4725-5670 6
1500-1750 5670-6615 7
1750-2000 6615-7560 8
2000-2250 7560-8505 9

> 2250 > 8505 10

— 18(1)(1000 x 10.76 x 6)°-5 = 4574 gpm
= 17,288 I/min = 24.89 x 10° l/day

Maximum rate = 23.76 x 10® + 24.89 x 10°
= 48.65 x 10° 1/day
= 2211 1 per capita/day for 10 hours

The total flow required during this day would be

23.76 + 24.89 x 10/24 = 34.13 x 10°1
= 1551 1 per capita/day

The difference between the maximum domestic rate and the values above is
frequently provided from elevated storage tanks. Article 6-7 discusses this matter
further.

2-12 Density of Population

Population density, considering a whole city, rarely exceeds an average of 7500 to
10,000 per km? (30 to 40 per acre). More important to the engineer, in solving
water and sewerage problems, are the densities in particular areas, since he must
design sewers and water mains so that each section of the city will be adequately
served. Densities vary widely within a city, the general range being from 3800 per
km? (15 per acre) in the sparsely built-up residential sections to 8800 to 10,000 per
km? (35 to 40 per acre) in closely built-up single-family residential areas with
small lots. In apartment and tenement districts the populations will be 25,000 to
250,000 per km? (100 to 1000 per acre). In commercial dlstncts the day population
will be highly variable accordmg to development.
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2-13 Zoning

Zoning is that feature of city planning which regulates the height and bulk of
buildings and the uses to which they may be put. A city plan, therefore, controls
the character of districts and prevents, directs, or foresees changes in them. The
advantages of this degree of certainty in the solution of water distribution and
sewerage problems are important. In residential sections the density of population
at maximum development will be known. A residential district of high or medium
class will not become a slum or apartment house district. Industrial districts will
be set aside on the plan and not allowed to encroach upon residential areas.
Commercial districts will be largely decentralized, and the main business district
will grow in a planned direction. Water mains and sewer systems can then be

planned only for actual needs and with some certainty that future changes in the
character of districts will not overtax them.

2-14 Periods of Design and Water Consumption Data Required

The economic design period of a structure depends upon its life, first cost, ease of
expansion, and likelihood of obsolescence. In connection with design, the water
consumption at the end of the period must be estimated. Overdesign is not conser-
vative since it may burden a relatively small community with the cost of extrava-
gant works designed for a far larger population. Different segments of the water

treatment and distribution systems may be appropriately designed for differing
periods of time using differing capacity criteria.

1. Development of source The design period will depend upon the source. For
groundwater, if it is easy to drill additional wells, the design period will be short,
perhaps 5 years. For surface waters requiring impoundments, the design period
will be longer, perhaps as much as 50 years. The design capacity of the source
should be adequate to provide the maximum daily demand anticipated during the
design period, but not necessarily upon a continuous basis.

2. Pipe lines from source The design period is generally long since the life of pipe
is long and the cost of material is only a portion of the cost of construction.
Twenty-five years or more would not be unusual. The design capacity of the pipe
line should be based upon average consumption at the end of the design period

with consideration being given to provision of suitable velocities under all an-
ticipated flow conditions.

3. Water treatment plant The design period is commonly 10 to 15 years since
expansion is generally simple if it is considered in the initial design. Most treat-
ment units will be designed for average daily flow at the end of the design period

since overloads do not result in major losses of efficiency. Hydraulic design should
be based upon maximum anticipated flow.
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4. Pumping plant The design period is generally 10 years since modification
and expansion are easy if initially considered. Pump selection requires knowledge
of maximum flow including fire demand, average flow, and minimum flow during
the design period.

5. Amount of storage The design period may be influenced by cost factors
peculiar to the construction of storage vessels, which dictate a minimum unit cost
for a tank of specific size.® Design requires knowledge of average consumption,
fire demand, maximum hour, maximum week, and maximum month, as well as
the capacity of the source and pipe lines from the source.

6. Distribution system The design period is indefinite and the capacity of the
system should be sized to accommodate the maximum anticipated development of
the area served. Anticipated population densities, zoning regulations, and other

factors affecting per capita flow should be considered. Maximum hourly flow
including fire demand is the basis for design.

SEWAGE

2-15 Sources of Sewage

Sewage is defined as a combination of (a) the liquid wastes conducted away from
residences, business buildings, and institutions; and (b) the liquid wastes from
industrial establishments; with (c) such ground, surface, and storm water as may
be admitted to or find its way into the sewers. Sewage a is frequently known as
sanitary sewage or domestic sewage. Sewage b is usually called industrial waste.
Sewers are classified according to the type of sewage that they are designed to
carry. Sanitary sewers carry sanitary sewage and the industrial wastes produced by
the community and only such ground, surface, and storm water as may enter
through poor joints, around manhole covers, and through other deficiencies.
Storm sewers are designed to carry the surface and storm water which runs off the
area that they serve. Combined sewers carry all types of sewage 1n the same
conduits.

The following discussion has for its purpose the development of methods of
estimating the quantity of sewage that is or would be carried by sanitary sewers,
i.e., wastes from residences, business buildings, institutions, industrial plants, and
such water as may enter incidentally. The surface water runoff that must be
carried by combined and storm sewers will be discussed in Chap. 13.

2-16 Relation to Water Consulilptipn

Sanitary sewage and industrial waste will obviéusly be derived largely from the
water supply. Accordingly, an estimate of the amount of such wastes to be ex-
pected must be prefaced by a study of water consumption, either under present
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conditions or at some time in the future. The proportion of the water consumed
which will reach the sewer must be decided upon after careful consideration of
local conditions. Water used for steam boilers in industries, air conditioning, and
that used to water lawns and gardens may or may not reach the sewers. On the
other hand, many industrial plants may have their own supplies but discharge
their wastes into the sewers. Although the sewage may vary in individual cities
from 70 to 130 percent of the water consumed, designers frequently assume that

the average rate of sewage flow, including a moderate allowance for infiltration,
equals the average rate of water consumption.

2-17 Infiltration and Inflow

Infiltration is the water that enters sewers through poor joints, cracked pipes, and
the walls of manholes. Inflow enters through perforated manhole covers, roof
drains, and drains from flooded cellars during runoff events. Because infiltration
may be nonexistent during dry weather, the dry-weather flow may be considered
as the sanitary sewage plus the industrial wastes. In wet weather, infiltration will
be greatly increased as groundwater levels rise, and may be augmented by the
inflow from roofs which reaches the sewers by rain leaders from the roof gutters.
Most cities prohibit such connections, but they are sometimes made illegally, and
some may remain from a period when they were not forbidden. Some sewers may
be located below the groundwater table and therefore have some infiltration at all
times. Sewers that are constructed in or close to stream beds are especially likely
to have high infiltration.

The amount of infiltration to be expected will depend upon the care with
which the sewer system is constructed, the height of the groundwater table, and
the character of the soil. Special types of joints tend to reduce the infiltration. A
soil that heaves with varying water content will pull joints apart and so permit
water to enter. A pervious soil permits easy travel of percolating water to the
sewers where it will travel along them until it reaches a crack or open joint. Since
conditions of construction and soil differ widely, the infiltration found in sewer
systems varies considerably. Sewer size apparently has little effect. The large
sewers present more joint length for leakage, but the joints are more likely to be of
better workmanship. Infiltration rates are likely to vary from 35 to 115 m3/km of
sewer per day (15,000 to 50,000 gal/mi per day) in old systems, but even higher
rates have been noted where sewers are below the water table and are poorly
constructed. Specifications for sewer projects now limit infiltration to 45 l/km per
day per mm of diameter (500 gal/mi per in/day).

Since sewers deteriorate, however, engineers are liberal in estimating the
infiltration for design purposes. The figures given are based upon length of the
public sewers and do not include the house sewers which extend to the buildings.
It should be recognized that they will also permit infiltration, and their construc-
tion should be carefully controlled. In order to obtain federal funds for the con-
struction of sewage treatment plants it is necessary to demonstrate that the sewer
system does not permit excessive infiltration or inflow.
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2-18 Fluctuations in Sewage Flow

Wherever possible, gaugings of flow in existing sewers should be made in order to
determine actual variations. Recording gauges are available or can be devised that
will give depths of sewage in the outfall sewer or in the main leading from a
district. In order to design a system for a previously unsewered town or section of
a city, an estimate must be made of the fluctuations to be expected in the flow.
This is of importance, as the sewers must be large enough to accommodate the
maximum rate, or there may be a backing up of sewage into the lower plumbing
fixtures of buildings.

As in water consumption, the rate of sewage production will vary according to
the season of the year, weather conditions, day of the week, and time of day. The
variations do not depart so far from the average as for water because of the
storage space in the sewers and because of the time required for the sewage to run
to the point of gauging. That is, the peaks are flattened because it requires con-
siderable sewage to fill the sewers to the high flow point, and the high flows from
various sections will reach the gauging point after various times of flow. When the
peak occurs will depend upon the flow time in the sewers and the type of district
served. In a residential district the greatest use of water is in the early morning.
Hence if the sewage is gauged near its origin, the peak flow will be quite pro-
nounced and occur about 9 A.M., whereas if the sewage must travel a long distance,
the peak will be deferred. In commercial and industrial districts the water is used
throughout the working day, and accordingly the peak is less pronounced. Obser-
vation of fluctuations in various cities indicates that the peak for a small residen-
tial area is likely to be 225 percent of the average for that day. For commercial
areas the peak may reach 150 percent of the average, and for industrial areas
somewhat less. The flow in the outfall line of a sewer system serving a city having a
normal population and commercial and industrial activities will have a peak flow
of about 150 percent of the daily average. Figure 20-8 illustrates the greater peak
which may be expected in sewage flow from a small residential distfict.

Some designers use the following formula’ to estimate the maximum rate of
domestic sewage flow from small areas:

14
M=1+ Z-{-—Pfl—z (2-16)
in which M is the ratio of the maximum sewage flow to the average, and P is the
population served in thousands. Some engineers use 22 as the numerator of the
fraction. '

The maximum sewage flow will be the hourly maximum, or the peak rate of
the maximum day plus the maximum infiltration. In relation to water supply this
will mean the pedk rate of the maximum day, multiplied by the proportion of the
water supply reaching the sewers, plus the infiltration. Note that the fire demand
does not enter into sewage calculations. Minimum rates of sewage flow are useful
in the design of sewage pumping plants and occasionally to investigate the veloci-
ties in sewers during low flow periods. In the absence of gauging, minimum flow
may be taken as 50 percent of the average.
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For design purposes a number of state health departments specify the follow-
ing as minimum requirements: normal infiltration to be cared for but not from
rain leaders or unpolluted cooling water (which should not be discharged to
sanitary sewers); laterals and submains to be designed on the basis of 1500 1
(400 gal) per capita/day, including normal infiltration; main, trunk, and outfall
sewers on the basis of 950 1(250 gal) per capita/day, to include normal infiltration
but with additions for industrial wastes if known to be in large amounts.

2-19 Design Periods and Use ;f Sewage Flow Data

As in waterworks design the engineer must adopt periods of design for sewage
works and make proper use of flow data.

1. Design of a sewer system Period of desi gn is indefinite as the system is desi gned
to care for the maximum development of the area which it serves. It 1s necessary to
estimate maximum population densities expected in various districts and loca-
tions of commercial and industrial districts together with maximum rates of
sewage flow per second and maximum infiltration per day.

2. Sewage pumping plant Design period is usually 10 years. Rates of flow required
are average daily, peak, and minimum flow rates, including infiltration.

3. Sewage treatment plant Design period is 15 to 20 years. Flow rates required are
average and peak rates, both including infiltration.

PROBLEMS

2-1 Using the methods described in Art. 2-2, estimate the population of a nearby city 5, 10, 15, and 20
years in the future. Explain why certain of the answers are less likely to be correct for this particular
community.
2-2 For the community of Prob. 2-1 determine the design flow which should be used for:

(a) A groundwater source development

(b) Pipe lines to the community from the source

(c) Water treatment plant

(d) Pumping plant
Present the answer in liters per day, gallons per day, cubic feet per second, and cubic meters per second.

2-3 A community has an estimated population 20 years hence which is equal to 35,000. The present
population is 28,000, and present average water consumption is 16 x 106 l/day. The existing water
treatment plant has a design capacity of 5 mgd. Assuming an arithmetic rate of population growth
determine in what year the existing plant will reach its design capacity.

2-4 Determine the fire flow required for a residential area consisting of homes of ordinary construc-

tion, 2500 ft2 in area, 10 ft apart. What total volume of water must be provided to satisfy the fire
demand of this area?

2-5 Determine the required fire flow for a 3-story wood frame building covering 700 m? which
connects with a S-story building of fire resistive construction covering 900 m?.

2-6 From the following table of recorded average monthly flows at a community’s water and sewage
treatment plants estimate the percentage of sewage flow contributed by infiltration and inflow.
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Flow in m3/month x 105

Total water Total sewage

Month pumped treated
Jan. 6.3 6.6
Feb. 6.0 6.3
Mar. 6.4 7.2
Apr. 6.2 9.2
May 6.8 93
Jun. 7.0 8.7
Jul 8.6 7.2
Aug. 8.9 7.5
Sep. 7.3 7.3
Oct. 6.3 7.6
Nov. 6.0 7.7
Dec. 6.2 6.5

2-7 A residential area of a city has a population density of 15,000 per km? and an area of 120,000 m2. If
the average sewage flow is 300 I per capita/day estimate the maximum rate to be expected in m3/s.
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CHAPTER

THREE

RAINFALL AND RUNOFF

3-1

Hydrology is the science which treats of the water of the earth and its occurrence
as rain, snow, and other forms of precipitation. It includes study of the movement
of water on the ground surface and underground to the sea, transpiration from
vegetation, and evaporation from land and water surfaces, back to the atmosphere
from which it embarks upon another hydrologic cycle. In recent years systems
analysis has led to improved understanding of hydrologic processes both from a
physical and theoretical standpoint, and to extensive use of mathematical or
computer simulation models which can predict hydrologic events.

The sanitary engineer is concerned with hydrology since water supplies are
taken from streams, impounding reservoirs, and wells which are fed directly or
indirectly by precipitation. He is also concerned with the maximum and minimum
rates of runoff, total volume of flows for various flood, drought. and normal
periods, as these data are necessary to design reservoirs, spillways, storm sewers,
and -other hydraulic structures. Hydrology is a broad science and is increasing in
scope. Only a few principles can be given in Chaps. 3, 4, and 13 of this book. The
treatment presented herein is intended to be largely descriptive. For more thor-
ough study the reader is referred to the publications listed in the References.

3-2 Sources of Information

The engineer, in using hydrology, is dependent upon data collected from many
sources and, when confronted by a problem, should ascertain whether pertinent

26
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information is available. Information dealing with surface and groundwater qual-
ity and quantity has been compiled by the U.S.G.S., and values of various param-
eters together with statistical analyses of the data used are available from the
STORET system.! The U.S. Environmental Data Service has long-term records of
precipitation and other climatological information,?-3** while the U.S.G.S. and
the U.S. Army Corps of Engineers serve as a source of storm runoff and flood flow
data. Individual states may also compile data, either selectively from federal
sources, or from a combination of these and their own agencies.’

PRECIPiTATION

3-3

Precipitation, which includes rainfall, snow, hail, and sleet, is the primary source
of water in streams, lakes, springs, and wells, and the engineer is concerned prin-
cipally with precipitation data in the absence of stream-flow records. The U.S.
Geological Survey operates an extensive network of stream-flow gauging stations
throughout the country and use of their records® 7 may make it unnecessary to
study precipitation records and estimate runoff therefrom. The smaller streams of
the country usually are not gauged, although short-term records for specific
streams may be available from state agencies, the U.S. Army Corps of Engineers,
the Bureau of Reclamation, or the Soil Conservation Service. Where no stream-
flow records are available precipitation data must be obtained and the watershed
studied in order to determine the stream-flow characteristics. This is less desirable
than the use of actual runoff data and even a few years of stream-flow records are
of great value in relating precipitation and runoff.

3-4 Measurement of Precipitation

The U.S. National Weather Service maintains observation stations throughout
the country, and publications of the Environmental Data Service are available
which give daily, monthly, and annual precipitation at these stations. The records
are expressed in millimeters or inches of rainfall per hour, day, month, or year.
Time averages reported are arithmetic means for 30 years, while space averages
are usually statewide averages of little use to engineers.

The standard rain gauge used by the Weather Service consists of a cylinder
200 mm (8 in) in diameter and 610 mm (2 ft) high (see Fig. 3-1). The upper open
end contains a funnel which discharges into a receiving tube which has a cross-
sectional area one-tenth that of the cylinder. A measuring stick is used to deter-
mine the height of the water in the tube. The reading, divided by 10, is the rainfall.
The volume of water displaced by the stick increases the reading by about 1
percent. For large rainfalls there is an overflow opening from the tube into the
cylinder. N
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| A
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B B CHB
Receiver
Figure 3-1 Standard rain gauge: A,
= ',‘.,..,..,,..,;:.::.':,‘.‘::::.’;.E,,.,,.,....[l rCCCiVCr; B’ OVCI'ﬂOW attachment; C’
Front Elevation Vertical Section measuring tube.

The standard rain gauge gives the rainfall only between the daily readings. At
some stations hourly readings are made. For determining the precipitation during
shorter periods of time, recording gauges are used. F igure 3-2 shows one type of
recording gauge. The rain is caught in a funnel-shaped pan. This discharges into a
double-tipping bucket, which on being filled tips and empties into a cylinder
below. The tipping of the bucket moves a pen which traces a line upon a moving
chart. Each tip, which corresponds to 0.25 mm (0.01 in) of rain, causes a jog in the
line.

Remote recorders located in the office are sometimes used with this type of
gauge, although the weighing gauge is much more common in the United States.
The latter catches rain or snow in a bucket which is set on a weighing mechanism.
The increase of the weight of the bucket and its contents is recorded on a chart
attached to a moving drum, thus showing the rate of precipitation. A variety of
float recording gauges are also in use in which the motion of a float records either
direct rainfall or displacement of another fluid by accumulated precipitation.
Determining maximum intensities for short periods is important in design of
storm sewers while maximum average intensities over longer periods are desirable
for prediction of flood flows in streams.

Rain gauge measurements are subject to a variety of errors and generally yield
results that are too low.® The most important factor is error introduced by wind
effects, and protective devices such as the Alter shield are now in common use on
gauges installed in exposed locations, particularly where snowfall must be
measured. Natural protection, such as that afforded by trees and shrubs is con-
sidered best, provided it is not so close as to intercept the rain.

Radar can be used to measure the extent and relative intensity of thunder-
storms. Estimations of rainfall are made by photographic or electronic integration
of echoes which are then correlated with measured rainfall.®
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— Figure 3-2 Tipping-bucket gauge. ( Courtesy U.S. Weather

Service.)

Snow is an important part of the precipitation in the northern part of the
country. It is sometimes a source of flood flows, while in some mountainous areas
the winter accumulations melt during the warmer months to give a dependable
source of supply. Its separate measurement, therefore, may be of importance. In
Weather Service reports snowfall is included in the precipitation. The standard
rain gauge can be used to measure it with the volume of snow being changed to
depth of water, or a “cut” sample may be taken from the snowfall by removing a
core of snow from the snow on the ground, which is then melted or weighed and
expressed as depth. Special snow gauges employing pressure transducers or ra-
dioactive attenuation are also used. Stick measurements of the snow accumulation
on the ground have been largely superseded by snow surveys, which consist of
sampling the snow along courses in the area.®"1° Applications of aerial and satel-
lite photography and electromagnetic analysis'! have also been evaluated.

3-5 Types of Storms

There are three recognized types of rainstorms. They are (a) thermal convection,
(b) orographic, and (c) frontal or cyclonic.!? v
The thermal convection type of storm results from the heating of air near the

ground surface during warm weather, its rise, expansion, cooling, and the resulting
condensation and precipitation of its moisture. This is the cause of thunderstorms
or cloudbursts, which frequently cause intense precipitation over relatively small
areas. When a thunderstorm first develops it may cover only 8 to 10 km? (3 to
4 mi?), but as it travels, usually from west to east at about 50 km/h (30 mi/h), it
may extend at a frontal length of 80 to 160 km (50 to 100 mi)and a width one-half
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as great. Such storms are most likely to occur in mountainous areas, but they are
also common in the prairie sections of the Middle West.

Orographic storms are induced by mountain barriers. As air masses are
forced over them the same conditions result as in the convectional storms with
accompanying precipitation. This is the cause of the large annual rainfall on the
Northwest coast of the United States. It is present but less conspicuous along the
Southern coast and may occur inland wherever high lands project above flat
country. In this situation, however, the storms may be of combined types.

The frontal, or cyclonic, type of storm results from contact of masses of air of
varying characteristics. Several theories are advanced as to their generation, but
the storm consists of a mass of air whirling about a center having a low barometric
pressure. In the Northern Hemisphere the air approaches the center spirally in a
counterclockwise direction with a vertical component. At the center there is a
pronounced rise, the air expands and cools, and condensation and precipitation
occur. These storms move in a general easterly direction at a speed of about
50 km/h (30 mi/h).

Both orographic and cyclonic storms cover large areas, usually with low to
moderate intensities of precipitation, and may continue for several days. Large
engineering works, concerned with runoffs from large drainage areas, place em-
phasis upon study of storms of these types. For smaller catchment areas, say less
than 2500 km? (1000 mi?) the convection type of storm may be most important.

3-6 Precipitation Data and Their Adjustment

The commonest expression of rainfall data is annual precipitation expressed in
depth. Figure 3-3 shows mean annual precipitation for the various parts of the
United States. Lines of equal precipitation are known as isohyets, and Fig 3-3is
an isohyetal map.

While figures for annual precipitation are useful, the mean rainfall on a parti-
cular catchment area may be more important. It should also be recognized that
figures given for observing stations are “ point ” figures and apply only to the point
of location of the rain gauge. The mean rainfall over the surrounding territory
may be considerably different. This applies especially to rainfall for a particular
storm. Several methods are used to obtain the mean rainfall over an area when
there are a number of observing stations located on it. One 1s to compute the
arithmetical mean of the observations. The second, or Thiessen method,!3 weights
the observations as follows. Lines are drawn connecting all neighboring stations.
Perpendicular bisectors are drawn to these lines, and the areas of the polygons
thus formed around each station are measured. The observed precipitation at the
observation point located in each polygon is multiplied by its area, and the sum is
divided by the total area of the basin. Figure 3-4 shows a Thiessen network
applied to a drainage area with rainfalls for a storm shown for each observing
station. The mean precipitation over the whole area is found to be 2.54 mm. Note
that one station outside the basin exerts its influence on the result. The third
method consists of drawing an isohyetal map of the area and computing the mean
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Figure 3-4 Thiessen method of determining average precipitation

over an area. (* Hydrology Handbook,” American Society of Civil
Engineers. )

over 5000 km? (2000 mi?) where differences in to
pronounced. Mathematical models avoid averaging by using the point data in-
dependently in computer simulation of rainfall-runoff events. In cyclonic storms
there is typically little variation in rainfall intensity over radii of 15 km (10 mi) or
more. Convectional storms, on the other hand, may vary widely over short
distances—as much as 30 mm/km (2 in/mi).14

It is sometimes necessary to supplement existing records that are missing at
One or more stations. With regard to mean annual records extending over a long
period, missing annual figures from one or more stations may be obtained by
using the annual figure for the nearest station multiplied by the ratio of the means
of the two stations. To obtain missing figures for precipitation during a storm the
isohyets of the storm are drawn from the known figures, and this will allow an
estimation of the rainfall at the station whose figure is missing,

Relocation of gauges, even over apparently small distances, may produce a
break in the data since the new site may not yield equivalent results from similar

¢ and local turbulence. Such problems may be

pography are likely to be more

noted that only marked changes i
duration should be accepted as valid.

3-7 Rainfall Intensity-Duration-Frequency Relationships

The rate at which rain falls over an ar

€a and its duration are of importance for
several reasons. As developed more full

y in Art. 13-4, a duration equal to the time
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of concentration, or the time required for the water to run from the farthest part of
the catchment basin to the point in question, is critical, since the shorter the
duration of a rainfall the greater may be its average intensity. The greatest inten-
sity to be expected for the critical duration therefore will produce the greatest
runoff.

For drainage districts and storm sewers it may not be economical to design
for the greatest rainfall, and therefore it is usual to consider that such structures
may be overtaxed at intervals of 2, 5, 25, 50 years, or other periods depending
upon the cost of the structure and the damage that will result from overtaxing.

The formulas given in Table 13-3, Chap. 13, used in conjunction with
Fig. 13-5 may be useful in approximation of rainfall intensities of various dura-
tions ard frequencies. If sufficient local data are available, frequencies can be
computed by the engineer using a formula of the form

_n+1
T om

T (3-1)
in which T is the recurrence interval, or the average period in years between
rainfalls of a given intensity that will be reached or exceeded, n is the length of the
record in years, and m is the rank of each event or intensity when arranged in
descending order of magnitude.

3-8 Depth-Area Relationship

If sufficient rainfall data are available, the isohyet method given in Art. 3-6 can be
used to determine the average depth over the area covered for any duration by a
particular storm. Lack of areal rainfall data, particularly from recording gauges
for durations less than 24 hours, contributes to the engineer’s difficulty in estimat-
ing runoff. Extensive frontal type storms will produce uniform average depths
over several square kilometers, but thunderstorms are known to precipitate heavy

1, = duration = 24 hour
0.90 ]
\ |6 hour
= |= \.
S |8 080 = 3hour
€ |E
cls \ \
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Constant recurrence interval 7
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Figure 3-5 Geographically fixed areal variability of rainfall. (From U.S. Weather Bureau, Rainfall
Intensity-Frequency Regime, Tech. Paper 29, pt. 15, 1957-1960.)
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rains over areas as small as a few city blocks. If data are available for a storm, the
point rainfall figures may be applied to a surrounding area of 2 km? (0.75 mi?).
For larger areas the methods described in Art. 3-6 can be used. Depth-area curves
are constructed for various rainfall durations, and the larger the area, the smaller

will be the average depth of rainfall over it. Figure 3-5 gives depth-area curves for
several storm durations.

3-9 Precipitation Deficiency

The two preceding articles have been concerned with rainfalls during storms.
Deficiency studies, however, cover seasonal or annual precipitations for a series of
years which may be below the mean. It is considered that the mean derived from a
30-year record will not be far from the true mean. Attempts have been made to
establish cycles or fluctuations of more or less regular occurrence of annual precip-
itation, but no general relationships of widespread applicability have been
obtained.

It appears, however, that trends of annual precipitation above or below the
mean annual may occur for any station and should be investigated by plotting the
figures. Several statistical methods are available to make trends more apparent.

Deficiencies in annual precipitation are of importance to the engineer, since
they may prevent an impounding reservoir from filling or refilling and restrict the
amount of water available for water supplies, water power, or irrigation. The latter
may be of particular importance where the rainfall is lower than 500 mm (20 in)
per year. He may also be concerned with rainfall deficiencies in certain months,
such as the crop-growing season from April to August.

The problem of determining frequencies of rainfalls that will reach or be less
than those represented in the period of record can be solved by the method
described in Art. 3-7. The frequencies can be obtained for seasonal rainfalls, i.e.,
part of the year, or for annual rainfalls. A record of at least 30 years is considered
necessary for such a statistical analysis, and such records are now available for
most parts of the United States.

Records should also be examined for periods of persistently low rainfall. This
may be done by making a mass curve of cumulative departures from the mean
rainfall of the record. Two or three successive years of rainfall below the mean
may seriously affect surface storage in impounding reservoirs. This may be impor-

tant in arid regions where a very large proportion of the runoff may be required
for a project. '

3-10 Artificial Rainfall Control

Clouds which will produce rainfall are made up of very small water droplets which
have resulted from cooling of expanded rising air. It appears that if solid nuclei are
present in the cloud the water vapor will condense and freeze about them to fall
out as snow or rain. This, of course, requires temperatures below freezing. Natural
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nuclei, which may be ice crystals or dust particles, require temperatures of —15°C
or less, whereas other particles, like dry ice or silver iodide, will cause condensa-
tion at higher temperatures. Silver iodide is effective at —4°C.

The technique has possible applications in hail suppression and modest
(10-20 percent) increases in precipitation under favorable conditions. The pos-

sible coincidence of damaging storms with cloud seeding activity, like that which
occurred at Rapid City, S. Dakota in 1972, may lead to restrictions upon its use.

RUNOFF

3-11

Of the precipitation upon a catchment area, sSome runs off immediately to appear
in streams as storm or flood flow; some evaporates from land and water surfaces;
some, the snow, remains where it falls, with some evaporation, until it melts; some,
known as interception, is caught on leaves of vegetation and evaporates; some,
called depression storage, is held in low-lying areas; and some, termed infiltration,
seeps into the ground. Of the infiltration a part is taken up by vegetation and
transpired through the leaves; some percolates through the soil to emerge again to
form springs and streams which make up the dry-weather flow; a part is held by
capillarity of the soil; another part is held in the soil particles by molecular action;
while a small portion may penetrate into deep porous underground strata and be
lost so far as the catchment area is concerned. The last three factors usually are of
little or no consequence so far as contribution to runoff is concerned. The differ-
ence between the total flow of a stream, as indicated by gaugings, and the rainfall
of its watershed will be the water lost by evaporation and the other mechanisms

above.

3-12 Measurement of Runoff

The units which have been used in stream-flow data are: (a) cubic feet per second
(also called second-feet); (b) second-feet per square mile of area drained; (c) runoff
in inches per year or some other period of time, which is useful for comparison
with the precipitation on the same drainage area; and (d) the acre-foot, which is
the quantity of water required to cover an acre to the depth of one foot. Appro-
priate metric units are m>/s, m3/s/km?, mm or cm of runoff per unit time, and m?>.

Since runoff appears as stream flow, the method of determining it directly is
by measuring the mean velocity by current meter or otherwise, and calculating the
discharge. This should be done, if possible, at high water, low water, and inter-
mediate stages. From these data a rating curve is then constructed showing
discharge against the stage, or stream depth. The depth or stage may then be
measured continuously by a float in a stilling well or a pressure sensing device. In
either case the flow is usually continuously recorded. As stream beds change in
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shape additional observations are made and new rating curves established. Ob-
viously the longer the period of observation at the station the greater will be the
value of the records. Investigators of the U.S. Geological Survey conclude that a
1-year 1ecord is likely to vary so far from the mean annual flow that it may involve
a very serious error. A 5-year period, while in many cases giving results within 10
percent of the actual mean, may be as far as 30 percent or more in error. A 10-year
period can be depended upon to give better results, for in a 10-year group there
will probably occur a year of what may be called average high water and a year of
average low water. The 10-year period will not, however, allow for the abnormal
year which can be expected once in many years. Since runoff events are assumed
to be random occurrences, for adequate results a minimum of 30 years data should
be available. This is generally the case in the United States.

Long-continued records not only give a more accurate mean flow but also
give information regarding what may be expected in the way of successive dry
years and outstanding flood flows. Two or more successive dry years may cause
serious depletion of an impounding reservoir unless suitable provision has been
made in the design.

Where only a few gaugings are available, some relation between rainfall and
runoff may be recognizable. The runoff may then be calculated over a series of
years on the basis of observed rainfall. This, of course, is more hazardous than
actual runoff observations, and, if it is used, areal distribution of the rainfall
should be given careful consideration.

Where no gaugings are available, runoff records of drainage areas of similar
characteristics may be used to predict the discharge of the watershed in question.
The characteristics which are important in making such comparisons are climate,
vegetal cover, topography, soil, and surface geology.

3-13 The Hydrograph

The hydrograph is a graphical, chronological representation of the flow of a
stream. Usually the ordinates are expressed in daily discharge in one of the units
mentioned in Art. 3-12. Annual hydrographs, like F ig. 3-6, are particularly infor-
mative. A base flow or runoff will be noted. This is the dry-weather flow of the
stream and 1s sustained by outflow from the groundwater and from large lakes or
swamps. The lower direct flows and flood flows will result from the causative
rainfalls. In some areas there will be flows caused by melting snows with or
without rainfall, in which case the stream flow is related in part to temperature. By
observation of the hydrograph, and rainfall, and study of the stream basin,
rainfall-runoff relations can be established, infiltration can be arrived at, and
groundwater recharge and basin storage determined.

3-14 Factors Which Affect Runoff

The total runoff from a drainage area is made up of surface runoff and flows from
groundwater sources. Surface runoff is the water that has not passed through the
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soil since precipitation. The groundwater runoff is that which has been a part of
the groundwater. The flood flow is almost entirely derived directly from the
rainfall and possibly melting ice and snow. The dry-weather flow is produced by
the groundwater runoff and drainage from surface ponds. The drainage area, or
watershed, is the area that contributes its runoff to the stream above the point
where runoff figures are being obtained. The total runoff is, of course, the rainfall
less all losses, although this, owing to the varying amounts of water held in the
ground, holds good exactly only over a period of years. There may be a permanent
loss due to percolation to groundwater which discharges below the gauging point.

The factors that control the amount of runoff and modify the stream-flow
rates are numerous and very largely interrelated. They must be carefully studied in
connection with projects where extended records of stream flow are not available.
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Of these, the rainfall is most important. The total precipitation should be learned
and its character, i.e., the proportion of rain and snow. The distribution is impor-
tant since rains occurring during the growing season for vegetation may contrib-
ute little to runoff. The intensity, duration, extent, and usual path of storms will
have an effect upon the amount of precipitation and flood flows.

Solar radiation and its variation on the watershed will affect evaporation.
Low radiation causes low temperature and accumulations of ice and snow with
increased runoff during periods of higher temperatures. Low temperatures, caus-
ing freezing of the ground and thereby reducing infiltration, are likely to cause
excessive runoffs from later heavy rains. The amount and type of vegetal cover
affect infiltration and the loss of water by transpiration.

The topography of the drainage area, its degree of roughness and slope, affects
the time of concentration of the direct runoff and thereby causes high or low
runoff rates. Evaporation is not very important to floods because they generally
occur in a time scale so short that the amount of evaporation is small. Peak rates
of runoff are greater when concentration times are short because all the runoff is
delivered in a short period.

The geology of the area, including the perviousness or imperviousness of the
subterranean formations, is important. If pervious, the slopes of the strata and
their extent and points of discharge require study. The condition of the channel of
the stream, whether it is pervious and whether there is an extensive underflow, will
greatly affect the surface flow. Such underflow may contribute materially to an
impounding reservoir. Some streams lose water to pervious formations under
their beds, while others receive groundwaters from their banks.

The shape and character of the drainage area will affect concentration and
runoff. Shapes providing quickest concentration will tend to produce greatest
peak flow. The relation to mountains, glaciers, oceans, large lakes, and wooded
areas may also have important effects.

The character of the stream and its tributaries, the slopes and cross section,
whether deep or shallow; artificial uses of the stream by irrigation or otherwise;
ice formation with accompanying ice jams; and floods—all modify the runoff.

3-15 Infiltration

The entrance of rain water or melted snow into the ground is known as
infiltration. Percolation is movement through the soil after entrance. It is by
infiltration that groundwater in ifs various forms is replenished. Some of the
groundwater percolates through the soil to appear again at the surface to form
dry-weather flow of streams. A small amount percolating through shallow soil
may enter streams or surface channels shortly after precipitation. This is known as
subsurface flow and is included in direct runoff. The amount of infiltration

depends upon a number of conditions on the watershed, the more important of
which are discussed below.
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1. Rainfall characteristics. A small rainfall may all be absorbed and produce no
runoff. Heavy rains compact the soil surface by impact of the raindrops and
reduce entrance. This is especially noted on bare soils even where cultivated.
The increased porosity resulting from plowing or cultivation is soon lost by
compaction. Storms of low intensity are likely to have high infiltration rates.
Antecedent rains, by increasing soil moisture, decrease infiltration.

2. Soil characteristics. The smaller the pore sizes in the surface soil, the smaller
will be infiltration. Small soil particles, as in clay, mean small pores, while sand
or gravel is at the other extreme. Mixtures of large and small particles tend to
pack and reduce pore size. It should be recognized that porosity in percent is
not of as much importance as pore size. The fact that many fine soils cement
together into clusters or large particles of sand size, 0.2 mm or larger, and thus
increase their permeability is also important. Some sails contain colloidal clay,
which swells on wetting and reduces infiltration.

3. Soil cover. The type of surface cover is important in several ways. It protects the
soil from compaction by rain and also provides detention on the surface and
thereby increases infiltration opportunity, the degree of action depending upon
the density of the cover. The root systems make the soil more pervious. A
vigorous sod or dense forest is best,!*> while a thin sod or forest may provide
little protection. Cultivated crops vary in effect. Corn, cotton, and tobacco may
give considerable protection during their most luxuriant development but little
or none during much of the time. Some vegetation, especially grass, encourages
the soil crumbs or clusters mentioned above, while others, like soybeans, cause
dispersion. Residues of dead vegetation or mulches increase detention time.
Snow cover also increases detention and infiltration, provided that the soil is
not frozen.

3-16 Determination of Infiltration Rates

Infiltration capacity is defined as the maximum rate at which a given soil in a
given condition can absorb rain as it falls. Thus the capacity will be equal to an
observed rate of infiltration if the rainfall intensity equals or exceeds it. Runoff
occurs if the rainfall intensity exceeds the infiltration capacity. The relation be-
tween the two is shown in Fig. 3-7, which is based upon observations of the soils
indicated. In general such curves have high infiltration capacities at first, but
decrease exponentially to a minimum after a short period of time. According to
Linsley, Kohler, and Paulhus,!® initial moisture greatly affects the shape of the
infiltration-capacity curve, particularly in the first 10 min but with some
modification for a considerable period. The curve when there is initial moisture in
the soil is not the last portion of the curve for a soil initially dry, although this may
not apply to all soils.

A number of methods of determining infiltration rates are used. Laboratory
experiments are made on soils with artificial rainfall, or field experiments are
made on small soil plots using artificial rain. Natural rainfall on isolated runoff
plots is observed in the field, or rainfall and runoff records are noted for small
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watersheds with homogeneous soils. Rainfall and runoff records for larger heter-
ogeneous basins are observed, and an average equivalent infiltration capacity is
determined.!”-18

The rational method of arriving at drainage from urban districts is discussed
in Art. 13-2. It makes use of runoff coefficients which are related to the surfaces in
the drainage area. The determination of losses by infiltration is more logical and
would eliminate the coefficients. Several studies of this method have been made. It
is recognized that antecedent moisture in the soil is especially important through
its effect upon the infiltration curve, since the time of concentration is short in
urban areas. The infiltration-capacity values are deducted from the related rainfall
rates, a further correction is made for depression storage out of the first excess
rainfail, and the effect of the hydraulics of the flow paths upon the hydrograph at
the design point is analyzed.

The infiltration approach to the calculation of surface runoff from a storm is
basic, and it is considered as the most reasonable method of attackin g the problem
by many eminent hydrologists although it requires detailed computations best
handled by computers. It also has value in determination of recharge of under-
ground water-bearing formations. There are difficulties in applyving the method
because of variations in intensity and duration of rainfall over a given watershed,
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variations in infiltration characteristics and the surface-storage characteristics.
These objections are less applicable to small watersheds, especially if infiltration
studies can be correlated with observed rainfall and runoff.

3-17 Evaporation from Water Surfaces

The engineer must estimate the loss of water by evaporation from lakes but more
especially from impounding reservoirs, where it may reduce the yield from a
catchment area by a considerable amount. The amount lost depends upon tem-
perature of the air and water, wind velocity, and atmospheric humidity.

The most commonly used method of estimating evaporation from water sur-
faces is the Weather Service class A pan, which is made of galvanized steel, 1.22 m
(4 ft) in diameter, 250 mm (10 in)deep, and is set on a 150-mm (6-in) wood grill so
that the water surface is a little more than 300 mm (1 ft) above the ground. The
water is kept within 50 to 75 mm (2 to 3 in) of the rim of the pan. Results are
expressed in depth and are multiplied by 0.7 to reduce them to equivalent reser-
voir evaporation. This is an average annual factor which varies from month to
month and region to region. Monthly evaporations are most useful as they can be
applied to the drier months of the year when reservoir drawdown by use of water
may be expected to be greatest. Figure 3-8 gives evaporation from standard pans
in the United States.

The high evaporation loss from reservoirs in arid regions has stimulated
experiments in methods of reducing it by application of thin chemical films,
floating covers, or floating granular materials. None of these techniques have
proven to be practical in large-scale applications, but are useful on small
Ieservoirs.

3-18 Evaporation from Land Surfaces

The amount of water evaporated from land surfaces depends upon the amount of
moisture available, which depends upon the rainfall and those characteristics of
the soil which affect infiltration, absorption, and percolation. Climatic conditions,
particularly radiation and humidity also play an important part. Such evapora-
tion also includes interception, or the precipitation which lodges upon leaves
of trees, blades of grass, etc., and is quickly evaporated. Shading by vegetation can
greatly reduce evaporation from underlying soil Evaporation, in soils not in
contact with a free water surface, is limited to that available in the pores of the
upper layer of soil. Upon evaporation this moisture is not rapidly replaced
from the lower layers and evaporation ceases. Soils in contact with a free water
surface will replace surface moisture by capillary action, and evaporation will
continue as long as a difference in vapor pressure exists if the water surface 1s
reasonably close to the soil surface. Even under these conditions evaporation is
less significant than transpiration.

-
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3-19 Transpiration

Water taken from the soil by roots of vegetation and discharged into the atmo-
sphere as vapor is lost by transpiration. This causes a considerable reduction of
runoff. In fact, it can be said that vegetation always reduces the water yield of a
catchment area, and it is particularly true where the groundwater is close to the
surface. The rate of transpiration is independent of plant species, but total tran-
spiration depends upon root depth and percent cover, and thus upon the plant
type. Attempts have been made to relate transpiration to the dry weight of crops
and other vegetation, however there are few usable data concerning the relation-
ship between the weights of crops, their dry weights, and their transpiration
potential.

3-20 Evapotranspiration

Evapotranspiration is the total amount of water taken up by vegetation for tran-
spiration and building of plant tissue and the evaporation of soil moisture, during
the growing of some particular crop. Valley evapotranspiration is the difference
between the annual inflow into the valley (consisting principally of precipitation
but possibly including surface and subsurface movement of water into the valley)
and the total outflow therefrom in the same period (consisting of surface and
subsurface movement out of the valley) with correction for changes in surface and
subsurface storage.

The difficulty of separating evaporation, interception, and transpiration has
led many engineers to consider evapotranspiration only in arriving at the total
water loss from a catchment area. Such losses will, of course, be affected by those
conditions which govern evaporation and transpiration, and the rate of loss will
be great during the growing season. Table 3-1!? gives evapotranspiration in mil-
limeters per year with adequate amounts of water available.

Lowry and Johnson2® made a study of 22 areas of the United States and
concluded that evapotranspiration could be related to the effective heat during the
growing season. Their findings are closely approximated by the equation

V.= 0082H + 274 (3-2)

in which ¥, is the average annual consumptive use of water per year in millimeters
and H is the accumulated degree days during the growing season computed from
the maximum temperature in degrees Celsius. H is the sum of the daily maxima in
degrees Celsius during the growing season. The technique neglects the effects of
wind, humidity, and cloud cover. Linsley, K ohler, and Paulhus'® recommend that
potential evapotranspiration or consumptive use be taken as equal to that of an
equivalent free water surface with negligible heat storage capacity.

-
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Table 3-1 Annual evapotranspiration on areas with different crops and vegetal covers

mm x 0.039 = in

Annual

evapotranspiration,
Vegetation Location mm Remarks
Alfalfa New Mexico 1220
Alfalfa and clover Various 760-1220
Field crops New Mexico 760
Field crops and native grasses Colorado 533 During crop season
Field crops and native grasses Oregon 305-460 During crop season
Garden truck and small grains Idaho 305-460 During crop season
Meadows Wyoming 380
Citrus trees California 660
Peach trees California 860
Brush and grass Texas and 690-760

New Mexico

Brush and grass California 255-510 Located in a dry section
Alder, maple, and sycamore trees  California 1190 Ample water available

3-21 Multiple Correlation Method of Forecasting Runoff

Kohler and Linsley®! have presented a multiple correlation technique for predic-
tion of runoff events. Storms which have occurred over a period of record are
examined for effects upon runoff of the amount of precipitation. the duration of
the rainfall, the antecedent precipitation, the time of year in which the storms
occurred, and the basin demand. Basin demand is sometimes called basin recharge
and is the difference between the total precipitation of a storm and the total runoff
it produces. This factor is more closely related to the parameters mentioned than
is the runoff itself. Coaxial curves are constructed which permit forecasting the
recharge from a storm of any total precipitation and duration at any time of year.

A final result in terms of runoff is directly calculable from the recharge and the
rainfall.

3-22 Yield

The portion of the precipitation on a watershed that can be collected for use is the
yield. This includes direct runoff and that water which passes underground before
appearing as stream flow. Safe yield is the minimum yield recorded for a given past
period. Draft is the intended or actual quantity of water drawn for use. Unless the
minimum daily flow of a stream is well above the maximum daily draft which
must be satisfied in a water supply project, the minimum flow must be supple-
mented by water from the higher flows which has been impounded in a reservoir.

Impounding reservoirs have two functions: (a) to impound water for

beneficial use and (b) to retard flood flows. The two functions may be combined to
some extent by careful operation.
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An impounding reservoir presents a water surface for evaporation, and this
loss must be considered. Estimates of yield must allow for this loss. In addition,
the possibility of large seepage losses must be considered. If it is economically
impossible to prevent them at the proposed reservoir site, the project may have to
be abandoned or a more favorable site found. There will be some loss by seepage
through and under the dam itself.

There are other considerations. Riparian owners downstream, by common
law or prior appropriation, may be entitled to have the water of the stream come
to them undiminished in quantity so that they may make their accustomed use of
it. Impounding of flood waters will not, of course, cause these owners any injury,
but interference with the dry-weather flow may result in damage suits against the
municipality or water company. This trouble may be avoided by buying the water
rights or by allowing water in agreed amounts to pass by. Thereby the water users
are enabled to continue their legitimate use of water for irrigation, power, or
domestic purposes. Where such compensation in kind is made, the water passed
must be added to the draft or subtracted from the stream flow in calculating
reservoir storage capacities.

3-23 Reservoir Storage by Mass Diagram

The ordinary hydrograph has been described in Art. 3-13. An integrated, or
summation, hydrograph, also known as a mass diagram, may be constructed to
show the accumulated yield from month to month and from year to year in the
most convenient units.

Mass diagrams are of little use, however, unless the records of the stream are
available for substantial periods of time, generally more than 30 years. With so
many years of record, periods of low stream flow can be easily recognized, and the
necessary storage obtained graphically with much less effort than required by
arithmetical means.

Figure 3-9 is an integrated hydrograph extending over a period of 3 years. The
curved line OA represents the accumulated stream flow during the period. The
decreasing runoff of the summer months is very apparent and is shown by the flat
slopes of the curve during that period of the year. Strictly speaking, the consump-
tion varies, but great accuracy in this respect is not justified if the record is of short
duration. Losses by evaporation from the reservoir and other water surfaces, very
important in arid and semiarid areas, and compensation water to satisfy prior
water users may be subtracted from the mean flow (which may result in a negative
flow during the summer months) or may be added to the consumption. This may
be called the regulated flow.

The usual problem is to determine the storage necessary to satisfy a draft
equal to OC. To find this, tangents parallel to OC are drawn at low points and
summits in OA. The lines DE and M N have been so drawn. The vertical distance
FN will be the storage required to maintain this particular draft. At D the reser-
voir will be full; thereafter the runoff is less than the draft, and the depletion of the
reservoir begins, reaching a maximum at N in October. During the balance of the
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Figure 3-9 Integrated hydrograph. (m3/km? x 6.84 x 102 = gal/mi2))

year the flow exceeds the draft, and the reservoir refills, becoming full at E. Water
will then be wasted over the spillway until the draft again exceeds the runoff,
which will occur at G. If the tangent DE, when extended upward, does not inter-
sect the curve at any point, it indicates that the runoff is insufficient to supply
the proposed draft. The extension of the tangent may not intersect the curve for
several years, in which case a prolonged period of low water in the reservoir is
indicated. Similarly the point M is the latest date in this particular year at which
the reservoir could start filling and collect enough water to supply the demand of
the summer months. By investigation of all sections of the plotted record the
maximum storage required to sustain any draft may be obtained. Naturally, the
driest year or group of years of the record will be the governing period.
The selection of the design year or group of years requires the analysis of runoff
duration data for an extensive period so that the probability of given events may
be assessed. It may be desirable to consider flows over a given period of consecu-
tive days rather than considering each recorded flow as a discrete event 22

With a fixed size storage reservoir it is sometimes necessary to determine the
maximum draft that can be maintained. This is done by drawing parallel lines at
summits and low points of 04 which will give ordinates between them equal to

the storage available. The pair of parallel lines with the minimum slope will give
the draft that can be maintained.
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An alternative to the integrated hydrograph or mass diagram is the residual
mass diagram or residual mass tabulation.'? The method consists of investigating
the storage required for a number of regulated stream flows, usually in 10 percent
increments, up to the annual average regulated flow. Regulated flows are actual
flows adjusted or reduced to satisfy downstream requirements, reservoir evapora-
tion, etc. Then, by inspection of the stream-flow record for consecutive periods of
days or months of low runoff, the required storage can be obtained for the
required outflow for that period. If properly done, the results will be the same as
for the mass diagram, and the curve obtained showing storage for any regulated
flow is more convenient.

FLOOD FLOWS

3-24

The problems of flood control for large rivers and forecasting of floods and
prevention or mitigation of damages from them is largely a federal matter. Here
floods and high runoff rates in general are considered in relation to impounding
reservoirs for relatively small watersheds and for urban areas (Chap. 13).

Long-time gauge records of a stream are valuable in indicating flood flows,
and they are used as much as possible. For smaller streams they may be non-
existent or of such short duration that they are useful only as a basis for further
estimates by means of unit hydrographs or frequency studies.

Reservoir designs make provision for wasting water at the dam during or after
periods of heavy precipitation. Should the capacity of the spillway be exceeded,
serious consequences may result, particularly if the dam is of earth construction.
Many failures of earth dams have occurred owing to flood flows overtopping the
dam and cutting it away. The quick release of the impounded water in such cases
has caused heavy economic damage and sometimes loss of life. Consequently,
spillways must be designed with extreme flood conditions in mind. Discharges
from catchments of various sizes may be estimated by the techniques below:

Catchment area, km?* Present practice

Less than 3 Overland flow hydrograph; rational method
3-250 Unit hydrograph; flood frequencies
250-5000 Unit hydrograph; flood frequencies

Over 5000 Flood routing!®-23; flood frequencies

* km? x 0.386 = mi?

Of the four area classifications only the three smallest will be discussed here.



48 WATER SUPPLY AND SEWERAGE

3-25 The Rational Method

This consists of considering all factors which contribute to maximum runoffs and
combining them to obtain an expected amount. The rainfall intensity to be
designed for is that which has a duration equal to the time of concentration. The
time of concentration is the time required for water to flow from the farthest point
of the watershed to the point in question; in other words, when all the area is
contributing water at the average rainfall intensity assumed for the duration.
Intensity and watershed area are multiplied and modified by a coefficient which
depends upon the perviousness of the watershed to obtain expected actual runoff.
Application of this method to urban areas is described in Chap. 13,
Characteristics of the drainage area in question must be carefully studied in so
far as they affect direct runoff and time of concentration. Time of concentration
will include that required for overland flow and in the channels. If there is exten-
sive storage in the flood plain or lakes and ponds, they will not only retard the
flow but also reduce the flood peak by furnishing surface storage, and the rational
method should not be used in such cases. The previousness or expected infiltration,
which will usually be variable over the area, must be estimated. While it is of little
importance on urban areas, the rainfall distribution over larger watersheds may
be of importance. For example, the heaviest precipitation may occur on the least
pervious portion of the area. Presence of ice and snow and effect of antecedent
rainfall may have to be considered, but cannot be considered effectively with the
rational method. After arriving at time of concentration the expected maximum
rainfall can be obtained from the formulas of Chap. 13, and the runoff coefficient

for the area is applied. In general this technique is applicable only to very small
areas. The procedure discussed in Art. 3-26 is superior.

3-26 The Overland Flow Hydrograph

[zzard’s overland flow hydrograph?* permits the determination of the time to
equilibrium flow (equivalent to the time of concentration) and the flow at times
other than ¢, , both before and after cessation of the rain. The time to equilibrium,
or the time of concentration. in minutes may be calculated from

te=526.76kL'3i; 23 (3-3)
in which k is defined by

276 x 1075, + ¢

k T (3-4)

where L = the distance of flow in meters
s = the slope of the land

¢ = a retardence coefficient, typical values for which are presented in Table
3-2, and

io = the excess of rainfall over infiltration in mm/h. This is equivalent, in a
sense, to the product C(i) in the rational formula.
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Table 3-2 1zzard’s retardence
coefficient

Surface c

Very smooth asphalt pavement 0.0070

Tar and sand pavement 0.0075
Concrete pavement 0.012
Tar and gravel pavement 0.017
Closely clipped sod 0.046
Dense bluegrass sod 0.060

The experimental verification of Izzard’s formulation is limited to
i,(L) < 3880.

3-27 The Unit Hydrograph

The unit hydrograph, first suggested by Sherman,?* has been found very useful in
prediction of flood flows. It Has been defined as follows:

The unit hydrograph is the hydrograph of surface runoff (not including groundwater runoff) on a
given basin. due to an effective rain falling for a unit of time. The term “ effective rain ” means rain
producing surface runoff. The unit of time may be one day or preferably a fraction of a day. It
must be less than the time of concentration.

The effective rain is sometimes expressed as “rainfall excess,” which is the
volume of rainfall available for direct runoff or the total rainfall minus infiltration
and detention losses. This excess should be close to, or greater than, 25.4 mm
(1 in).

The term *lag time ” is also used. It is variously defined as the time from the
center of mass (or beginning) of the rainfall to the peak (or center of mass) of
runoff.

The usefulness of the unit hydrograph is based upon the fact that all single
storms of some chosen duration will produce runoff during equal lengths of time.
For example, all storms occurring over a given watershed with a duration of, say,
12 hours may result in runoff extending over 5 days. Furthermore, the ordinates of
the hydrograph will be proportional to the amount of rainfall excess, and the
volumes of runoff in corresponding increments of time are always in the same
proportion to total runoff regardless of the actual depth of rainfall and total
volume of runoff.

The procedure used in constructing a unit hydrograph is as follows. Existing
rainfall and stream gauge records are studied and some duration for the unit
storm is chosen. This must be less than the lag time, and the shorter the period, the
better. It is common practice to use 1-hour unit hydrographs for large areas. For
small areas a unit time of one-third to one-fourth of the lag time of the drainage
area should be used.

-~
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If available in the records, isolated unit storms are studied since these are
uncomplicated by the effects of antecedent rainfall. The hydrographs of the storms
are analyzed, and the base flow is eliminated. The base flow is the normal dry-
weather flow of the stream which is derived from groundwater or from other
delayed sources. If there has been an antecedent rainfall its effects can be noted
from recession curves of other rainfalls, and ordinates of the base curve and the
recession curve can be subtracted from ordinates of the storm under study. The
base curve tends to rise after the peak of surface runoff from a storm, but this is so
small a proportion of the flood flow that often the base flow is considered a
straight line.

Hydrographs of direct runoff plotted for various storms of like duration will
have approximately the same durations, but the ordinates will depend upon the
volume of runoff. If the ordinates are divided by the total volume of runoff in
millimeters or inches, there will be a number of graphs, each representing 1 mm or
1 in of runoff—"unit hydrographs.”

In some cases the lag times vary because of variations in rainfall intensity over
the watershed. In these cases an average duration time to the peak 1s obtained, the
average peak flow is taken as the mean of the actual peaks, and the shape of the
curve is drawn in to conform to the shapes of the observed curves.

Figure 3-10(a) from A to C is the hydrograph of a storm of unit duration,
assumed as 12 hours in this case, and the time unit intervals in the figure are also
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Figure 3-10 (a) Hydrograph. (b) Unit hydrograph.
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12 hours. The runoff curve preceding A is caused by an antecedent rainfall, and the
antecedent recession curve is a continuation to the base flow. The base flow will
have been located as a result of study of the long-time hydrograph of the stream.
The base flow can be expected to rise to point C where the direct runoff from the
storm ceases and base flow is the only flow in the stream. There will then be a slow
recession of base flow until there is another rain. Figure 3-10(b) shows the unit
hydrograph derived from the runoff observations. This indicates the rate of runoff
resulting from an effective rainfall of 1in occurring during the unit time in
question. The values for the lower curve are obtained by subtracting from the total
flow the flow due to antecedent rainfall, if any, and the base flow, and dividing
each resulting ordinate by the average runoff due to the rainfall event.

Before the unit hydrograph can be used to predict the runoff from any
assumed or expected rainstorm of unit duration, an estimate must be made of
infiltration and other losses. These are discussed in Arts. 3-15 to 3-19. The differ-
ence between these losses and the volume of rainfall available for direct runoff is
known as excess rainfall, or net rainfall.

3-28 Flood Frequencies

For many purposes it may be useful to know the frequency of occurrence of floods
of known magnitude, and the method of Art. 3-7 as used for rainfalls will be useful
within the limitations of the record. Another problem is to determine the maxi-
mum flood which may be expected in 100 years or some other period. This has led
to application of statlstlcal methods based upon probability relationships or for-
mulas. Various methods'® of attack have been used. The two probability distribu-
tions most frequently used in the analysis of flood frequency data are the Gumbel
distribution and the log-Pearson Type 3. A special case of the log-Pearson Type 3
is the log normal distribution in which skewness is zero. This distribution will plot
as a straight line on log-normal probability paper. Data which fit the Gumbel
distribution will plot as a straight line on extreme value paper.

Figure 3-11 illustrates a curve drawn on probability paper. It is assumed that
the stream-flow records cover a period of 50 years. The flood flow equaled or
exceeded 10 times in the period is plotted; in this case it is 0.2 m3/s per km2, and
the percent of years exceeded is 20. In like manner the flood flows equaled or
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exceeded five times, two times, and one time are plotted, with their percents
exceeding as 10, 4, and 2, respectively. The data may also be plotted in total flow
rather than flow per unit area. If the data conform to the normal probability
curve, they will plot in an approximately straight line. This may be extended to
allow prediction of extreme flood flows to be expected, say, once in 100 years. In
this case the 100-year flood would be 0.38 m3/s per km?, while the 200-year flood
would be 0.42 m?/s per km?. It should be recognized that this does not mean that
such a flood will occur only once in 200 years but-that in any one year there is only
one chance in 200 that it will occur.

When loss of life is not threatened by possible failure of the dam, it may be
more economical to design for floods which may be exceeded in shorter periods
since the cost of repairs will be less than the compound interest on the excess cost
due to greater flood provision. In some populous districts, however, where a dam
failure would jeopardize many lives. provision for the probable maximum flood
may be made. The probable maximum flood is the runoff resulting from the
probable maximum rainfall.

The probable maximum rainfall is estimated based upon maximum water
content of the atmosphere and maximum rates of inflow to the study area. Rain-
falls exceeding previously estimated “ maxima” have occurred. Extrapolation to
long recurrence intervals of data based upon 30 to 60 years of observations may be
misleading. Hydrologic data do not always follow a known probability distribu-
tion, and floods have occurred which indicate this.

3-29 Silting of Reservoirs

A number of impounding reservoirs have had their usefulness decreased or even
terminated by accumulations of silt in a few years. This is especially likely where
the soil on the watershed is easily erodible, vegetal cover is sparse, and the reser-
voir is small in relation to the amount of silt-bearing water which passes through
it. Therefore, consideration should be given to the amount and character of the
material which will be carried by the stream in suspension and in traction or
contact with the stream bed. Theoretical approaches to calculating silt loads and
sampling methods’® have been developed but will not be considered here. Silt
records for many areas are also available from the U.S. Geological Survey, the
Soil Conservation Service, and the U.S. Army Corps of Engineers.

Silt-bearing water is heavier than the clear water of a reservoir and tends to
form a density current near the bottom, although this may be modified at the
entrance by a delta of larger materials dropped from suspension or from traction.
The density current moves along the bottom until it reaches the dam where it 1s
forced upward. If the reservoir is shallow, some of the sediment may escape over
the spillway but much will remain and slowly settle out. Silting may be reduced by
placing outlet gates in the dam at such points that the density currents may be
wasted and thus allow perhaps 20 percent of the silt to escape. Another preventive
measure is the control of erosion by all the soil-saving measures which are practi-
cal and economically possible. Removal of silt already deposited is usually too
expensive, and construction of a new reservoir is more economical.
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PROBLEMS

3-1 A 40-year record of rainfalls of 5-hour duration shows that a rainfall of 45 mm was third in order
of magnitude. What is the recurrence interval to be expected for this rainfall?

3-2 What is the time of concentration for a concrete street, 150 m long with a slope of 0.01, for rainfall
intensities of 10 and 25 mm/h? Assume that C in the rational formula would be 1.0 for this surface.
3-3 Using the values of Prob. 3-2, plot the time of concentration versus rainfall intensity for values of
i, from 2 to 50 mm/h.

3.4 Calculate the time of concentration for a rainfall of 25 mm/h which runs 100 m over closely
clipped sod on a slope of 0.005, and then 30 m down a paved asphalt street with a slope of 0.025.

Assume that C in the rational formula is equal to 0.5 for the sod, and 0.9 for the asphalt.

3.5 From the following record of average monthly stream flows determine the required reservoir size

to provide a uniform flow of 10,000 m?/day.

Month Jan. Feb. Mar. April May June July
Monthly flow 0.18 102 132 051 087 067 019

(106 m?)

Month Aug. Sep. Oct. Nov. Dec. Jan. Feb. Mar
Monthly flow 008 007 004 010 026 0.20 1.10 1.0l
(106 m?)
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CHAPTER

FOUR
GROUNDWATER

4-1

Groundwaters are important sources of water supply which have a number of
advantages. They may require no treatment, have uniform temperature through-
out the year, are cheaper than impounding reservoirs, and amounts of water
available are more certain. Practically speaking they are not affected by drought
in the short run. Lowering of water levels in wells sometimes causes alarm and
their abandonment, but this may be unnecessary, since modern methods of
groundwater investigation will permit a close approximation of groundwater re-
sources for long-time production.

Of the water that falls upon the earth as rain a part percolates into the soil to
become subsurface water. Some of the subsurface water is taken up by plants to be
transpired through their leaves, a portion is evaporated directly, and some, the
hygroscopic water, resists evaporation and is held by the soil. The remainder of
the percolating water passes downward under the influence of gravity until it
reaches an impervious stratum or aquiclude. It then begins to move in a lateral
direction toward some outlet. The portion of the earth through which the lateral
movement takes place is known as the zone of saturation, and its water is the
groundwater. The water-bearing stratum or formation is an aquifer. A water table
or phreatic surface is the upper surface of the zone of saturation, except when the
aquifer is overlaid by an aquiclude. The level of the water table is likely to
fluctuate considerably. A long period of dry weather will result in lowering the
level, whereas a rain will cause it to rise. During dry periods wells, springs, and
streams draw upon the stored groundwater, which is again replenished by perco-

‘lation during rains. -

n
N
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Figure 4-1 Profile of groundwater table.

Groundwater outlets occur whenever the water table intersects the ground
surface to form a pond, spring, swamp, or dry-weather surface stream. Figure 4-1
shows a profile of a water table with several outcrops. The most important is the
river at the lowest point of the valley.

Above the main water table, supported by aquicludes, small bodies of water
are sometimes found. The upper limit of the saturated zone in this case is known
as a perched water table. Such water accumulations sometimes serve as sources of
supply for shallow wells.

Under some conditions groundwater may be fed by streams. A surface stream
having a pervious bottom may lose some of its water by percolation into the
groundwater if the water table is below the surface of the river. A river may at
some points lose water, thus recharging the aquifer, and at other points, where the
water table is higher, regain groundwater.

A permeable rock may outcrop somewhere on the earth’s surface and dip
between aquicludes. Infiltration from rainfall or bodies of surface water will perco-
late through the aquifer toward some point of discharge between the aquicludes as
confined water, i.e., under pressure. If the upper aquiclude is tapped by a well or
other hole the water will rise into the hole to some point known as the piezometric
or static level. If there is movement of water through the aquifer, the piezometric
levels will lowert in the direction of flow. The slope of these levels is the hydraulic

gradient of the confined water. The same term is applied to the slope of the water
table in unconfined flow.

4-2 Occurrence of Aquifers

The value of soils or rocks as water bearers depends upon their porosity and the
size of their particles. The porosity is a measure of the absorptive power of the
material, but if the pores are small the resistance to water movement is so great
that it is difficult to collect the water in a well. Accordingly, the compactness of
the material and gradation of the sizes of the grains, both of which greatly affect
the size of the pores, will have considerable effect. The porosities of common soils
and rocks are as follows: sands and gravels of fairly uniform size and moderately
compacted, 35 to 40 percent; well-graded and compacted sands and gravels, 24 to
30 percent; sandstone, 4 to 30 percent; chalk, 14 to 45 percent; granite, schist, and
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gneiss, 0.02 to 2 percent; slate and shale, 0.5 to 8 percent; limestone, 0.5 to 17
percent; clay, 44 to 47 percent; topsoils, 37 to 65 percent.

So far as public water supplies are concerned, sand, gravel, and sandstone are
the most important aquifers, in that order. Clay, although highly porous, is so fine
grained as to be practically impervious. Limestone and shale are not sufficiently
permeable to furnish much water unless they have caverns, fissures, or faults.

Permeable chalk deposits constitute an important source in England. Igneous
rocks in general are not water producers, although lava is an exception as it is
permeable, and upper portions of other rocks that are decomposed or fissured
frequently are sources of springs.

Aquifers may be divided into three classes depending upon their origin and
extent.

1. The most important aquifers are extensive and thick formations of porous
material laid down in past geological epochs by water and wind. They are fairly
uniform, and reliable information regarding them is available or can be easily
obtained by a few borings or records of existing wells. Important examples of
this class are (a) the Tertiary deposits of sand and gravels which underlie the
Western plains; (b) the sand and gravel deposits of the Eastern coastal plain, a
strip bordering on the Atlantic and Gulf coasts 160 to 320 km (100 to 300 mi)
wide and extending from Long Island into Texas and up the Mississippi Valley
to the Ohio River; (c) the sandstones of the eastern part of the Dakotas and
parts of Nebraska and Kansas; (d) the sandstones of southern Wisconsin,
northern Illinois, and eastern Iowa.

2. Old lakes and river beds often contain deposits of sand and gravel. These
deposits collect water from surface runoff and groundwater from higher land
and conduct it underground in the general direction of surface stream flow. The
old stream bed may be approximately parallel to an existing surface stream, or
there may be no surface evidence of the aquifer. The sand and gravel may be a
uniform deposit, or there may be alternating layers of clay and more permeable
materials. Such deposits are far less extensive than aquifers of the first class.
Many cities situated beside rivers tap such aquifers by means of comparatively
shallow wells and in some cases by filtration galleries.

3. In Northern states deposits of glacial drift or till which were left by the glaciers
at the edge of the ice cap are numerous. These sand and gravel deposits are very
irregular and occur in old river beds, in thin strata in valleys, and in or along
moraines. They are likely to be interspersed with and covered by layers of clay.

4-3 Types of Wells

In the ordinary or water-table well the water rises to the height of the saturated
material surrounding it, and there is no pressure other than atmospheric upon the
water in the surrounding aquifer. An artesian well is one in which the water rises
above the level at which it is encountered in the aquifer because of pressure in the
confined water of the aquifer. A flowing well is an artesian well where the pressure
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Figure 4-2 Diagram illustrating flowing and nonflowing artesian wells.

raises the water above the casing head. Heavy draft upon the aquifer may so lower
the hydraulic gradient that a flowing well will cease to flow. Figure 4-2 illustrates
artesian conditions.

4-4 Groundwater Flow

The water table corresponds to the water level of a surface stream. Therefore, as in
a surface stream, the water table assumes the slope or hydraulic gradient necessary
to cause flow. It can be no lower than the surface of the water into which the
aquifer is discharging. In the case of confined flow the piezometric levels will
indicate the hydraulic gradient. The greater the hydraulic gradient, the greater will
be the velocity and the greater the amount of water carried by the aquifer. Ob-
viously, also, the finer the material, the greater will be the resistance to flow, and
the gradient must be steeper if the aquifer is to carry much water. Aquifers are not
uniform in fineness, with the result that the hydraulic gradient is not likely to be a
straight line. In general, the hydraulic gradient of the.shallower groundwaters
roughly follows the slope of the ground surface. Under natural conditions hydrau-
lic gradients over 0.2 to 0.4 percent are rarely found. Wells of good yield are often
developzed in aquifers where the velocity is only 1.5 m/day (5 ft/day). In gravels,
velocities of 9 to 18 m/day (30 to 60 ft/day)' have been noted in the laboratory
with hydraulic gradients of 0.1 to 0.2 percent. Field tests in coarse gravels have
shown velocities as high as 122 m/day (400 ft/day) while velocities in water-
bearing sandstone may be as low as 15 m/year (50 ft/year).

4-5 Groundwater Hydraulics

The velocity of groundwater flow can be estimated by the use of hydraulic prin-
ciples or by direct measurements. Direct measurement is limited in value because
it can give the velocity only at the point of measurement, whereas aquifers vary
considerably in permeability within short distances. Darcy’s investigations in-
dicated that flow in water-bearing sands varied directly with the slope of the
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hydraulic gradient. His conclusions can be expressed as the equation

V=k% or V=ks (4-1)
in which V is the velocity of the moving water, h is the difference in head between
two points separated a distance [, s is the slope of the hydraulic gradient, and k is a
constant which depends upon the character of the aquifer and is determined
experimentally for each type of material.

There has been considerable research with respect to values of k. Hazen
related it to effective size of the material, arriving at a formula for velocity through
sands which included effective size and a constant depending upon porosity.
Permeability is clearly a function of both fluid and particle properties. For water,
the permeability may be related to the mechanical properties of the solid
medium.> At normal temperatures k varies from 3 x 107® m/s (10~° ft/s) for
coarse sand to 3 x 1072 m/s (107 ft/s) for dense clay,? yielding apparent veloci-
ties of 1.5 m/year (5 ft/year) to 1.5 m/day (5 ft/day).* It should be recognized,
however, that generalized formulas for the permeability of soils apply only to
relatively uniform sands and not to the nonuniform materials normally en-
countered in aquifers.

Permeability, expressed as the coefficient P, has been determined for various
materials in the laboratory. Difficulties of both sampling and reproduction of field
conditions in the laboratory have led to large errors when this method is used.

Thiem® proposed a field determination of permeability which was tested in
the United States by Wenzel.® The method consists of drilling observation wells in
the cone of depression of a well and noting the drawdowns in the observation
wells. The Thiem formula is

pP= QIn (ry/ry)
" 2mm(d, — d,)

in which P is the coefficient of permeability, Q is the pumping rate from the well, r,
and r, are the distances of the two observation wells from the pumped well, d, and
d, are the respective drawdownst at the observation wells, m is the average
thickness of the bed at r, and r, for water-table conditions, and for artesian
conditions the average vertical thickness of the aquifer in any commensurate
units.

A value of P so obtained will apply to a large portion of the aquifer.
Specifically it is the rate of flow through a unit area of the cross section of the
material under a hydraulic gradient of 100 percent.

Darcy’s law may then be expressed as

Q=PFs | (4-3)

4-2)

t Before it is pumped, water stands in a well at what is called its static level. When it is pumped the
water level falls, and the vertical distance between-the new level and the static level is the drawdown.
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where Q is flow per unit area, and s is the slope of the hydraulic gradient, also

Ps
p=2_PFs

p p
where V' is the average velocity in the voids of the water-bearing material, and p is
the porosity of the material expressed as a decimal.

This formula will permit calculation of the amount of water flowing through

an aquifer, and its velocity, if P, p, and the slope of the hydraulic gradient are
accurately known.

(4-4)

4-6 The Equilibrium Equations for Flow of Water into Wells

When a water-table well is pumped, there is a drawdown of water in its vicinity
and the hydraulic gradient assumes a slope toward the well, thus forming an
inverted cone of depression with the well at the apex. The base of the cone is called
the circle of influence. In the equilibrium analysis it is assumed that no further
drawdown will occur, and all water passing through the cylinder extending down-
ward from the circle of influence will be pumped out of the well. The formula for
flow into the well is obtained by assuming that all the water pumped from the well
passes through a succession of cylinders having diameters varying from r, the
radius of the well, to R, the radius of the circle of influence, and heights varying
from h to H (see Fig. 4-3). The formula is
H2 _ h2
Q—npln(R/r) (4-5)

in which Q is flow per day, other quantities as shown in Figure 4-3, except P,
which is the permeability coefficient as defined in Art. 4-5.

The formula for flow into an artesian well is derived in similar fashion,
modified by the fact that the water, in this case, flows through the confined aquifer
having a thickness m as indicated in Fig. 4-4. The formula is

H—-h
In (R/r)

Q =2nPm (4-6)
The two equations are seldom used since field tests have indicated that they
do not always conform to observed conditions. There are several reasons. The
value of P is highly uncertain unless the material in the aquifer is tested by actual
pumping, and the material may vary widely in closely adjacent portions of the
aquifer. The value of R is also uncertain since the circle of influence is never a
circle and a long pumping period is necessary, usually years, before the cone of
influence reaches an approximate equilibrium far from the well. In the analysis it
is further assumed that the well completely penetrates the aquifer and that the
drawdown is small compared to the aquifer thickness. Neither may be true in a
real well. A number of modifications of the basic Dupuit Technique exist, but
these are not so generally applicable as the nonequilibrium analysis below.
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4-7 Specific Capacity

A relationship suggested by the equilibrium formulas is that the output varies
directly as the drawdown. This has been found to be approximately true in prac-
tice, and it is therefore possible to express the output of a well in terms of flow per
unit drawdown, and this is known as its specific capacity. For example, if a well
after prolonged pumping produces 600 m3/h and the drawdown from the static
level is 65 m, the specific capacity is 9.2 m°.

4-8 The Nonequilibrium Analysis

The discussion in Art. 4-6 assumes that equilibrium will occur when water flowing
into a fixed and measurable cone of depression is in equilibrium with the water
discharged by the well. Theis’ has developed a method which is now used by the
U.S. Geological Survey and others in making groundwater investigations leading
toward prediction of long-time yields from aquifers. Certain assumptions are
made in the application of the method. These are:

1. In an aquifer before wells are constructed there is equilibrium between the
discharge to natural bodies of water from the aquifer and the recharge.

2. Any withdrawal by a well or wells will upset this equilibrium by reducing the
natural discharge or adding previously rejected recharge and must necessarily
change the hydraulics of the aquifer. This will result in changes of the piezo-
metric surface, which will not become stabilized until a new equilibrium is

established. -
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3. The cone of depression will enlarge during a long period and will finally extend
to the boundary of the aquifer. At long distances from the well the effect of such
extension may be slight. Also the effects of other wells, variations in pumpage
from them, and changes in recharge rates will tend to obscure the depression
due to any one well. '

4. Much of the water discharged by a well, over an indefinite period, will be from
storage in the aquifer. In the case of water-table wells it will be from the
dewatered cone of depression. Elasticity of the overlying aquiclude and the
compression and compaction of the aquifer accompanying reduction of water
pressure will provide water from storage. This retards enlargement of the cone
of depression, in addition to furnishing much water in large aquifers. Meinzer®
held that after several decades of pumping the wells in Dakota sandstone were

still drawing on storage and accordingly cones of depression were still
enlarging.

4-9 The Nonequilibrium Formula

The formula for drawdown is based upon several assumptions:

1. The aquifer is homogeneous in all directions. This implies that its transmissi-
bility, or ability to convey water, is constant at all points. This quality is ex-
pressed quantitatively by its coefficient of transmissibility, which is the
coefficient of permeability (Art. 4-5), multiplied by the thickness of the aquifer
(T = mP). The units are volume per day which will move through a strip of the
aquifer of unit width with a hydraulic gradient of unity.

2. The water taken from storage in any vertical column of the aquifer having a
unit base and height equal to that of the aquifer will be assumed to be constant
for each unit lowering of the piezometric surface. This is the coefficient of
storage, S. In water-table aquifers it is approximately the specific yield, which is
the volume of the formation. In artesian aquifers the coefficient of storage
represents water released from storage by compression of the aquifer, and it is
presumed to be directly proportional to its thickness and also to be constant. It
is also assumed that water is releassd from storage instantaneously upon draw-

down. This is not so for water-table conditions, but except for short pumping
periods it does not cause serious errors.

The nonequilibrium formula as expressed by Theis for the ideal aquifer is

Y
_41:'1'-,, u du—4nTW(u) (47)

in which d is the drawdown at any point in the vicinity of a well pumped at a
uniform rate, Q is the discharge of the well, T is the coefficient of transmissibility, u
is 0.25r2S/Tt, r is the distance from the pumped well to the point of observation, S
is the coefficient of storage of the aquifer expressed as a decimal, and t is the time

the well has been pumped, in any commensurate units.
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This is an exponential integral which in this usage is written as W(u) and
called the “well function of u.” Values of the integral may be calculated from

W)= —0.5772 — In u + u — u/4 + u®/18 — u*/96 + ---

+(—1y! al

(n)(n!)

If the coefficient of tragnsmissibility and the coefficient of storage are known, -
the drawdown can be computed for any time and any point on the cone of
depression including the pumped well. If one or more drawdowns are known, the
two coefficients can be computed.

Solution of the nonequilibrium formula to obtain the coefficients would be
extremely laborious by trial, and a graphical method devised by Theis is used. In
applying the method it should be remembered that

T (4-8)

_92 ]
d= AT W(u) (4-9)
r’S
and u= Z—T_t (4-10)

First a type curve is plotted on log-log paper with the values of the integral
W (u), from Eq. (4-9) plotted against the quantity u.

This general curve may be used in the solution of multiple problems. Values of
T and S may be obtained from a series of drawdown observations on one well
with times known, or from a line of observation wells. In the first case values of d
are plotted against 1/t and in the latter case against r?/t, both on transparent
log-log paper and to the same scale. The Q, or discharge from the pumped well,
must be known and be constant during the test. Since d is related to r?/t in the
same manner as W(u) is related to u, the curve of the observed data will be similar
to the type curve, and solution of the exponential equation is possible by superim-
posing the curve of the observed data over the type curve and determining coor-
dinates of a matching point. These coordinates can then be used in Egs. (4-9) and
(4-10).

The following example will indicate how Fig. 4-5 is constructed and used. An
artesian well was pumped at a uniform rate of 1.5 m*/min for 30 days. Observa-
tions of drawdown were made in an unused test hole 300 m away. The following
data were obtained.

r,m t, days ri/t d,m
300 1 9 x 10* 0.13
2 4.5 x 10* 0.53
3 3 x 10* 0.95
5 1.8 x 10* 1.60
10 9 x 103 275
20 45x10° 410 .
30 3 x 103 480 -~
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A type curve is plotted on log-log paper using the values of W(u) and u from
Eq. (4-8). Values of d and r?/t are also plotted on log-log paper. The curves are
plotted on separate sheets, to the same scale, and superposed so that a match
point can be found in the region of which the curves nearly coincide when their
coordinate axes are parallel. The coordinates of the match point are marked on

both curves yielding corresponding values of W(u), u, d, and r?/t. In this case the
values obtained (from Fig. 4-5) are

u=6x10"1  r¥t=3 x 10*

W(u) = 045 d=095
These values are substituted in Egs. (4-9) and (4-10) to yield
1.5 x 1440 3
045 T = 0.95, T = 81.36 m”/m per day
———S—v—(3x10“)=6><10'1 S = 0.0065
4 x 81.36 ’ '

The curve of the field observation shown in the figure may be extended in the
same shape as the type curve. This will give the drawdowns for further values of
r/t, so long as Q is 1.5 m?/min.

Other values of T and S can be obtained in the same manner from records of
time and drawdown at the pumped well and at other observation wells, and these
can be averaged. The averages will be more representative of the aquifer.

When T and S for an aquifer are known, it is possible to determine the
drawdown after any period of pumping and any pumping rate. For example: It is
desired to determine the drawdown in a well, located 1200 m from the pumped
well after 2 years of pumping at the rate of 2 m*/min. From Eq. (4-10)

_r’S  1200%(0.0065)
4Tt 4(81.4)(365)(2)
Wu)= —0.5772 - 10 3.94 x 1072 + 394 x 1072 --- = 2.69

0 2 x 1440
= — = . =7.
d AT W(u) 47(314) x 2.69 58 m

=394 x 1072

If the drawdown in the pumped well is required after pumping 1 year at
2 m*/min, in this case r is the radius of the well, assumed to be 0.15 m. Substitut-
ing in Eq. (4-10),

0.152(0.0065) o
= aBLaGes) ) Mo x 10
W(u) = 20.63
i ) 2 x 1440
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Figure 4-5 Type curve and curve of observed well data.

This is a large drawdown and might indicate that such a pumping rate should not
be attempted.

4-10 Modified Nonequilibrium Formula

The nonequilibrium formula may be modified as shown by Jacob.® For small
values of u, that is, for large values of t, W(u) may be approximated by
2

r
= —U. -_— = —U. — —_— ' 4—
W)= —05772 —Inu= 05772~ In 7o (4-11)

Therefore

0 o\ _ 0 2
== == | 0572 —In —
d=g W)= 7| ~05712 -0 3y
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The drawdown is thus seen to be a linear function of In t, hence a plot of draw-

down versus In time will yield a straight line with slope Q/4nT and an intercept at
d=0, ty, defined by

057721 15 _ (4-12)
‘ 4Tt,

Lo

If the slope is measured over one log cycle of time (that is, t,/t; = e), the slope
will equal the change in drawdown, Ah. Thus,

Ah = Q/4nT, and T = Q/4n Ah (4-13)
Similarly, from Eq. (4-12)
S = 225Tty/r? (4-14)

in which S is the coefficient of storage as defined in Art. 4-9, T is the coefficient of
transmissibility, r is the distance to the observation well, and ¢, is the intercept of
the straight line of time against drawdown on the line of zero drawdown.
Jacob’s formulas do not apply to periods immediately after pumping starts,
and this will be indicated by the fact that the graph of the drawdown against time
will not be a straight line at first. As indicated above, the straight line part of the
curve must be extended to obtain t,. The time required before the data are
applicable will be relatively short for artesian conditions, an hour or less, while for

water-table aquifers, because of the time required for voids to drain, 12 hours or
more may be needed.

4-11 Interferences in Aquifers

Obviously if several wells are drilled into the same aquifer there will be some
interference in ocutput and drawdown, the extent depending primarily upon the
distances between the wells and secondarily upon their relative location. There
will be less interference if the wells are located far apart or, when they must be
close together, if they are located in a line which is perpendicular to the direction
of the underground flow. The effect of interference upon drawdowns can be ob-
tained by using the appropriate equations for the individual wells, and the result-
ing piezometric levels will be sums of the calculated drawdowns determined at any
location.

Flow in aquifers may be interfered with or modified by faults, surface rivers
which produce recharge in certain areas, geological unconformities, etc. Their
effects are determined by the method of images, or imaginary recharge wells or
producing wells. The effects of these images are then subtracted or added to the
theoretical effects of the actual producing well to obtain the expected piezometric
levels. The details of this method are discussed by Ferris and Todd.104
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4-12 Appraisal of Groundwater Resources

Consideration of the principles above makes it apparent that any investigation of
the groundwater resources of an area must be based upon observation of actual
yield from orne or more producing wells or test wells. The records of existing wells
will be valuable, particularly if variations of drawdown and static level are avail-
able over a long period. If a controlled test can be made with drawdowns related
to constant yield over a period of time, the formulas of Thiem or Theis can be
applied, and from these, one can determine the long-term yields and whether the
groundwater resources of the district are diminishing or existing withdrawals can
be maintained. If records are kept continuously, they can be scrutinized period-
ically and estimates modified accordingly.

An important factor which may affect the groundwater flow where two or
more aquifers are tapped by a single well is the possibility that water from the
aquifer under higher pressure will discharge into that with lower pressure when
the well is not in use. The static heads of each aquifer should be determined to
check this and its possible effect upon pumpage or yield.

An appraisal should also cover seasonal changes of static level which can
sometimes be noted in relation to rainfall and variations of recharge. The possibil-
ities of artificial recharge methods can also be noted, particularly in water-table
aquifers.

4-13 Recharge of Aquifers

Return of water to aquifers has been done for several reasons:

1. Aquifers have been recharged to conserve water. Some states have legislation
requiring that well water employed for cooling be returned to the ground, and
this is done by pumping the water into recharge wells. In California, floodwater
or water drawn from reservoirs has been spread on sandy or gravelly natural or
artificial basin areas to refill depleted aquifers.!! In some cases turbid flood-
waters are excluded. Such projects should be preceded by studies to assure that
the recharge water will go where it is required.

2. Saltwater intrusion from the ocean into an aquifer!? has been prevented by
recharging it with freshwater to set up a barrier with a high piezometric level.
Treated sewage can also be used for the same purpose.'?

3. Groundwater recharge through land disposal of treated sewage is an alterna-
tive which is routinely considered in wastewater facility planning.'* A variety
of industrial wastes and oil field brines may be similarly handled. In such cases
the recharge may be incidental to wastewater disposal.

Recharge wells used in connection with air cooling not only conserve water
but allow the warmed water to be returned and replaced with cooler water from
the ground. The recharge well must have its outlet strainer in permeable material
so that a cone of influence is built up above the water table. Should this cone
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Figure 4-6 Diagram of a recharge well operated to establish a freshwater barrier to encroachment by
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overlay in part the cone of depression of the supply well, some warm water will
enter the latter. Recharge wells should be constructed and developed as carefully
as supply wells, and all possible precautions should be taken to exclude sand and
silt, or the screen will clog and require cleaning. Chlorination of the water or other
treatments may be necessary to prevent slimes or other organic growths from
obstructing the screens. If the water contains iron or other precipitating constitu-
ents, there may be clogging of the aquifer or screen as a result of oxidation, or
pressure and temperature changes. If chemical wastes are disposed of under-
ground, there should be no chemicals present that will precipitate or react with the
aquifer to reduce its porosity.

Recharge wells must set up a pressure cone of influence above the water table
or piezometric level of a pressure aquifer by natural head, or more likely by
pumping. This will force the injected water out of the well and into the aquifer.
Figure 4-6 is a diagram which indicates recharging near Los Angeles, Calif. As a
result of heavy pumping of inland wells the piezometric level of the aquifer had
dropped, and saltwater moved into and through the aquifer, necessitating the
abandoning of some wells. Operation of a recharge well resulted in a pressure
cone, and a barrier of injected freshwater was established as shown.!2

Recharging to water in aquifers not under pressure is also done from seepage

pits. In this case flow of saltwater from the sea is prevented by formation of a
mound of freshwater.
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WELL CONSTRUCTION

4-14 Shallow Wells

Wells under 30 m (100 ft) in depth are classed as shallow wells. They include a
wide variety of types, ranging from the dug wells used on farms to types used for
municipal supplies. Shallow wells are open to the following objections to use for
public supplies: (a) The water table of shallow groundwater which they tap is
likely to fluctuate considerably, thereby making the yield uncertain. (b) The muni-
cipal wells themselves will lower the water table and may affect private wells,
resulting in damage suits. (c) Possible infiltration of seawater may occur, if the
wells are near the ocean, unless they are very carefully operated. (d) Sanitary
quality of the water is likely to be poor.

Dug wells are those excavated by picks and shovels or excavating machinery. They
are generally more than 0.5 m (1.5 ft) in diameter and not over 15 m (50 ft)in
depth. Lining or casing is usually of concrete or brick. Brick with cement
mortar is sometimes used for a distance of 3 m (10 ft) below the ground
surface with dry joints below. The wells should also be covered to prevent
contamination from entering. The puraps should be provided with a net
positive suction head so that priming will be unnecessary. Dug wells are
ocasionally used by small towns for public supply. In this case they are likely
to be of large diameter and extend into shallow strata of sand or gravel. Wells
of this type have the advantage of furnishing considerable storage and will
therefore allow a heavy draft for a short period.

Shallow wells of small diameter are also driven and bored. A driven well
consists of a pipe casing having on its end a driving point, slightly greater in
diameter than the casing. Above the driving point are perforations or a screen
through which water enters the casing. The driving is done by means of mauls
or a dropping weight. Since the screen may become clogged with clay or
damaged in the driving, a precaution sometimes taken is to arrange the
screen, casing, and drive point so that the casing can be raised until it clears
the screen. Driven wells are usually 25 to 75 mm (1 to 3 in) in diameter and
are used only in unconsolidated materials. For protection against frost and
contamination an outer casing is sometimes placed for 3 m (10 ft) below the
surface.

Bored wells are 25 to 900 mm (1 to 36 in) in diameter. They are also constructed in
unconsolidated materials, the boring being accomplished by augers which are
raised to the surface for clearing when filled. Casing for the well is placed by
driving after the auger has reached the water-bearing sand. In sandy material,
clay may be dumped into the hole to make the sand sticky, or the auger may
be discarded for the sand bucket.

-
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4-15 Deep Wells

Cities using groundwater usually depend upon deep wells. These have the advan-
tage of tapping deep and extensive aquifers, a condition that prevents quick
fluctuations in the water-table or piezometric level and results in
uniform yield. Such deep water is likely to be of good sanitary quality unless it is
contaminated by seepage into the aquifer from caverns or fissures in overlying
rock. The disadvantages are the cost of the wells and the fact that long under-
ground travel of the water may have given it a heavy load of dissolved solids
which may make it hard, corrosive, or otherwise undesirable,

Deep wells are constructed by several methods of which the following are

most important: the standard ; California, or stovepipe; rotary; jetting; and core
drill.

a large and

Standard Method. This method is suitable for any material. It requires that a
derrick be set up over the well so that casing and strings of tools can be raised
and lowered. The drilling is accomplished by a bit suspended by a rope, which
is attached to a walking beam or lever. The walking beam is raised and
lowered, thus causing the drill bit to strike a blow at the bottom of the hole.
The spring of the rope causes a rebound of the bit and thereby prevents
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jamming in the hole. When required, weight is added to the string of tools by
means of a steel sinker bar. As the drilling proceeds, the cable is lengthened by
running out the temper screw a few turns at a time. Wells are sunk first to
30 m (100 ft) by spudding, a process that is necessary before the rope is long
enough to allow use of the walking beam. While spudding, the blows of the
drill bit are delivered by suspending the tools from the top of the derrick and
alternately raising them and allowing them to drop.

After the temper screw has been run out its full length, the tools are with-
drawn, and the loose material in the hole is bailed out by means of the sand
bucket. This is a long bucket having a flap valve at the bottom. When dropped
in the well it fills with cuttings, but the valve closes as it is raised for emptying.
After bailing, a sharpened bit may be substituted, the rope is lengthened, and
drilling is resumed.

Where caving material is encountered, it is usual to sink the casing as fast as
the drilling proceeds. A steel shoe is screwed or shrunk to the lower end of the
casing so that driving can be accomplished without injury. A driving head is
placed on the upper end of the casing to prevent damage at that point. A
modification, the hollow-rod method employs hollow steel rods through which
the broken material, mixed with water, can rise to the surface. As the rods fall,
the water and broken material rise in the hollows, check valves preventing
their sinking when the tools are raised.

California, or Stovepipe, M ethod. This method, first used in California, is useful in
unconsolidated alluvial deposits. It consists of pushing short lengths of steel
casing into the earth by means of hydraulic jacks. Two diameters are used,
one size just slipping within the other, the joints of the outer pipe falling
midway between those of the inner casings. The inner and outer casings are
united by indenting them with a pick, and successive lengths of pipe are added
and sunk.

As sinking progresses, the casing is kept even or ahead of the excavation,
the material inside the casing being removed by a sand bucket or clamshell.
Boulders are broken by a drill or worked to one side. When the required
depth has been reached, a tool is lowered which cuts vertical slots in the
casing at the selected aquifers. Wells up to 1 m (40 in) in diameter have been
constructed by this method.

Rotary Method. This method is used for unconsolidated materials of fine texture.
It also requires a derrick, and drilling is accomplished by rotating the string of
casing, by means of a rotary table on the drilling floor. The casing is equipped
with a cutting shoe at the lower end. Water is pumped into the well to rise
between the side of the hole and the casing carrying the loosened material
with it. The drill water is used over and over again, the sand and heavier
particles settling out in a slush pit.

In firmer materials either a fishtail bit or adiamond-shaped bit is rotated in
the well, to cut and loosen the material to a hole of the required diameter.
Water or a mixture of water and mud, known as drilling mud, is pumped
through the hollow drill stem, andit, together with the loosened material, is
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washed up through the casing. The mud runs to a sump in which the cuttings
settle out while the liquid is pumped into the well for re-use. The casing is
sunk as excavation proceeds, or the drilling mud may give enough stability to
the sides of the hole so that the hole may be completed before the casing is
placed.

Jetting Method. Jetting is accomplished by means of a drill pipe with a nozzle or
drill bit on the lower end. Water is pumped down through the drill pipe and
escapes through the drill bit, which is raised, lowered, and turned slowly. The
stream of water loosens materials and carries the finer portion out of the hole.
The casing is lowered by its own weight or driven, as necessary. It may
accompany the excavation or, in clay and other fine-textured materials, may
be inserted after the well is jetted down to full depth.

Core Drilling. This method is sometimes used for drilling in hard materials. A core
drill consists of a ring with diamond or steel teeth. The ring is attached to a
drill rod and rotated, water being used to remove cuttings. As the cutter
advances, a core rises inside the ring which must be broken off from time to

time and removed. The core is of value in that it provides a representative
sample of the material encountered.

4-16 Well Screens

In unconsolidated materials, that portion of the casing which is in the one or more
aquifers to be tapped must be replaced with some type of screen or strainer which
will allow water to enter but exclude sand or gravel. The size of the openings will
depend upon the character of the materia] encountered, the outer widths in prac-
tice varying from 0.01 mm (0.004 in) upward. The openings should always be
flared toward the inside to prevent packing of fine particles in them. In coarse
gravel, large perforations in the casing may suffice. Usually, however, more elab-
orate strainers are needed. They are obtainable from various commercial firms
and vary in design. Some are of brass tubing with vertical or horizontal slots.
Others consist of a frame of metal rods or perforated pipe wound around with
wire, the openings between each round of wire providing the slots. Since wells
sometimes fail because of corrosion of screens, a corrosion-resistant metal should
be specified. Monel metal (70 percent nickel, 30 percent copper), Everdur metal
(copper 96 percent, silicon 3 percent, manganese 1 percent), silicon red brass, and
Anaconda red brass, in the order named, are to be recommended. Concrete
strainers, which are used in connection with concrete casings, are also obtainable.
Figure 4-10 illustrates several types of commercial metal strainers.

The net total area of the strainer openings should be such that the entering
velocity of the water will not exceed 50 to 100 mmy/s (2 to 4 in/s). This precaution
will tend to prevent clogging of the strainer by sand which would be carried by
greater velocities. The openings should be of such size that 20 to 30 percent of the
material in the aquifer will be larger unless it is very uniform in size, in which case
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Figure 4-10 Two types of metal well screens.

Figure 4-11 Well screen in aquifer showin

g removal of fine material by development. ( Courtesy
Edward E. Johnson Inc.)
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a finer screen is used. Screens should not be placed so that the level of drawdown
will be below the top of the screen as this permits contact with air and encourages
corrosion.

4-17 Development of Wells

As a new well is pumped the fine sand in the vicinity of the screen will move
toward it and pass through, sometimes in such amounts that it must be removed
by bailing. Overpumping, i.e., at a rate greater than planned for normal operation,
is sometimes practiced to facilitate this process, which is characterized by in-
creased yield per unit drawdown. Skillful drillers, however, realize that more posi-
tive measures are required to remove fine sand from the formation and reduce
friction near the screen. It is recognized that “bridging” of fine particles occurs
over the screen openings and between large particles and that a reversed motion of
the water is needed to break up the bridges and promote flow of fine particles to
and through the screen. Surging is done by raising and lowering a plunger which
on the downstroke forces water outward through the screen. Air pressure is used
for the same effect. A turbine pump without a foot valve may be operated and then
stopped, and the water in the pump column will cause the backflow. Well
specifications usually require development of new wells. The work must be
skillfully done, however, for water may be forced up between the well casing and
the hole and perhaps ruin the well.

4-18 The Gravel-packed Well

In aquifers that contain some coarse material and whose screen openings are of
proper size, natural gravel-packing results during development. The fine material
is pumped out leaving an envelope of highly permeable coarse material around
the screen. Such a well should not pump sand after it is in normal operation. If the
aquifer is of very fine, uniform material, very fine screen openings will be needed
and partial clogging may occur together with sand pumping. Greater yield and
elimination of sand pumping can be accomplished by artificial gravel-packing.
This is done by drilling the well somewhat larger than the screen and filling the
annular space around it with fine gravel placed preferably through a string of
tubing starting at the bottom of the casing screen, or casing, if the lining is to be
withdrawn to the top of the screen. In some cases the gravel is fed into the annular
space between hole and casing at the top of the well.

The thickness of the gravel and its size are important. Too great thickness
prevents proper development of the well, since surging will not effectively reach
the sand of the aquifer. A 75-mm (3-in) thickness is as small as can be properly
placed. Recommended thicknesses are 75 to 225 mm (3 to 9 in). Coarse gravels
may permit sand pumping and may clog. A fine gravel with a low uniformity
coefficient—say, 1.5 to 1.7—is desirable.

Gravel-packed wells are not considered necessary by some authorities, >
where the natural water-bearing formation has an effective size of more than
0.25 mm and uniformity coefficient of more than 2.0.
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Figure 4-12 Under-reamed type gravel-
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hole. (Courtesy Layne and Bowler
Inc.)

)

4-19 The Ranney Method

Figure 4-13 illustrates this method of obtaining water from aquifers which have a
direct connection with a surface water source. A caisson is sunk into a water-
bearing sand or gravel adjacent to a stream or Jake. The bottom of the caisson is
then plugged, and horizontal screens are projected into the aquifer through ports.
The screens are placed by combined pumping and backwashing, a large part of the
fine material being removed in the process to develop a natural gravel wall around
the screen. This results in a number of horizontal collectors which approximate a
filter gallery of considerable length and induce infiltration from the surface water
source. The collectors may be arranged as shown in the figure, or all or some may
be extended under the stream bed. This arrangement will also intercept water
which has entered the aquifer by infiltration on the landward side of the stream.
The great length of screen allows a high production of water with small loss of
head. The amount of water available will be related principally to the stream
rather than to fluctuations in the piezometric levels of the ordinary aquifer.
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Figure 4-13 The Ranney method, using horizontal wells.

This method is used by a number of cities and many industrial plants which
are favorably located. River movement tends to prevent silt from clogging the
intake area on the river bottom. Output will depend upon the permeability of the
aquifer and water temperature. Filtration through the sand may make treatment

of the water unnecessary.

4-20 Cementing Wells

This consists of placing cement grout between the well casing and the hole from
the surface to the level where the casing enters the first impervious stratum. It has
the advantage of preventing the seepage of surface or shallow groundwater down
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to the water-bearing formation and protects the casing from corrosion from the
outside. One method of placing the grout consists of first lowering the casing,
which has guides welded to the outside to center it in the hole, to the point where
grouting is to start. It has a cap with a check valve in it at its lower end. The lower
portion of the hole, if already drilled, is closed by a plug. The grout pipe is lowered
in the casing to connect with the check valve, and grout is then pumped down
until it rises to the surface in the annular space between casing and hole, the check
valve preventing any backflow of grout. The grout pipe is immediately unscrewed
and raised a few millimeters, and the casing is lowered or forced down to the
bottom of the hole. Water is then flushed through the grout pipe and up through

the casing to clear both pipes. The well is then cleared by drilling out the plug and
check valve and any grout remaining in the well.!5

4-21 Groundwater Projects

A city or industry sometimes finds it necessary to make a thorough study of
groundwater possibilities before drilling supply wells. Before the supply is
developed investigations should be made to determine the extent and nature of the
aquifers. This may include geophysical testing. Existing geological information
and maps may indicate in a general way the existence and depth of well-defined
aquifers. Test holes should always be drilled before plans for well construction and
purchase of pumps are completed. These should be sufficient in number to estab-
lish the depth, thickness, and nature of the aquifers at and near the proposed area
which is to be developed. Prospect holes 50 mm (2 in) in diameter are drilled to
get general information and samples of materials. Test holes are made 100 mm
(4 in) in diameter and are pumped to determine output. Representative samples of
the natural formations are obtained from the holes and indexed for depth and
location. Water-table levels encountered during drilling are also recorded and
water samples are taken from each aquifer. The record of formations passed
through during drilling and whether they are water-bearing or not is known as the
“log” of the well. The driller’s records are likely to be inaccurate and they should
be checked by an electric log. This charts the resistance of the various formations,
and when interpreted by qualified persons determines the exact location of var-
lous formations, and whether they contain water. Electric logging is done by firms
which specialize in this work.

Analyses of the water-bearing formations and of the water are made by
qualified persons. A groundwater map may be made showing all pertinent infor-
mation. Thereafter the number, location, and type of wells can be decided. In
connection with such a project the information already available from the U.S.

Geological Survey and the advice of its engineers and geologists should be
obtained.

4-22 Well Specifications

Since wells are usually constructed by contract, it is advisable that careful
specifications be written to insure a satisfactory well.
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Before specifications are written there should be considerable investigation
made by the engineer or water superintendent. Some estimate should be made of
the well size; and by means of methods outlined in this chapter or by consulting
records of wells already tapping the same aquifer, the yield to be expected may be
estimated. If test holes have been made it will be possible to specify the type of
well, the casing diameters and lengths, and length of screen. There should also be
investigation of proximity of sewers and other structures which may affect the
safety of the well and its water. The contract should cover the following:

1. The contractor is often required to guarantee an output from the well. To this it
is advisable to add a clause giving a stated bonus for each unit output above the
guarantee and a penalty for each unit under the guarantee, with a limit of
bonus and penalty.

2. The well should not vary from the vertical in excess of the smallest diameter of
that part of the well being tested per 30 m (100 ft) of length.

3. Proper alignment of the well should be guaranteed, and a test of alignment
required. A 10 m (30 ft) dummy having an outside diameter 12 mm (0.5 in) less
than the casing shall move freely through the well to the lowest anticipated
pump setting.

4. The contractor should be required to state the trade name of the screen that he
proposes to use. The character of the metal used and the proper beveling of
slots should be specified. A separate price per unit length of screen placed
should be made by the contractor.

5. The type and weight of the casing should be specified. Where casings change in
size, an overlap should be specified, and a packer required to prevent leakage of
undesirable water into the well or loss of water into the ground. Such packers
are usually collars expanded to fill the annular opening. They are of importance
not only to prevent leakage but also to prevent shallow ground or surface
water, which may be contaminated, from entering the well. Seepage downward
from the surface outside the casing should also be prevented by requiring a seal
between the casing and the first rock stratum encountered. If no rock strata are
passed, puddled clay should be placed between the casing and hole. A seal or

packer will usually be needed where the strainer joins the casing. The require-
ment of cementing should be considered.

6. Sanitary requirements should be recognized by closing the top of the well so
that no surface water can enter (Art. 8-32). The upper terminal of the well
should extend at least 150 mm (6 in) and preferably 300 mm (12 in) above the
pump house floor or any similar cover. The well is cleaned of all debris, grease,
and mud, using a brush if necessary. Disinfection of the well is also required,
the following procedure being recommended. A chlorine solution of at least
50 mg/! strength is made, and enough is poured into the well to fill it to the
static level. It is thoroughly agitated and allowed to stand for at least 2 hours.
Flushing water is then introduced to the bottom of the well. As the chlorine
solution rises it will come in contact with the upper casing and disinfect it,
particularly if the water is allowed to rise and fall several times. After flushing,



80 WATER SUPPLY AND SEWERAGE =~

the well is pumped until there is no chlorine odor in the water. Before the well is
accepted, a water sample should show freedom from coliform bacteria
(Art. 8-7).

7. The contractor should be required to keep a record of the strata encountered
and the elevation of each. This record, together with properly labeled samples
of excavated materials, taken at 3 m (10 ft) intervals, should be turned over to
the waterworks authorities.

8. The method of developing and testing the well for yield and drawdown which
the contractor intends to use should be described by him. including pump
details and methods of measuring flow. Minimum duration of the final test may
be specified. This portion of the well’s cost may be a separate item, in which
case prices quoted should include equipment, materials, and labor to be used.

4-23 Well Troubles

Failure of wells or great reduction in their yield is hot uncommon. This may be
due to a draft greater than the percolation of water at the recharge area of the
aquifer. More often it is caused by pumpage greater than P (Art. 4-5) in the
vicinity of the well. Where this is the case there is an excessive drawdown in
the neighborhood of the well in order to move water toward it. In water-table
wells the water table will, of course, be lowered. Lowering the pumps may increase
the yield for a time, but the permanent remedy is to reduce pumpage.

The casing or screen may cave in or collapse, partially or completely blocking
the well. This trouble will necessitate replacement of the casing and screen. If the
material in which the well is drilled is unconsolidated, it may have to be
abandoned.

The casing may corrode and leak, allowing water to escape into the ground or
contaminated water to enter. The remedy here is to withdraw and replace the
casing. If the well is of large diameter, a smaller casing may be placed inside the
old one. Grouting the well between the casing and the hole has been used to
prevent corrosion. The life of casing will depend upon the character of the water
handled. If it is highly corrosive. cast-iron or concrete casing may be used. Under
ordinary conditions steel casing should last 15 to 20 years.

Screens cause trouble by corrosion or incrustation. There is little that can be
done about corrosion in wells, but some remedies are available against
incrustation.!® This occurs not only on the screen but on the sand near it. It
results from the reduction of pressure at or near the screen, which lowers the
ability of the water to hold certain compounds in solution, particularly calcium
carbonate, although a particularly hard scale may form in waters high in sulfates.
A third form of deposit, occasionally noted in iron-bearing water, is caused by
crenothrix, a bacterium. All forms of incrustation may be remedied by acid treat-
ment. This consists of placing commercial hydrochloric acid, inhibited with
gelatin!® to minimize attack upon iron fittings, in the well to fill the screen and a
little above. Every 2 hours the acid is agitated. After 8 to 12 hours the well is
surged with a solid block for a few minutes to loosen incrustation. After 2 to 4
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hours more the well is surged heavily for a brief time and then cleaned out with a
bailer. Thereafter the well is pumped until there are no traces of acid in the water.
In a few localities, where the aquifer is high in organic matter and clayey materials,
double acid treatment is used, the first as described, and the second using commer-
cial sulfuric acid. As an alternative to acid treatment dry ice has been used-to
generate back pressure to dislodge deposits. Not more than 1 kg of dry ice should
be used per 11 kg of water in the well or freezing may occur, and suitable pressure-
relief devices should be used to prevent damage. Where air is available a back
pressure may be built up with it. Deposits of crenothrix can be destroyed by use of
chlorine, using the method of disinfection described in Art. 4-22. Polyphosphates
have also been successful in removing incrustation at dosages of 30 to 40 g/l of
water in the well.!®

4-24 Springs

A few cities obtain their water supplies from springs. In all cases springs must be
carefully safeguarded from surface water. This will necessitate a tight collecting
basin, preferably covered. Shallow groundwater or seepage insufficiently filtered
may enter the springwater stream just before it emerges at the surface. A spring
whose water is muddy after rains is receiving such water. This condition may
require a special underground gallery or pipe to intercept deeper water. Several
types of springs are recognizable.

1. The water in a shallow aquifer may be dammed by a less pervious or an
impervious formation, thereby causing the water table to intersect the ground
surface (see Fig. 4-14). A somewhat similar type called a depression spring is
pictured in Fig. 4-1. Springs of these types are likely to have fluctuating yields
owing to the variations in height of the water table resulting from rainfall
irregularities. The yield of such a spring may be increased by excavating hori-
zontal galleries across the direction of underground flow and at the line of
seepage, thereby intercepting more water.

2. A deep aquifer may carry water under pressure, i.e., artesian water. A fault or
fissure in the overlying impervious stratum, if it extends to the ground surface

Figure 4-14 Overflow spring.
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Figure 4-15 Fissure spring.

and the hydraulic gradient is high enough, will form, in effect, a natural artesian
well (see Fig. 4-15). A spring of this type is likely to be very uniform in yield,
showing little or no seasonal variation. The yield of such a spring may be
increased by cleaning or otherwise smoothing the fissure so that the friction
head lost in rising will be minimized. This may be difficult if not impossible,
and increase of flow may be more easily obtained by sealing the spring and
drilling a well to the aquifer.

Some springs of large flow issue from caverns in limestone. The original source
of the water may be an outcrop of porous rock on higher ground, or the
outcrop itself may be the limestohe formation, the water seeping downward
and horizontally through 4 fissure that it has dissolved. In the latter case the
water may be clear and sparkling but insufficiently filtered to be safe.

PROBLEMS

4-1 Well A is 750 m due north of well B. Well C is 635 m northeast of B. The static levels are 260, 265,
and 258 m in wells A, B, and C, respectively. Determine the direction of flow and slope of the
groundwater table.

4-2 An artesian well is pumped at the rate of 1.6 m®/min. At observation wells 150 m and 300 m away
the drawdowns noted are 0.75 and 0.60 m, respectively. The average thickness of the aquifer at the
observation wells is 6 m. Compute the coefficient of permeability of the aquifer.

4-3 Ifthe aquifer of Prob. 4-2 has a porosity of 0.3 and a hydraulic gradient of 0.002, how many liters of

water will pass per day through a strip 1 m wide with a depth equal to the thickness of the aquifer?
What is the velocity in m/day?

4-4 A well is pumped at the rate of 0.75 m*/min. At an observation well 30 m away the following
drawdowns were noted at times after pumping began:

Days m Days m Days m

1 0.75 6 345 30 7.47
2 1.30 8 4.02 40 8.24
3 1.90 10 4.57 60 9.34
4 2.45 15 5.60 80 10.10
5 3.00 20 6.37 100 10.66

Determine the values of T and S using Jacob’s formulas. Use these values to predict the drawdown in a
well 300 m from the pumped well after pumping for 2 years at a rate of 1.5 m*/min. Also determine the
drawdown in the well itself assuming its diameter is 0.2 m.
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4-5 The match point in a nonequilibrium analysis is found to be at u = 102, W(u) =4.04,d = 5 m,
and r?/t = 45 x 10° m?/day. Determine T and S for this aquifer and the drawdown in a 0.2 m well
pumped at a rate of 1 m*/min after 1, 3, and 10 years.
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CHAPTER

FIVE

AQUEDUCTS AND WATER PIPES

5-1

A complete waterworks system includes the source, which may be a natural or
artificial lake or impounding reservoir, a river, or groundwater. An intake will be
needed. Wells and springs may be considered as intakes, but special intake struc-
tures are required for lakes, reservoirs, and rivers. If the source is a long distance
from the city, an aqueduct, pipe line, or open channel will be needed to convey the
water. If the water is from surface sources, a treatment plant will usually be
required. In some cases groundwater is also treated. A pumping station will be
needed in most cases to generate sufficient head to force the water through the
network of street mains. A few cities are able to depend entirely upon gravity for
distribution and need no pumps; others have pumps at the source and again
pump the water after treatment. The pump may discharge all or a part of the water
into elevated storage tanks or reservoirs. These furnish water for emergencies and
also equalize demand with the pumping. Finally there is the water distribution
system, which includes the mains, valves, service pipes, and fire hydrants to be
found in the city streets.

This chapter is devoted to a discussion of the conduits and materials used to
convey water in the various portions of the system.

5-2 Open Channels

Open channels are occasionally used to convey water from a source to the pump-
ing station or treatment plant. They have the advantages of using low-cost mater-
ials and saving roof cost. They have the following disadvantages: The hydraulic
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grade line must be followed. There is a loss of water by seepage and evaporation.
There is danger of contamination of the water, especially in a populous region. Ice
troubles can be expected in a cold climate. Cattle, tree roots, and holes of burrow-
ing animals may cause serious damage.

The sections used are the semicircle and the half hexagon or some other form
of trapezoid. The half hexagon, being the most hydraulically efficient trapezoid, is
most used. The channels, if unlined, almost always deviate from the half hexagon
owing to the need of flatter side slopes in loose materials. Where water is valuable
and seepage must be kept to a minimum, the channels are lined, usually with
concrete. Lining 50 mm (2 in) thick has been successfully used where the side
slopes are 1 vertically to 1.5 horizontally or flatter. For steep side slopes, thicker
linings, 100 or 150 mm (4 to 6 in), with reinforcement on the fills, will be needed.

5-3 Aqueducts

The term aqueduct is usually restricted to closed conduits of masonry built in
place. The types used may be classified as (a) cut-and-cover at the hydraulic
gradient; (b) cut-and-cover beneath the hydraulic gradient and therefore under
pressure; (c) tunnel at the hydraulic grade line; (d) tunnel beneath the hydraulic
grade line and under pressure.

The alternative to the aqueduct is the pipe line, which employs conduit manu-
factured elsewhere than on the job. The advantages of the aqueduct over the pipe
line are (a) the possibility of using local materials, such as sand and gravel for
concrete; (b) longer life of masonry than metal conduits; (c) lower loss of carrying

Cross section of the ancient conduit at Athens.
Construction was started by Hadrian in A.D. 134.
I I I l J It is 1.1 m high and 0.4 m wide, lined with brick

and rock, and plastered on the interior. ( Trans.
" Am. Soc. Civil Engrs., vol. 91, 1927.)
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capacity with age. These advantages may result in lower first cost which,
combined with lower maintenance cost, may result in a more economical installa-
tion than a pipe line. There are some disadvantages: (a) A conduit must be built
full size at first, whereas relatively small pipe lines can be used and parallel units
added as the requirements increase; (b) balancing of cuts and fills often places
aqueducts at the ground surface, causing interference with natural drainage and
unsightly embankments.

Masonry aqueducts, unless reinforced with steel, are usually constructed in
horseshoe cross section, a shape that has fair hydraulic properties, is stable, resists
earth pressure well, is economical of materials, and is easy to build. The bottom is
frequently dished to facilitate cleaning and to take upward water pressure and side
thrust of earth at the bottom of the side walls. Earlier aqueducts were made of
stone or brick; modern construction utilizes concrete.

Tunnels not under pressure are also usually constructed in horseshoe shape. If
they convey water under pressure, circular cross sections are used. In pressure
tunnels, the depth of cover is generally such that the weight of overlying material
will overcome the bursting pressure. Tunnels are now used by some large cities to
convey water into the cities themselves, connections to the system of mains being
accomplished by vertical shafts. Such tunnels must be watertight and are often

constructed with a riveted steel lining imbedded in the concrete of the tunnel
lining.

5-4 Stresses in Pipes

Stresses in pipe are caused by the static pressure of the water, by centrifugal forces
produced by changes in direction of flow, by temperature changes, by external
loads, and by overpressures produced by water hammer when velocity of flow is
quickly changed. The magnitude of the stress resulting from these varied causes
may be calculated by the methods of applied mechanics.

Internal pressure of any kind produces a hoop stress given by

o, =rP/t (5-1)
and a longitudinal stress given by
o,=rP/2t (5-2)

in which r is the radius, P the internal pressure, and t the pipe wall thickness.

Water hammer produces a maximum pressure, additive to static pressure,
given by

1 |
Pa=rp V\/ p(I/K + dJEr) (5-3)

in which V is the veloc1ty of flow, d and ¢ are the diameter and thickness, respec-
tively, of the pipe, K is the bulk modulus of elasticity of water, and E is the

o o
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modulus of elasticity of the pipe. The actual pressure produced depends upon the
pipe length, the rate of valve closure, and the degree of relief provided by relief or
air valves, surge tanks, air chambers, or similar devices.!

Changes in direction develop additional longitudinal tension in pipes equal to

o= 4 pV? sin /2 (5-4)
2t
in which p is the density of water and « is the angle of deflection of the pipe.
Deformations may be produced at changes in pipe direction due to reaction of
the force producing this stress in the pipe. Such deformation may be prevented by
suitable buttressing. The design force for such a buttress is given by

F = (»d?*/2)(V*p — P) sin a2 (5-5)
Thermal stresses may be calculated in the usual fashion from
or= COE (5-6)

in which C is the coefficient of thermal expansion, 6 is the change in temperature,
and E is the modulus of elasticity. The force produced in restrained pipe subjected
to temperature changes will be reacted in buttresses and by soil friction.

The vertical load upon a pipe may be calculated from the equations developed
by Marston and Schlick! in which the load is related to the rigidity of the pipe, the
dimensions of the trench, the properties of the fill material, the care of bedding
(Fig. 6-29) and the imposed surface loads. Cast-iron pipe is manufactured in a
variety of thicknesses for specified loading conditions.? For the bedding condi-
tions shown in Fig. 6-29 and known working pressures the pipe class (which
specifies its thickness) may be selected from prepared tables in AWWA or ASA
Manuals.? The thickness includes an allowance for water hammer and impact
loads from vehicles.

5-5 Pipe Lines

Pipe lines may be used for conveying large amounts of water, in which case they
serve the same purpose as the open channels and aqueducts mentioned previously.
When so used, they may be constructed of reinforced concrete, cast iron, or steel.
Pipe is also used for the distribution system in a city. In this case the pipes are of
varying sizes, having many connections and branches. For the supply network,
cast iron is mostly used, with some steel, plastic, and asbestos cement pipe.

The pipe line must generally follow the profile of the ground, and a location is
chosen that will be most favorable with regard to construction cost and resulting
pressures. A profile of the pipe location is drawn, and the pipe line is locadted, with
particular attention to the hydraulic grade line. The closer to the hydraulic grade
line, the lower will be the pressure in the pipe, a condition that may result in lower
pipe costs. High pressures can be avoided at times by breaking the hydraulic grade
line with overflows or auxiliary reservoirs. Such overflows will also prevent full
static pressure caused by closing the lower end of the pipe line. This difficulty is
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overcome in some instances by using valves at the outlet end which automatically
bypass water to a waste channel when they are closed. Velocities should be high
enough to prevent deposits of silt in the pipe; 0.6 to 0.8 m/s (2 to 2.5 ft/s)
is satisfactory for this purpose.

At low points in the pipe, blowoff branches with valves are placed to drain the
line or remove accumulated sediment. Summits in the pipe above the hydraulic
grade line should be avoided, as siphoning will occur. In general, all high points in
long pipe lines accumulate air which has come from solution in the water. Air and
vacuum valves and air relief valves (Art. 6-23) are placed at such points. The
former are available to allow air to escape when filling the pipe and automatically
allow entrance of air when emptying, a matter of particular importance with steel
pipes, since a partial vacuum due to unbalanced outside air pressure may cause
collapse. The latter allow accumulated air to escape. Water hammer is guarded
against by use of a surge tank or standpipe at the end of the line.

In deciding upon the type of pipe to be used in a long gravity pipe line the
carrying capacity, durability. maintenance cost, and first cost must be considered.
The type of water to be conveyed and its possible corrosive effect upon the pipe
material with, perhaps, a serious reduction in length of life, must be taken into
account. The pipe material giving the smallest annual cost or capitalized cost will
be most economical In pipe lines carrying water being pumped. the energy
required is not fixed entirely by the topography but depends largely upon the
velocity of the water in the pipe. The problem here is to adopt both a material and
a size of pipe that will give minimum annual or capitalized cost. Larger pipe with
smaller velocity and friction losses will give lower power costs but higher first

costs and carrying charges. Probable length of life of various materials will be
found in this chapter.

5-6 Cast-iron Pipe

Cast iron is the material most used for city water pipes. It is resistant to corrosion
and accordingly is long-lived. Cast-iron pipe at Versailles, France, was dug up
after being in use for 250 years and found in good condition. More of this pipe, in
use since 1664, is still in service. The average life of cast-iron pipe is difficult to
state owing to the varying conditions to which it may be exposed, but it is safe to
assume it as 100 years. It is, however, subject to tuberculation in certain waters,
which may reduce its carrying capacity as much as 70 percent. Nearly all cast-iron
pipe is manufactured by one of three methods: vertical or pit casting, centrifugal
casting in metal molds, or centrifugal casting in sand-lined molds.

Pit casting of pipe consists of pouring the molten metal into flasks, which are
boxes in which molds have been shaped by ramming sand around patterns, each
mold containing a core which forms the inner surface of the pipe. The core
consists of a pipe or barrel which is wrapped with paper, straw, or excelsior, then
daubed with wet clay and sand and brought to cylindrical shape. It has holes
through the barrel to allow air and gases to escape as the molten metal is poured.
The flask is placed vertically, and the space between the core and mold is filled
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Figure 5-1 Cast-iron pipe manufacture. ( Courtesy Clow Corporation.)

with hot metal poured from a ladle. After cooling, the pipe is removed from the
flask, cleaned of sand and dust, and heated to about 150°C. At this temperature it
is dipped into a vat of coal tar and oil, and then placed in an inclined position to
drain. The coating is for protection against corrosion. The tar coating is standard
for inside and outside, but the pipe buyer may specify cement mortar coating for
the inside (Art. 5-7) or bituminous enamel for inside and outside. Each length is
weighed, and before or after coating it is subjected to a hydrostatic test for one-
half minute. Pit-cast pipe is made in 3.7 and 4.9 m (12 and 16 ft) lengths. Because
fewer joints are required, the longer lengths are preferred.

Centrifugal casting in metal molds is sometimes called the Delavaud process.
The molten metal is applied to the interior of a water-cooled cylindrical metal
mold, which is rotated rapidly. Centrifugal force holds the metal against the mold
and forms a homogeneous pipe with a cylindrical bore. After the pipe has cooled
to 800°C it is taken from the machine to travel through a furnace where it is raised
to 925°C and then slowly cooled to 650°C. This is to anneal it. After hydrostatic
testing, it is coated like pit-cast pipe. This pipe is made in 5.5 m (18 ft) lengths.

Centrifugal casting in sand-lined molds, also called the Mono-Cast process, is
done in a metal flask which contains a pattern. Foundry sand is rammed between
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the pattern and the flask, and when this is completed the pattern is withdrawn.
The completed mold assembly is placed horizontally in the casting machine,
which spins it about its horizontal axis. Molten metal is applied from a pouring
trough to the interior of the mold. When the metal has solidified, the pipe is cooled
in the mold to 650°C; thereafter it is weighed, tested, and coated. This pipe is made
in 4.9-m (16-ft) lengths.

Fittings are made with solid patterns and core boxes placed in sand molds in
flasks. After the fittings have been poured and allowed to cool in the mold the
sand is shaken out, and the casting is taken out to be cleaned, either in a tumbler
where it rubs against other castings, or by brushing or sandblasting. It is then
weighed, coated, and given a final inspection.

Pipes and fittings are inspected by the manufacturers, but large purchasers
may send their own inspectors to the factory. Engineering firms with offices at the
factories may be retained by purchasers to make tests and inspections. The inspec-
tion consists of checking sizes and thicknesses, seeking defects, obtaining

specimens for tensile and transverse tests and witnessing tensile, transverse, and
hydrostatic tests.

5-7 Lined Cast-iron Pipe

Although cast-iron pipes resist corrosion sufficiently to prevent failure, they are
sometimes seriously affected in carrying power by formation of tubercles of rust.
These may become so numerous and large that interference with the water flow
and loss of pressure result, making expensive cleaning operations necessary. The
tar coating gives considerable protection against tuberculation; but at small
cracks or other imperfections, trouble may be expected, especially under severe
conditions. Hence with corrosive waters it is good practice to obtain fuller protec-
tion. This may be obtained by using bituminous, plastic,® or cement-lined pipes.
Treating of water to prevent corrosion is discussed in Art. 11-22.

The cement lining, which is actually a 1 : 2 Portland cement mortar, is applied
centrifugally. The thickness is tapered slightly at each end of a pipe length. Unless
otherwise specified, curing of the lining is effected by applying a bituminous seal
coat which retains moisture. An alternative is to store the pipe in a moist atmo-
sphere, but the bituminous seal is especially desirable when the water may affect
the cement lining. Cement-lined pipe retains good hydraulic properties, where
ordinary cast-iron pipe would have a high coefficient of friction, and retains the
carrying qualities of new, clean pipe. The value of C in the Hazen-Williams
formula may be assumed as 145 for both new and old cement-lined pipe. No
injury is done to the coating by cutting the pipe or drilling holes in it. Steel and
wrought-iron pipes are also protected with cement coatings and have been used
successfully for many years.

Cast-iron and steel pipes of large diameter have been given cement linings in
place after years of use by means of a centrifugal machine. Small pipes have also
been lined by using mandrels which press the mortar against the pipe. Removal of
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existing tubercles is necessary first. A 1 : 2 mortar is used in both processes. Cracks

in cement linings have been shown to be self-healing when placed in contact with
water.*

5-8 Flanged Cast-iron Pipe

This pipe is used in pipe galleries of water treatment plants, pumping plants, and
wherever rigidity, strength, and joint tightness are required.

Both of the flanges are screwed to the pipe. It is made in 3.7 and 5.5 m (12 and
18 ft) lengths with the joints formed by flanges (Fig. 5-2d). The flanges have
smooth, machined faces, and a gasket is placed between to insure a close fit when
the bolts have been tightened. For waterworks use, the flanges are generally the
American Standard for 860 kPa (125 psi) pressure. For higher pressures,
1720 kPa (250 psi) and stronger flanges are obtainable.

5-9 Joints in Cast-iron Pipe

The bell-and-spigot joint, using lead as the filling material, is still commonly used.
The first step in making the joint is wrapping yarn around the spigot of one length
before it is placed in the bell of the previously laid length. After insertion of the
spigot, the yarn is straightened and adjusted. Sufficient yarn should be used to fill
the joint within 50 mm (2 in) of the face of the bell. A gasket or joint runner is then
clamped in place around the joint so that it fits tightly against the outer edge of the
bell. Wet clay may be used to make a tight contact between the runner and the
pipe so that the hot lead will not run out of the joint space. The lead is then poured
into the V-shaped opening left in the top by the clamped joint runner and fills
the space between the yarn and the runner. After the lead has hardened, the runner
is removed, and the lead, which shrinks while cooling, is expanded by calking until
it makes a tight fit. By means of calking tools, using the smaller size first, and a
hammer, operated manually or mechanically, the lead is driven into the joint
space. Calking requires skill, or the joints may not be tight. On the other hand, too
heavy blows when calking may split the bell. Sterilized yarning material is avail-
able. Processed paper is also used.

Lead wool, or lead in shredded form, is sometimes used when water is en-
countered in the trench. In this process the joint is filled with yarn to within
30 mm (1.25 in) of the face. Joints of this type are more expensive than poured
joints because material cost is higher and more labor is needed for calking.

Lead substitutes have been developed which are supplanting lead to a con-
siderable degree. Leadite is the oldest and best known of these compounds, but
Metalium and Hydrotite have been successfully used. They are mixtures of sulfur,
sand, and other substances and are obtained as a black powder or cake. They are
melted on the job and poured into a joint, prepared as for a cast-lead joint. It is
recommended that hemp yarn be used rather than tarry or oily materials. The
advantages of Leadite, etc., are that they require no calking, are light in weight,
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Figure 5-2 Joints in cast-iron pipe. (a) Standard lead joint in bell-and-spigot pipe. (b) Push-on joint. (c)
Mechanical joint. (d) Flanged joint. (¢) Ball joint. (f') Threaded I.P.S. joint. (g) Victaulic coupling, (h)
Dresser coupling.

therefore easy to transport, and give strong joints that are not likely to blow out.
Their lighter weight and avoidance of calking may make them cheaper than lead.
Joints of these materials leak or “sweat ” slightly at first but tighten up in a short
time. Since the joints are rigid, they should not be used to connect a newly laid line
to an old one, as the settlement of the new line may cause a broken pipe. A lead
joint should be used at such connections. In a few instances lead substitutes have
deteriorated, apparently as a result of bacterial action.

Cement joints for cast-iron water pipes have been used by various California
cities for years. In making cement joints the joint is first yarned. The cement is
prepared by placing enough for one joint in a pan and sprinkling it with water
until it is wet enough to mold but still dry enough to crumble when dropped
300 mm (1 ft). The cement mortar is rammed into the joint with a calking tool.
This is done all around the joint until it is filled to half its depth. The cement is
then calked as hard as possible. The filling is completed, and the cement calked
again. The joint is protected with wet cloth until the cement hardens. A man can
make 16 joints in 200-mm (8-in) pipe in a day. After 24 hours, water can be turned
into the main; and, though the cement joints are likely to sweat for a time, they
soon close up.

Cast-iron pipe is obtainable with a special type of slip-on bell-and-spigot
joint. A rubber gasket is inserted in a specially grooved bell and a lubricant is
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Figure 5-3 Split sleeve. ( Courtesy Clow corporation.)

applied to it. The spigot is then forced into the bell, and the joint is complete. This
type of joint, known as Tyton, All-Tite, Bell-Tite, or Fastite, is immediately tight
and requires no lead, yarning, calking, or bell holes. Deflection is possible to form
curves, and jointing proceeds rapidly. The joint is not strong longitudinally,
however, and blocking or anchoring is especially necessary at all changes of
direction.

Flexible joints are often used for pipe lines on river beds, where settlement will
occur after the pipe is laid. Such joints also allow the pipe to be joined together on
rafts or barges and sunk, the raft being moved along as a new length is added,
while the pipe line slopes from the rear of the raft to the river bottom. Figure
5-2(e) shows a commonly used type of flexible joint. '

Dresser couplings consist of a middle ring and two followers which are con-
nected by bolts and force gaskets tightly beneath the ends of the middle ring. They
are made for both steel and cast-iron pipe and are used where flexibility and
tightness against high pressures are required. One type of Dresser coupling is
shown in Fig. 5-2(h).

Victaulic joints consist of two half housings, which are bolted together around
the pipe. They engage grooves near the pipe ends and enclose a leakproof ring or
gasket. When the joint is installed, there is sufficient clearance between the keys of
the housing and the grooves to allow for expansion, contraction, and deflection.
This type of joint is used for cast-iron, steel, or ductile iron pipe. Such joints are
frequently used on exposed pipe, especially where considerable vibration is
expected.

The mechanical joint has a ring which, when the bolts are tightened, expands
the rubber gasket to make a tight fit.

Precalked joints can be obtained in smaller sizes of cast-iron pipe. The joints
are yarned and poured in the factory. The spigots are inserted on the job, and the
joint is tightened by calking the upper half only. Several lengths can be inserted
and calked before being placed in the trench. This pipe is quickly laid and can be
jointed in wet trenches.

Split sleeves (Fig. 5-3) are somewhat similar to couplings. They are used to
repair breaks in cast-iron pipes without making it necessary to install a new length
and with minimum interruption to service.

-
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5-10 Cast-iron Fittings

Changes in direction of flow are made by means of fittings, the most commonly
used types being shown in Fig. 5-4. They are obtainable as bell-and-spigot or all
bell or with flanged ends or, as specials, with bell and flange or flange and spigot.
Tees, crosses, and 90° bends can also be obtained with side outlets and also with
reducing branches.

Fittings are of two types, short-body and long-body. The former are favored
for water distribution because of their light weight and compactness. Under the
ASA specifications bell-and-spigot fittings are obtainable only in one thickness in
sizes up to 305 mm (12 in). In larger sizes two class thicknesses are available,
Dimensions of fittings are obtainable from the Cast-Iron Pipe Research Associa-
tion and from publications of manufacturers. Dimensions involving lengths are
complied with by manufacturers with a plus or minus tolerance of 1.6 mm ({6 in)

=

1/4 bend (90°) 1/8 bend (45°) 176 bend (22 1/2°)

A

Y-branch

Reducer Blow-off branch

Figure 5-4 Some standard bell-and-spigot fittings.
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5-11 Steel Pipe

Steel is frequently used for water pipes, especially for pipe lines, trunk mains, and
inverted siphons where pressures are high and sizes large. Owing to difficulty in
making connections, steel is seldom used for distribution mains, although there
have been exceptions, notably in California. Steel being much stronger than cast
iron, large steel pipes constructed for high pressures are much lighter in weight.
Also steel pipes are cheaper, easier to construct, and more easily transported than
cast iron. There are, however, important disadvantages. The pipes are not adapted
to withstanding external loads, while a partial vacuum caused by emptying a pipe
rapidly may cause collapse or distortion. Riveted pipes suffer loss of capacity
owing to the effect of joints and rivets in reducing the net diameter of the pipe. The
thinner walls and greater susceptibility to corrosion are likely to cause high main-
tenance charges and shortened life. Steel pipe under average conditions should
have a life of 25 to 50 years. Unfavorable conditions are highly corrosive water
and corrosive soil. Sand, clay, shale, and ashes are especially likely to causg pitting
from the outside.

Riveted-steel pipes are generally made with longitudinal lap seams, single
riveted for pipes under 1220 mm (48 in) in diameter and double riveted above that
size. If the steel plates are over 15 mm (3 in) thick, butt joints are used. Large pipes
may have two longitudinal seams. The latter have better hydraulic properties but
are more expensive. The joints of riveted pipes must be calked to prevent leakage.
Shop joints are calked in the shop, but field joints must, of course, be calked on the
job. This is accomplished by pneumatic tools which spread or expand the metal
edges at the joint.

Spiral riveted pipe is made in diameters from 75 to 1020 mm (3 to 40 in) and
of various thicknesses. It has the advantages of withstanding greater collapsing
pressures than other stegl pipes of like thickness. It is also stiffer and can be used
to span ravines and withstand heavy earth loads. It has been used for high pres-
sures in waterworks and hydroelectric plants. The pipes are laid with the laps in
the direction of the flow. The transverse joints may be made by screwing flanges
on the steel plates, using Dresser couplings or similar joints.

Steel pipes of all sizes up to 2440 mm (96 in)in diameter can be obtained with
welded longitudinal joints. The circular joints may be welded in the field, or

LockrBar.

o5

Figure 5-5 Lock-bar pipe, longitu-
dinal seams.

-
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connection may be made by means of flanges or couplings of the Dresser type or
with standard screwed couplings. Bell-and-spigot ends have been used for sizes up
to 760 mm (30 in). Standard specifications are available for welded steel pipes.®

Lock-bar joint pipe is made of steel sheets which are bent into cylinders and
locked by means of a bar along the longitudinal seams. The edges of the plate are
upset or slightly thickened, and the locking bar is squeezed shut around the edges
by means of jacks. The circular joints are made as in riveted pipes.

5-12 Protection and Maintenance of Steel Pipe

It is even more important to furnish protection for steel pipe than for cast iron.
Steel plates have more or less mill scale on their surfaces after rolling and must be
cleaned. The pipe is then coated with tar or a bituminous enamel.® Scars or other
defects in the coating caused by handling and laying of the pipe must be repaired
before the pipe is put into operation. If the defect is small, use of a blowtorch will
cause the coating to flow over the scratch. Large defects are remedied by applying
more material and then fusing old and new with the blowtorch.

Bituminous enamel, a coal tar with 20 percent or more inert filler, has been
found of value when applied by experienced workmen. Methods have been
developed for coating large cast-iron and steel water mains in place after they have
been in use. The pipe must first be thoroughly cleaned and dried, a priming coat
placed on it, and then hot enamel put on by hand brushing to a thickness of
1.6 mm (75 in). Ventilation is necessary during cleaning and coating. Graphite
paint, water-gas and coal-gas tar paint, and asphaltum have been used. All coat-
ings tend in time to lose elasticity and adhesive properties. Some are pervious to
water at high pressures and allow corrosion of the metal beneath. Hence recoating
may be necessary after a varying number of years.

Greater protection against soil corrosion than is afforded by ordinary coating
has been obtained by winding strips of burlap soaked in asphalt spirally around
the pipe. Roofing paper held with wire has been used for pipe of smaller sizes.

Steel pipes have been protected both inside and outside with Portland cement
mortar.” Not only has good protection been obtained, but compared with pipes of
equal clear waterway, the carrying capacity is better.

5-13 Concrete Pipe

For water pipes not under pressure where leakage inward or outward is of no
consequence, plain concrete pipe with bell-and-spigot joints, similar to sewer pipe,
has been used. Above 610 mm (24 in) diameter such pipe is reinforced.

Concrete pipe has the advantage of not being subject to tuberculation; hence
1ts carrying capacity remains high. With good joints, it presents a smoother sur-
face than new steel pipe. Tests made on reinforced concrete pipes showed C, the
friction coefficient in the Hazen-Williams formula to be 138 to 152. The life of
concrete pipe, under normal conditions, should be at least 75 years.
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For precast pipes reinforced concrete is used for sizes 400 to 2740 mm (16 to
108 in) in lengths of 3.7, 4.3, or 4.9 m (12, 14, or 16 ft). It can be obtained for static
heads from 300 to 1800 kPa (43 to 260 psi). The reinforcement consists of a
welded steel cylinder to insure watertightness and about this is wound high-tensile
wire,® which may be wound tightly enough to cause prestressing of the core. The
core consists of the reinforcing and the concrete pipe lining, which may be placed
centrifugally. An outer coating of concrete is placed over the reinforcing. Cylinder
pipe is also made without prestressing, and pipes without cylinders are also made
for heads up to 360 kPa (52 psi). The Lock Joint Pipe Company asserts that
leakages will not exceed 0.018 m?/day per km/mm dia (75 gal/day per mi/in) for
cylinder pipe and 0.036 m*/day per km/mm (150 gal/day per mi/in) for noncylin-
der pipe. Joints are made by welding circular steel rings to the cylinders which are
so shaped and placed that they will be self-centering. A rubber gasket or a fiber-
filled lead gasket is placed between the joint rings. Figure 5-6 shows types of joints
and pipe sections that are used by the Lock Joint Pipe Company. The joints can
be deflected slightly to allow curves of long radius. Fittings required for bends,
branches, blowoffs, air valves, etc., are made in the same fashion as the pipe or
may be of welded steel plates of necessary thickness with exterior and interior
mortar coatings. Concrete pipe is frequently manufactured at or near the project
where it will be used. '

5-14 Asbestos Cement Pipe

Asbestos pipe is composed of a mixture of Portland cement and asbestos fiber,
built upon a rotating steel mandrel to proper thickness and then compacted into a
dense, homogeneous structure by means of steel pressure rolls. Pipe of this type
has been used with success for many years in Europe. In Great Britain it has been
manufactured since 1928, and has an accepted life in excess of 30 years. It is made
in 4 m (13 ft) lengths, in sizes 100 to 410 mm (4 to 16 in), in three classes for

working pressures of 690, 1034, and 1380 kPa (100, 150, and 200 psi). It has the
advantage of heing immune to the action of ordmary soil and also to acids and
salts; and, belng a non-conductor of electricity, it is not affected by electrolysis.
Tuberculation will not occur, and accordingly the pipe will remain smooth even
when conveying corrosive water, tests indicating that C in the Hazen-Williams
formula can safely be taken as 140.

The joints used consist of a sleeve which fits over the plain ends of the lengths,
watertightness being obtained by two rubber rings compressed between the sleeve
and pipe barrels. Such joints are highly flexible, capable of being deflected to an
angle of 12°, and are claimed to allow high pressure without leakage of calked
joints. Standard cast-iron fittings are used with joints of Leadite or similar mater-
ial. The pipe can be tapped for service lines.

Crushing strengths are specified by the American Society for Testing Mater-
ials. Installation methods are given by the manufacturers. The economies of using
this type of pipe are based upon its possibilities of smaller cost for laying and
jointing, in use of smaller sizes for equal carrying power, smaller pumping costs
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\/?ubber r/'ngs/ Figure 5-7 Joint in asbestos-cement pipe.

because of less friction, no reduction of carrying power with age, and elimination
of leakage. Despite recent concern with respect to asbestos in public water sup-
plies, there is no evidence that asbestos pipe contributes significant or potentially
harmful levels of this material to the water it conveys.® Over 2.4 million km (1.5
million mi) of such pipe is in service worldwide.

5-15 Plastic Pipe

Plastic pipe manufactured of both uniform and fiber reinforced materials is now
widely used both in domestic plumbing and water distribution systems.!®*! Such
pipes are far easier to install, more easily handled, and generally cheaper in
material cost than traditional materials. The long-term performance of these lines
can only be established by the passage of time. Cold flow, age embrittlement, and
affect of installation stresses are suggested difficulties which might occur. Some
manufacturers may offer a 25-year pro-rated warranty on both materials and
labor. Standard specifications for polyvinyl chloride pipe have been published by
the American Water Works Association.!?

CORROSION IN WATER AND SEWAGE WORKS

5-16 Corrosion of Metal
»

Corrosion may be defined as the conversion of a metal to a salt or oxide with a
loss of desirable properties such as mechanical strength.!® Corrosion may occur
over an entire exposed surface or may be localized at micro- or macroscopic
discontinuities in the metal. In all types of corrosion an electron transfer must
occur, and in most reactions of interest in sanitary engineering this transfer occurs
either between dissimilar metals or between different areas upon a single material.
The zone which releases electrons is called anodic, while that which accepts them
is called cathodic, as in other electrical circuits.

At the anode an oxidation reaction takes place which can be represented as:

Fe — Fe'* +2e” (5-7)

(metal) (ionized in solution)

in which it is seen that the iron enters into solution. For this reaction to proceed a
simultaneous reduction reaction must-occur, which commonly is the reduction of
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the dissolved oxygen present in the water or the reduction of hydrogen ion to
hydrogen gas.

O, + 4e” + 2H,0 — 40H" (5-8)
(in solution) (in solution)
2H* +2e” - H, (5-9)
(in solution) (gaseous)

Other reactions may occasionally occur with chlorine or permanganate serv-
ing as the electron acceptor if they are present.

Subsequent reactions between the oxidized iron and the hydroxide ion,
produced by oxygen reduction or liberated by hydrogen reduction, may occur
leading to the precipitation of insoluble products such as Fe,O,, Fe(OH),,
Fe(OH), etc. Accumulation of these products may slow the rate of the reaction
by interfering with oxygen diffusion to the metal surface,

A variety of complex reactions can occur in the oxidation of iron. These
reactions are dependent upon either pH, electrode potential, or both. A simplified
Pourbaix diagram!3 is presented in Fig. 5-8 which indicates the zones in which
corrosion will or will not occur in systems involving iron and pure water.
Corrosion can occur in the region labeled passivity, but ordinarily does not. In
real systems the diagram is complicated by reactions with other dissolved salts.
The most important observation which can be made from this diagram is that
corrosion of iron is possible under all conditions occurring in water and waste
treatment save, perhaps, softening and phosphorus precipitation with lime.

5-17 Protection Against Corrosion

Since two reactions, an oxidation and a reduction, must occur for aqueous corro-
sion to proceed, the process can be halted or slowed by interfering with either. The

techniques employed include cathodic protection, anodic protection, inhibition,
and application of metallic or chemical coatings.

i
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Cathodic protection forces the entire metallic surface to act as a cathode. Since
corrosion occurs at anodic areas, such a procedure prevents loss of metal. Catho-
dic protection can be provided by either the impressed current or the galvanic
technique. Impressed current protection involves applying a dc voltage to the
metal so that electrons will flow into it at a rate at least equal to that at which they
left under conditions of corrosion. The anode may be any conducting material. If
it is corrosion prone it may be replaced at intervals. A number of commercial
firms design and manufacture impressed current cathodic protection systems.
Design details are presented elsewhere.!*

Galvanic protection utilizes a sacrificial anode—a material of higher corrosion

“potential than that which it is desired to protect. Since such a material will be

anodic with respect to the protected metal, the latter will be entirely cathodic and
will not corrode. Materials used to protect iron and steel include magnesium, zinc,
and aluminum. Magnesium is most commonly used in waterworks practice since
it does not form dense oxide films nor exhibit passivation with respect to iron. The
anode will corrode and must eventually be replaced.

Anodic protection is a passivation technique in which impression of an exter-
nal voltage greatly reduces the rate of corrosion of a metal. A relatively high
current density may be necessary to achieve passivation, however, far less 1S
required for maintenance of protection. A breakdown of the polarized film on the
metallic surface may produce extremely rapid corrosion since a small area may
become anodic to the entire surface. Variations in applied voltage once passiva-
tion has been achieved may also produce rapid corrosion.'?

Inhibition is effected by the deposition or adsorption of ions on metallic
surfaces. Chemicals used for this purpose include chromates, nitrates, phosphates,
molybdates, tungstates, silicates, benzoates, etc.!® Such coatings are effective in
reducing corrosion in neutral or alkaline (but not acid) solutions.

Metallic coatings can be applied by hot dipping, metal spraying, cladding,
vapor deposition, electroplating, metalliding, and mechanical plating. The film
formed ranges from 2 X 10-* to 5 mm and may serve as a final cover or as a base
for another protective coating. Coatings may be either anodic or cathodic with
respect to the base metal. If the coating is anodic it will provide galvanic protec-
tion to the base metal in the event the coating is broken. Noble (cathodic) coatings
may produce rapid pitting in the base metal when discontinuities occur.

Chemical coatings include paints, coal tar preparations,'® asphalt, epoxy
materials,!” and, as mentioned earlier, cement.*” These materials generally serve
to isolate the metal from the aqueous environment. Paints, in addition to isolating
the surface, may provide other protection. Zinc chromate paints, for example,
include an element of cathodic (galvanic) protection, an element of inhibition
provided by the chromate, and are mildly alkaline as well.

5-18 Grounding of Electrical Wiring to Water Pipes

The National Electrical Code requires that, where it is available, a metallic under-
ground water pipe be used as the grounding electrode. If the electrode so provided
is less than 3 m (10 ft) in length it is supplemented by an additional electrode.'®
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Corrosidn, while an electrochemical phenomenon, is associated with direct,
not alternating current and it is the latter which is used nearly exclusively in the

United States. Corrosion may, however, result from the bonding provided be-
tween dissimilar metals in a grounding installation.

Copper, which is widely used as an electrical conductor, is cathodic with
respect to iron and connection between the two metals can produce rapid corro-

sion of the iron in the presence of an electrolyte. It should be observed that an

identical problem can arise when household copper plumbing is directly con-
nected to iron distribution lines.

5-19 Use of Inert Materials

There has been a marked increase in recent years in the use of materials which are
not subject to corrosion. Asbestos cement and plastic pipe are common examples
of such replacement, although the corrosion properties are not the sole factor
involved. Plastic materials reinforced with fiberglass and compounded to have
superior resistance to ultraviolet light (an earlier drawback to the use of such
materials) are now used in many applications in which sheet metal was earlier

required.'® Weirs, launders, and other light structures are typical examples in
which reinforced plastics are of use.
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CHAPTER

SIX

COLLECTION AND DISTRIBUTION OF WATER

INTAKES

6-1

Intakes consist of the opening,
and the conduit conveying the
the well the water is pumped to

strainer, or grating through which the water enters,
water, usually by gravity, to a well or sump. From

the mains or treatment plant. Intakes should be so
located and designed that possibility of interference with the supply is minimized

and where uncertainty of continuous serviceability exists, intakes should be du-
plicated. The following must be considered in designing and locating intakes: (a)
the source of supply, whether impounding reservoir, lake, or river (including the
possibility of wide fluctuation in water level); (b) the character of the intake
surroundings, depth of water, character of bottom, navigation requirements, the
effects of currents, floods, and storms upon the structure and in scouring

the bottom; (c) the location with respect to sources of pollution; and (d)
the prevalence of floating material such as ice, logs, and vegetation.

6-2 Intakes from Impounding Reservoirs

The water of impounding reservoirs is likely to vary in quality at different levels,
making it usually desirable to take water from about a meter below the surface.
This, with the fluctuations of water level which may be expected in reservoirs,
makes it advisable to have ports at various heights. Where the dam is of earth, the

104
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Figure 6-1 Intake in impounding reservoir, Lexington, Ky.

intake is usually a concrete tower located in deep water near the upstream toe of
the dam. Access to the tower so that the gates of the various openings may be
manipulated is obtained by means of a footbridge. The ports may be closed by
sluice gates or by gate valves on short lengths of pipe. Where the dam is of
masonry, the intake may be a well in the dam structure itself, also with openings at

various heights.

6-3 Lake Intakes

If the lake shore is inhabited, the intake should be so located that danger of
pollution will be minimized. This may require study of currents and effects of
winds with particular attention to movement of sewage or industrial wastes, if
these are discharged into the lake. It is also advisable to have the intake opening

2.5 m (8 ft) or more above the bottom so that large amounts of silt will not be
ing velocities must be low, or excessive amounts of

carried in with the water. Enterl
floating matter, sediment, fish, and frazil ice may be carried in. Entering velocities

less than 0.15 m/s (0.5 ft/s) have been used successfully. Offshore winds tend to stir
up sediment which will be carried out for long distances. On this account Great
Lakes intakes must be located at a distance not less than 600 to 900 m (2000 to
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Figure 6-2 Wilson Avenue intake, Chicago.

3000 ft) from shore, while Chica
entering the lake nearby, has foun
depth of 6 to 9 m (20 to 30 ft)
which may solidly fill the wate
screens, gates, and valves. This i
cold, clear nights and cloudy

g0, because of the great amount of pollution
d it necessary to go 3 to 6 km (2to 4 mi)out. A
is required to avoid trouble caused by ice jams
r at shallow depths. Ice may also form upon the
s known as anchor ice and may be expected during

days. Frazil is formed as long ice crystals in the
water. When drawn into the intakes, it may adhere to the surfaces and add to

the anchor ice accumulations. Compressed air has been used to remove ice accu-
mulations, and preventive measures include steam piping and space heaters within
the intake structure so arranged that the surfaces exposed are kept at a tempera-
ture slightly above the freezing point of water.

Figure 6-2 shows the Wilson Avenue intake of Chicago. It is located 3.2 km
(2 mi) from shore in 11 m (35 ft) of water. It has eight ports and movable bar
screens. Living quarters are furnished for an attendant who needs additional
assistance during periods when ice accumulates. Continuous attendance is made
necessary by the high entrance velocity, frequently 0.45 m/s (1.5 ft/s).
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Figure 6-3 Submerged crib intake.

Submerged cribs are used by smaller cities. They must be placed at depths
dictated by navigation requirements. With low entrance velocities they require no
attendance. Usually they are square or octagonal wooden cribs protected by
riprap. The ports may be screened by wood bars.

Pipe intakes have also been used by small cities. The simplest type consists of
a pipe projecting into the water and having a special flaring fitting on the end with
the opening protected by a cast-iron strainer. More elaborate intakes consist of
horizontal pipes supported above the bottom on piers. If the bottom is unstable,
the piers may require pile foundations. The water may enter through perforations
in a strainer or through tees in the line having upturned open ends protected by

screens.

6-4 River Intakes

Where rock foundations are available, some large cities, notably St. Louis and
Cincinnati, have built elaborate river intakes, resembling bridge piers with ports
at various depths, to allow for great fluctuations in river stage. Small cities may
'use pipe intakes similar to those described under lake intakes. The bottom must
be sufficiently stable, and the water deep enough to allow a submergence of at
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Figure 6-4 Screened pipe intake. ( Courtesy The Ranney Company.)

least 1 m (40 in) at all times with a clear opening beneath the pipe so that any
tendency to form a bar is overcome. Intakes of this type should have provision for
reversing flow to clear the strainer openings or screens. On rock bottoms where it
is inadvisable, on account of navigation requirements, to have the intake project
above the river bottom, an intake box of steel plates has been placed in a trench.
On soft bottoms intake boxes have been supported on piles.

Where the river bottom changes considerably, a shore intake is used. It is
located on the low-water bank and may consist of a trench or tunnel paralleling
the stream with one or more ports leading the river water in. The ports may be
protected by bar gratings. It may be advisable to provide facilities for quick
removal of silt from the vicinity of the ports. To prevent such silting, low diversion
dams have been built to deflect the main current past the intake during low-river
stages.

River intakes are especially likely to need screens to exclude large floating
matter which might injure pumps. Submerged crib intakes may use wood bars for
this purpose; other intakes employ vertical gratings of steel bars. Automatically
cleaned bar screens can be obtained from various manufacturers and are
sometimes used (see Chap. 9). It may not be necessary to operate the automatic
cleaning feature at all times. Movable fine screens, if installed, are usually placed
in the more accessible pump well at the entrance to the suction pipes.
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Figure 6-5 Intake, tunnel, and pumping station, Chicago. ( Civil Engrng vol. 20, no. 11, Nov. 1950.)

6-5 The Intake Conduit

A shore intake may also be the supply well for the suction pipe leading to the
pumps. Intakes located long distances from the pumps usually deliver their water
to the pump well at the shore end by gravity. This necessitates a large pipe or
conduit so that velocities will be low but not low enough to allow sedimentation.
The conduit may be a submerged pipe or a tunnel. Tunnels are expensive but less
likely to be damaged than are pipes. A submerged pipe should be protected by
burying it in a trench or by surrounding it with rock or holding it in place with

piling.
THE DISTRIBUTION SYSTEM

6-6 Methods of Distribution

Water is distributed to consumers in several different ways, as local conditions or
other considerations may dictate. The methods are: '

1. Gravity distribution. This is possible when the source of supply is a lake or
impounding reservoir at some elevation above the city so that sufficient pres-
sure can be maintained in the mains for domestic and fire service. This is the
most reliable method if the conduit leading from source to city is adequate in
size and well safeguarded against accidental breaks. High pressure for fire
fighting, however, may be obtainable only by using the motor pumpers of the
fire department.

2. Distribution by means of pumps with more or less storage. In this method the
excess water pumped during periods of low consumption is stored in elevated
tanks or reservoirs. During periods of high consumption the stored water 1s
drawn upon to augment that pumped. This method allows fairly uniform rates
of pumping and hence is economical, for the pumps may be operated at their
rated capacity. Since the water stored furnishes a reserve to care for fires and
pump breakdowns, this method of-operation is fairly reliable. Motor pumpers
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must ordinarily be used for higher fire pressure, although it is possible to close G

the valves leading to the elevated storage tanks and operate a fire pump at the
pumping plant.

3. Use of pumps without stora

ge. In this method the pumps force water directly
into the mains with no other outlet than the water actually consumed. It is the

least desirable system, for a power failure would mean complete interruption in
water supply. As consumption varies, the pressure in the mains is likely to
fluctuate. To conform to the varying consumption several pumps are available
‘to add water output when needed, a procedure requiring constant attendance.

The peak power consumption of the water plant is likely to occur during
periods of otherwise high current consumption and thus increase power costs.
An advantage of direct pumping is that a large fire service pump may be used

which can run up the pressure to any desired amount permitted by the con-
struction of the mains.

6-7 Storage Necessary

Water is stored to equalize pumping rates over the day, to equalize supply and
demand over a long period of high consumption, and to furnish water for such
emergencies as fire fighting or accidental breakdowns. Some of the storage will be
elevated, except where direct pumping is used.

Elevated storage is furnished in earth or masonry reservoirs situated on high
ground or in elevated tanks or standpipes. Where standpipes are used the amount
of water available for fire use is that above the level which gives a residual pressure
of 140 kPa (20 psi) at the fire pumps. Elevated tanks, usually of steel and in
capacities up to 15,000 m* (4 x 106 gal) can be purchased from firms specializing

in their design and erection. Several elevated tanks may be used at suitable points. |
The best and most economical arrangement is as shown in Fig. 6-6, the tank being
situated on the opposite side of the high-consumption district from the pumping
station. During periods of high water use, the district will be fed from both sides, a
in the water mains to about one-quarter
age. If the elevated tank is placed at the

condition that will reduce the loss of head
of what it would be without elevated stor

Figure 6-6 Hydraulic grade line with use of an elevated tank.
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pumping plant, which is not uncommon, the results are a poor hydraulic gradient
and low pressures in outlying areas.

The capacity of the elevated tank or tanks will depend upon the load charac-
teristics of the system, which should be carefully studied before any decision is
made. To equalize the pumping rate, i.e., allow a uniform rate throughout the day,
will ordinarily require storage of 15 to 30 percent of the maximum daily use.
Future increases in demand must, of course, be considered. Figure 2-2 shows the
variation in water consumptlon on th9 maximum day in Sheboygan, Wis. The
average rate of use is 41,466 m>, or, with 43,000 persons served, 964 l/day per
capita. The maximum hourly rate is 1525 1 per capita, occurring at 6:30 p.m.
Obviously if the pumps can operate at the average rate, rather than at the maxi-
mum rate, economies will result through allowing smaller pumps and operation at

- better efficiencies. To equalize the flow the excess water pumped during the pe-

riods from 9 p.M. to 7 A.M., when consumption is small, should be stored for draft
during the period of more than average consumption. The cr<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>